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Series 3: Electronic Theory, Structure Determination, and Stereochemistry
Series 4: Organic Functional Groups, Nomenclature, and Reaction Mechanisms
Series 5: Comparative and Transition Metal Chemistry

Series 1: Foundations and Development of Organic Chemistry
Series Outline
Part 1: Historical Survey of Organic Chemistry

e Origins and early discoveries
e Milestones in organic chemistry development
o Importance of organic chemistry in science and industry

Part 2: Significance of Organic Chemistry

e Role in pharmaceuticals and medicine
e Applications in agriculture and food chemistry
o Contributions to materials science and everyday life

Part 3: Organic Chemistry.in Modern Context

o Relationship with biochemistry and nanochemistry
e Emerging trends and innovations
o Future directions and global impact

Introduction

Organic chemistry is-often described as the chemistry of life because it underpins the structure
and behaviour of countless compounds that form the basis of living systems, medicines, fuels,
and materials. Understanding its foundations provides learners with the historical context and
appteciation of how the discipline has evolved, while also highlighting its relevance to modern
science and technology. This Series sets the stage for deeper exploration of organic chemistry
throughout the course.

The aim of this Series is to introduce you to the historical development and importance of
organic chemistry, while equipping you with an understanding of its significance in both
scientific progress and everyday applications.

We shall commence this Series by examining the historical survey of organic chemistry, tracing
its origins, early discoveries, and milestones that shaped the discipline. Next, we will explore the
significance of organic chemistry, considering its role in medicine, agriculture, and materials
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science. Finally, we will conclude with an examination of organic chemistry in the modern
context, where we will connect its foundations to biochemistry, nanochemistry, and emerging
innovations that continue to transform the world.

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

e 2.1 define the origins and early discoveries that shaped the foundations of organic
chemistry,

e 2.2 explain key milestones in the historical development of organic chemistry and their
scientific significance,

e 2.3 analyse the importance of organic chemistry in fields such as medicine, agriculture,
and materials science,

e 2.4 evaluate the modern relevance of organic chemistry by linking it to biochemistry,
nanochemistry, and emerging innovations.

2.1 Historical Survey Of Organic Chemistry

2.1.1 Origins and early discoveries

Organic chemistry began as the study of compounds derived from living organisms. The term
organic compounds refers to chemical substances containing carbon, often combined with
hydrogen, oxygen, nitrogen, and other elements. Early chemists believed that these compounds
could only be produced by living systems, a theory known as vitalism, which suggested that a
special “vital force” was required. This belief was challenged in 1828 when Friedrich Wohler
synthesised urea, an organic compound, from ammonium cyanate, an inorganic salt. This
landmark experiment demonstrated that organic compounds could be created artificially,
marking the beginning of modern organic chemistry.

Fill in the blank: The theory that organic compounds could only be produced by living organisms
was called

THE WOHLER UREA SYNTHESIS:
CONVERSION OF AMMONIUM CYANATE TO UREA

A
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Figure 2.1 Wohler’s experiment disproving vitalism.

2.1.2 Milestones in organic chemistry development

Following Woéhler’s discovery, organic chemistry advanced rapidly. Chemists began to isolate
and identify compounds such as alkanes (saturated hydrocarbons), alkenes (unsaturated
hydrocarbons with double bonds), and alkynes (unsaturated hydrocarbons with triple bonds).
The development of structural theory by August Kekulé, who proposed the ring structure of
benzene, was another milestone. Later, advances in spectroscopy and chromatography allowed
scientists to determine the structures and properties of organic molecules with greater precision.
Fill in the blank: August Kekulé¢ is credited with proposing the ring structure of
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2.1.3 Importance of organic chemistry in science and industry

Organic chemistry-s central to many industries and scientific fields. In pharmaceuticals, it

provides the basis for drug design and synthesis. In agriculture, organic compounds are used in

fertilisers, pesticides; and herbicides. In materials science, organic chemistry contributes to the

development of plastics, dyes, and synthetic fibres. The ability to design and manipulate organic

molecules has transformed modern life, making organic chemistry a cornerstone of technological

progress.

Fill in the blank: Organic chemistry contributes to materials science through the development of
, dyes, and synthetic fibres.

-

LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



Field Key Applications Examples

Medicine Drug discovery, vaccine IAntibiotics (Penicillin), Ibuprofen, and

development, and diagnostic tools.  mRNA lipid nanoparticles.
. Enhancing crop yields and Synthetic fertilizers, biodegradable

Agriculture : .
protecting plants from pests. pesticides, and pheromones.

Materials Creation of polymers, fibers, and Polyethylene plastics, Kevlar, and

Science electronic components. Organic LEDs (OLEDs).

Box 2.1 Selected applications of organic chemistry

Pilot Questions:

1. What was the central belief of vitalism, and how did Wohler’s experiment challenge it?

2. How did the discovery of benzene’s ring structure contribute to the development of structural
theory in organic chemistry?

3. Why is the ability to artificially synthesise organic compounds considered a turning point in
chemistry?

2.2 Significance Of Organic Chemistry

2.2.1 Role in pharmaceuticals and medicine

Organic chemistry plays a crucial role in the design and synthesis of pharmaceuticals, which
are chemical substances used to diagnose, treat, or prevent diseases. Many life-saving drugs,
such as antibiotics, antiviralsyand anticancer agents, are organic compounds. The ability to
manipulate molecular structures allows chemists to improve drug effectiveness and reduce side
effects. For example, the development of aspirin from salicylic acid illustrates how organic
chemistry transforms natural compounds into safer and more effective medicines.

Fill m the blank: Aspirin was developed from acid to reduce side effects and
improve patient safety.
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ASPIRIN SYNTHESIS: CONVERSION OF SALICYLIC ACID TO ASPIRIN (ACETYLSALICYLIC ACID)
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Figure 2.2 Synthesis of aspirin from salicylic acid.

2.2.2 Applications in agriculture and food chemistry

In agriculture, organic chemistry provides the foundation for fertilisers, pesticides, and
herbicides, which enhance crop yield and protect plants from pests and diseases. Organic
compounds are also used in food chemistry, where they contribute to flavour, preservation, and
nutritional value. For instance, organic preservatives help extend the shelf life of packaged foods,
while flavouring agents improve taste. These applications demonstrate how organic chemistry
supports global food security and quality.

Fill in the blank: Organic chemistry contributes to agriculture through the development of
fertilisers, , and herbicides.
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2.2.3 Contributions to materials science and everyday life

Organic chemistry is central to materials science, which involves the design and production of
new materials. Organic compounds are used to create plastics, synthetic fibres, dyes, and
polymers that shape modern industries. Everyday items such as clothing, packaging, paints, and
electronic devices rely heavily on organic materials. The versatility of carbon-based compounds
makes organic chemistry indispensable in developing products that are durable, lightweight;.and
adaptable to diverse needs.

Fill in the blank: Organic chemistry contributes to materials science through the development of
plastics, , and synthetic fibres.

Material Contribution of Organic Chemistry Common Examples
Category
Polymers & Synthesis of long-chain hydrocarbons  [Polyethylene (bottles), PVC (pipes),
Plastics through polymerization. Teflon (non-stick coating).
Synthetic Creation of high-tensile organic chains [Nylon (clothing), Polyester, Kevlar
Fibres for textiles and industry. (body armor).
Dyes & Engineering chromophores (parts of Indigo (denim dye), Azo dyes,
Pigments molecules that absorb light). Fluorescein (medical tracing).
Advanced Development of organic OLED screens, Conductive
Materials semiconductors and "smart" materials. [polymers, Hydrogels for medicine.

Box 2.2 Selected contributions of organic chemistry to materials science

Pilot Questions:

1. dn what ways does organic chemistry contribute to the development of pharmaceuticals?
2. How do organic compounds improve agricultural productivity and food preservation?
3. Which everyday materials demonstrate the importance of organic chemistry in modern life?

2.3)0rganic Chemistry In Modern Context

2.3.1 Relationship with biochemistry and nanochemistry

Organic chemistry forms the backbone of biochemistry, which is the study of chemical
processes within living organisms. Biomolecules such as proteins, carbohydrates, lipids, and
nucleic acids are all organic compounds, and their behaviour can only be understood through
organic chemistry principles. Similarly, nanochemistry refers to the application of chemistry at
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the nanoscale, where organic molecules are used to build nanostructures with unique properties.
These connections show how organic chemistry bridges life sciences and advanced technology.
Fill in the blank: Biomolecules such as proteins, carbohydrates, lipids, and are all
organic compounds studied in biochemistry.

THE FOUR FUNDAMENTAL BIOMOMOLECULES: ORGANIC COMPOUNDS IN LIFE
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Figure 2.3 Organic chemistry as the foundation of biomolecules.

2.3.2 Emerging trends and innoyvations

Modern organic chemistry is constantly evolving to meet global challenges. Innovations such as
green chemistry, which focuses on designing chemical processes that reduce waste and
environmental impact, are reshaping the discipline. Advances in synthetic chemistry allow
scientists to create complex molecules for pharmaceuticals and materials. Additionally, organic
chemistry contributes to renewable energy through the development of biofuels and organic solar
cells. These trends highlight how organic chemistry adapts to societal needs.

Fill in the blank: The branch of chemistry that focuses on reducing waste and environmental
impact is called chemistry.

B : == — ORGANIC SOLAR CELLS (OPV:
I : | EFFICIENCY AND STABILITY
ORGANIC CHEMISTRY FOR
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Plate 2.3 Organic chemistry innovations in renewable energy.

2.3.3 Future directions and global impact

The future of organic chemistry lies in its ability to address pressing issues such as health,

sustainability, and technology. Research into personalised medicine, biodegradable plasticsyand

advanced nanomaterials demonstrates its potential to transform industries and improve quality of

life. As organic chemistry continues to expand, its global impact will be felt in healthcare,

environmental protection, and technological innovation.

Fill in the blank: One promising future direction of organic chemistry is the development of
plastics to reduce environmental pollution.

Direction Description Key Applications

Tailoring medical treatment to the Targeted drug delivery systems,

Personalized individual characteristics (genetic, . s
. . ) . pharmacogenomics, and patient-
Medicine environmental, lifestyle) of each . . o
batient specificsynthetic antibodies.

Developing polymers from
Biodegradable renewable resources that break
Plastics down into non-toxic components in
the environment.

bompostable packaging (e.g., PLA),
"green" electronics, and temporary
imedical implants/stents.

Designing organic molecules that  [Organic LEDs (OLEDs), carbon
self-assemble into nanostructures  [nanotubes for drug delivery, and high-

Nanomaterials . . . . . . .
omatert with specific physical or chemical [efficiency organic photovoltaics (solar
properties. cells).
Green & Redesigning chemical processes to  [Solvent-free synthesis
4 minimize waste, use safer solvents [(mechanochemistry), biocatalysis
Sustainable . .. .
! (like water), and maximize atom using enzymes, and CO-
Chemistry e
economy. capture/utilization.

Using artificial intelligence and

Al & Automated [robotics to predict reaction
Synthesis outcomes and perform complex
molecular synthesis autonomously.

High-throughput drug discovery,
automated retrosynthesis, and "self-
driving" laboratories.

Box 2.3 Selected future directions of organic chemistry
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Pilot Questions:

1. How does organic chemistry form the foundation of biochemistry and nanochemistry?
What role does green chemistry play in addressing environmental challenges?

3. Which future directions of organic chemistry could have the greatest global impact, and
why?

Series Summary

This Series has introduced you to the foundations and development of organic chemistry,
highlighting its historical roots, practical importance, and modern relevance. We began with a
historical survey, tracing the origins of organic chemistry and the key discoveries that shaped its
growth. We then examined its significance in medicine, agriculture, and materials science,
showing how organic compounds underpin many aspects of dailylife. Finally, we explored
organic chemistry in the modern context, linking it to biochemistry, nanochemistry, and
emerging innovations that continue to transform science and society:

By working through this Series, you should now be able to define the origins and early
discoveries of organic chemistry, explain important milestones in its development, analyse its
role in medicine, agriculture, and materials science, and evaluate its modern relevance and future
directions. These abilities directly align with the Series Learning Outcomes (SLOs), equipping
you with a strong foundation to progress into more advanced areas of the course.

Glossary of Terms

o Agriculture: The practice of cultivating plants and raising animals, where organic chemistry
contributes through fertilisers, pesticides, and herbicides.

e Alkanes: Saturated hydrocarbons containing only single bonds between carbon atoms.

o Alkenes: Unsaturated hydrocarbons containing at least one double bond between carbon
atoms.

o Alkynes: Unsaturated hydrocarbons containing at least one triple bond between carbon
atoms.

o Biochemistry: The branch of science that studies chemical processes within living
organisms, built upon principles of organic chemistry.

o Fertilisers: Chemical substances, often containing organic compounds, used to enhance
plant growth and crop yield.

e < Green chemistry: An approach to chemical design and processes that aims to reduce waste
and minimise environmental impact.

o Nanochemistry: The study and application of chemistry at the nanoscale, often using
organic molecules to build nanostructures.

e Organic compound: Chemical substances containing carbon, usually combined with
hydrogen, oxygen, nitrogen, or other elements.

o Pharmaceuticals: Organic chemical substances designed and synthesised to diagnose, treat,
or prevent diseases.
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e Spectroscopy: A scientific technique used to study the interaction of matter with
electromagnetic radiation, helping to determine the structure of organic compounds.

e Urea: An organic compound first synthesised artificially by Friedrich Wohler in 1828,
disproving the vitalism theory.

e Vitalism: The early belief that organic compounds could only be produced by living
organisms through a special “vital force.”

Concept Check Questions [Series 1: Foundations and Developmentiof Organic
Chemistry]|
Objective Questions

1. Define the term organic compounds. (Linked to SLO 2.1)

Compounds containing oxygen only

Compounds containing carbon, often with hydrogen and other elements
Compounds produced only by living organisms

Compounds made exclusively of metals

0w

N

Who disproved the theory of vitalism by synthesising urea? (Linked to SLO 2.1)

August Kekulé
Friedrich Wohler
Antoine Lavoisier
Robert Boyle

TOwp

(98]

. August Kekulé is credited with proposing the structure of which compound? (Linked to
SLO 2.2)

A. Methane

B. Benzene

C. . Ethanol

D. Acetylene

4. Which branch of chemistry focuses on reducing waste and environmental impact?
(Linked to SLO 2.4)

A. Physical chemistry

B: Analytical chemistry

C. Green chemistry

D. Inorganic chemistry

Short-Answer Questions

1. Explain why Woéhler’s synthesis of urea was a turning point in organic chemistry. (Linked to
SLO 2.1)
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2. Describe one way organic chemistry contributes to agriculture. (Linked to SLO 2.3)

Identify two everyday products that rely on organic chemistry. (Linked to SLO 2.3)

4. State one emerging innovation in organic chemistry that addresses sustainability. (Linked to
SLO 2.4)

(98]

Long-Answer Questions

1. Analyse the importance of organic chemistry in medicine, agriculture, and materials science,
giving examples from each field. (Linked to SLO 2.3)

2. Evaluate the modern relevance of organic chemistry by discussing its relationship with
biochemistry, nanochemistry, and future directions. (Linked to SLO 2.4)

Answers to Concept Check Questions [Series 1]
Objective Questions

Friedrich Wohler.
enzene.
Green chemistry.

1. B. Compounds containing carbon, often with hydrogen and other elements.
2. B.

3. B.B

4. C.

Short-Answer Questions

1. Wohler’s synthesis of urea showed that organic compounds could be created artificially,
disproving vitalism and matking the beginning of modern organic chemistry.

2. Organic chemistry contributes to agriculture through fertilisers, pesticides, and herbicides
that improve crop yield and protect plants.

3. Examples include plastics, synthetic fibres, dyes, and pharmaceuticals.

4. Green chemistry innovations such as biodegradable plastics or organic solar cells.

Long-Answer Questions

1. Basic response: Organic chemistry is important in medicine through drug design, in
agriculture through fertilisers and pesticides, and in materials science through plastics
and synthetic fibres.

Value-added response: Beyond these, organic chemistry enables advanced drug
synthesis for targeted therapies, supports global food security through improved crop
protection, and drives innovation in lightweight polymers used in aerospace and
electronics.

2. Basic response: Organic chemistry remains relevant today through its role in
biochemistry, nanochemistry, and innovations such as green chemistry.
Value-added response: Its modern relevance extends to global challenges, including
personalised medicine, renewable energy, and sustainable materials. By linking
molecular design to cutting-edge technologies, organic chemistry continues to shape
healthcare, environmental protection, and industrial progress.
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Answers to Pilot Questions [Series 1]
Part 1: Historical Survey of Organic Chemistry

1. Vitalism was the belief that organic compounds could only be produced by living organisms
through a special “vital force.” Wohler’s synthesis of urea disproved this idea.

2. Kekulé’s proposal of the benzene ring structure introduced the concept of cyclic compounds
and advanced structural theory in organic chemistry.

3. Artificial synthesis of organic compounds marked a turning point because it showed that
organic chemistry could be studied and expanded beyond natural sources.

Part 2: Significance of Organic Chemistry

1. Organic chemistry contributes to pharmaceuticals by enabling the design and synthesis of
drugs such as antibiotics, antivirals, and pain relievers.

2. In agriculture, organic compounds improve productivity through fertilisers, pesticides, and
herbicides, while also supporting food preservation.

3. Everyday materials such as plastics, synthetic fibres, and dyes demonstrate the importance of
organic chemistry in modern life.

Part 3: Organic Chemistry in Modern Context

1. Organic chemistry underpins biochemistry by explaining the behaviour of biomolecules, and
it supports nanochemistry by enabling the design of nanoscale structures.

2. Green chemistry reduces waste.and environmental impact by promoting sustainable chemical
processes.

3. Future directions such aspersonalised medicine, biodegradable plastics, and nanomaterials
could have significant global impact by improving healthcare, sustainability, and technology.

References and Attributions [Series 1: Foundations and Development of
Organic Chemistry]
Figures

o Figure 2.1 Wohler’s experiment disproving vitalism.
Attribution: Al-generated using the prompt “Generate a simple chemical reaction diagram
showing ammonium cyanate converting to urea.”

¢ Figure 2.2 Synthesis of aspirin from salicylic acid.
Attribution: Al-generated using the prompt “Generate a labelled chemical reaction diagram
showing salicylic acid converting to aspirin.”

e Figure 2.3 Organic chemistry as the foundation of biomolecules.
Attribution: Al-generated using the prompt “Generate a labelled diagram showing proteins,
carbohydrates, lipids, and nucleic acids as organic compounds.”

Plates
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o Plate 2.1 Structural representation of benzene.
Attribution: Al-generated using the prompt “Create a labelled diagram of benzene showing
alternating double bonds in a hexagonal ring.”

o Plate 2.2 Application of organic compounds in agriculture.
Attribution: Al-generated using the prompt “Create an illustration of a farmer applying
fertilisers and pesticides to crops.”

o Plate 2.3 Organic chemistry innovations in renewable energy.
Attribution: Al-generated using the prompt “Create an illustration of scientists working on
biofuels and organic solar cells in a laboratory.”

Boxes and Tables

e Box 2.1 Selected applications of organic chemistry.
Attribution: Al-generated using the prompt “Generate a simple table listing applications of
organic chemistry in medicine, agriculture, and materials science.”

o Box 2.2 Selected contributions of organic chemistry to materials science.
Attribution: Al-generated using the prompt “Generate a simple table listing contributions of
organic chemistry to materials science such as plastics, dyes, fibres, and polymers.”

e Box 2.3 Selected future directions of organic chemistry.
Attribution: Al-generated using the prompt “Generate a simple table listing future directions
of organic chemistry such as personalised medicine, biodegradable plastics, and
nanomaterials.”

Open Educational Resources (OER) Search Strings Suggested

e “Wohler urea synthesis diagram OER chemistry”

e “benzene structure diagram OER chemistry”

e “aspirin synthesis diagram OER chemistry”

o “applications of organic chemistry OER teaching resource”

e ‘“agriculture pesticides fertilisers OER image”

e “applications of organic chemistry in materials science OER resource”
e “biomolecules organic chemistry diagram OER”

e “organic chemistry renewable energy OER image”

o “future directions organic chemistry OER resource”

General References
o Historical context and definitions adapted from standard organic chemistry textbooks and
teaching resources.

¢ Key terms such as organic compounds, vitalism, urea, biochemistry, and green chemistry
were defined within the Series content for clarity.
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Course Code: CHM 102
Course Title: General Chemistry I1
Course Unit: 2 Units

Series 1: Foundations and Development of Organic Chemistry

Series 2: Carbon Allotropes and Fullerenes in Modern Chemistry

Series 3: Electronic Theory, Structure Determination, and Stereochemistry
Series 4: Organic Functional Groups, Nomenclature, and Reaction Mechanisms
Series 5: Comparative and Transition Metal Chemistry

Series 2: Carbon Allotropes and Fullerenes in Modern Chemistry
Series Outline

Part 1: Carbon allotropes and their properties

e Definition of allotropes
e Overview of carbon allotropes (diamond, graphite, graphene, fullerenes)
o Comparative properties and significance

Part 2: Fullerenes as the fourth allotrope of carbon

e Discovery and structure of fullerenes
e Unique features of fullerenes eompared to other allotropes
e Types of fullerenes (C60, C70, nanotubes)

Part 3: Applications of fullerenes in modern science

o Uses in nanostructures and nanochemistry
e Role in electronics and materials science
o Potential applications in medicine and energy

Part 4: Future directions and challenges

o ( Emerging research trends in fullerene chemistry
o Limitations and challenges in practical applications
e  Prospects for fullerene-based technologies

Introduction

Carbon is one of the most versatile elements in the periodic table, capable of forming a wide
range of structures with remarkable properties. From the hardness of diamond to the conductivity
of graphite, carbon allotropes have fascinated scientists for centuries. The discovery of fullerenes
as the fourth allotrope of carbon opened new frontiers in nanoscience and materials chemistry,
making this topic central to understanding modern applications of organic and inorganic
chemistry.
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The aim of this Series is to introduce you to the unique structures and properties of carbon
allotropes, with a particular focus on fullerenes, and to explore their applications in science,
technology, and future innovations.

We shall commence this Series by examining the different carbon allotropes and their properties,
highlighting how each form contributes to science and industry. Next, we will focus on
fullerenes as the fourth allotrope of carbon, exploring their discovery, structure, and distinctive
features. Following that, we will consider the wide-ranging applications of fullerenes in
nanochemistry, electronics, medicine, and energy. Finally, we will conclude by discussing future
directions and challenges in fullerene research, considering both limitations and the exciting
prospects for fullerene-based technologies.

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

e 2.1 define the concept of allotropy and describe the major carbon allotropes, including
diamond, graphite, graphene, and fullerenes.

e 2.2 compare the structural and physical properties of carbon allotropes, highlighting their
scientific and industrial significance.

e 2.3 explain the discovery and structural features of fullerenes; including C60, C70, and
carbon nanotubes.

e 2.4 analyse the unique chemical behaviour of fullerenes in relation to other carbon
allotropes.

e 2.5 evaluate the applications of fullerenes in nanochemistry, electronics, medicine, and
energy technologies.

e 2.6 assess current challenges and future directions in fullerene research, including
limitations and prospects for technological innovation.

2.1 Carbon Allotropes And Their Properties

2.1.1 Definition of allotropes

An allotrope is a different structural form of the same element, where atoms are arranged in
distinct ways that give rise to unique physical and chemical properties. Carbon is particularly
notable for itsallotropy, as it can exist in several forms including diamond, graphite, graphene,
and fullerenes. These variations arise because carbon atoms can bond in multiple configurations,
such as tetrahedral, planar, or spherical arrangements.

Fill in‘'the blank: The-ability of an element to exist in different structural forms is called

-
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MAJOR CARBON ALLOTROPES: STRUCTURAL COMPARISON

An Open Educational Resource (OER) for Chemistry.
GRAPHITE GRAPHENE FULLERENE (Cy;)
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Bonding (Single) van der Waals between (Singleloublen resonance) P & SHhtsp* Hybridized mixed
Properties Exceptionally Hard,  Soft, Slippery, Conductor (parallel),  Single-atom thick, High Strength,  Molecule, Semiconducting (pure),
P Insulator Anisotropic Exceptional Conductor forms fullerenides
(BB o2 covsasom o coavsuiome OGN

Figure 2.1 Structural forms of carbon allotropes.

2.1.2 Overview of carbon allotropes

Carbon allotropes differ widely in their properties due to variations in bonding and structure.
Diamond is a three-dimensional tetrahedral network where each carbon atom bonds to four
others, making it extremely hard. Graphite consists of layers of carbon atoms arranged in
hexagonal sheets, with weak forces between layers, giving it lubricating properties and electrical
conductivity. Graphene is a single layer of graphite, notable for its strength and conductivity.
Fullerenes are spherical or tubularmolecules composed of carbon atoms arranged in pentagons
and hexagons, discovered in the late 20th century.

Fill in the blank: The carbon-allotrope that consists of a single layer of graphite is called

ALLOTROPES OF CARBON: STRUCTURAL COMPARISON

DIAMOND: B GRAPHITE: GRAPHENE: FULLERENE:
3D Crystal Lattice Layered Sheets Single Sheet Spherical Molecule (Cg)

Hexagonal Rings
Tetrahedral

Unit

i van der

: Waals
foroes

Open Educational Resource (OER for Chemistry. o5 coarshione [ 00]
Plate 2.1 Visual comparison of carbon allotropes.
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2.1.3 Comparative properties and significance
The properties of carbon allotropes make them valuable in different contexts. Diamond is prized
for its hardness and optical clarity, used in cutting tools and jewellery. Graphite is used in
pencils, lubricants, and electrodes due to its softness and conductivity. Graphene has potential in
electronics and materials science because of its strength and flexibility. Fullerenes, with their

unique molecular structures, are being explored for applications in nanotechnology, medicine,
and energy storage.
Fill in the blank: The carbon allotrope used in pencils and electrodes due to its conductivity is

Allotrope Structure Key Properties Common Applications
- 3D Tetrahedral E?gtremely hard, transpz}rent, J ew;lry, 19dpstr1al
Diamond . N high thermal conductivity, cutting/drilling tools, heat
Lattice ($sp”3$) S S )
electrical insulator. sinks in electronics.
Layered Soft/slippery (layers slide), Lubricants, pencil "lead,"
Graphite Hexagonal high melting point, conducts electrodes in batteries,
Sheets ($sp”28) lelectricity. crucibles.
Single 2D Incredibly strong, flexible, Next-gen electronics,
Graphene Atomic Layer transparent, world-class transparent touchscreens,
($sp”29) electrical/thermal conductor. high-capacity capacitors.
Fullerenes Spheriéal Cage High su?face are'e'l, ser'r'n- Dmg c.lehvery systems,
(SC_160}$) (Buckyball) conducting, can "trap" other antioxidants, organic
- molecules inside. photovoltaics (solar cells).

Box 2.1 Comparative properties of carbon allotropes

Pilot Questions

1. What is meant by the term allotrope, and why is carbon especially known for its
allotropy?
2. How do the structures of diamond and graphite differ, and how do these differences
explain their contrasting properties?
3. Why is graphene considered a revolutionary material in modern science and technology?

-
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2.2 Fullerenes As The Fourth Allotrope Of Carbon

2.2.1 Discovery and structure of fullerenes

Fullerenes are spherical or tubular molecules composed entirely of carbon atoms arranged in
pentagons and hexagons. They were discovered in 1985 by Harold Kroto, Richard Smalley, and
Robert Curl, who identified the C60 molecule, also known as the “buckyball.” This structure
resembles a football, with 60 carbon atoms forming a hollow sphere. The discovery of fulletenes
marked the identification of the fourth allotrope of carbon, alongside diamond, graphite, and
graphene.

Fill in the blank: The C60 fullerene molecule is commonly called a because of its
football-like shape.

STRUCTURE OF Cg, FULLERENE (BUCKYBALL)

Cg, Fullerene Cage Closer look:
® \ Pentagon-Hexagon Edge
Carbon Atom
(one of 60)

Pentagonal Ring
(12 in total)

Double Bond
(C=C, in resonance)

Bond Types

©Aom —

Open Educational Resource | CC BY-SA

Figure 2.2 Structure of C60 fullerene (“buckyball”).

2.2.2 Unique features of fullerenes compared to other allotropes

Fullerenes differ from other catbon allotropes in several ways. Unlike diamond and graphite,
which form extended networks, fullerenes are discrete molecules. Their hollow, cage-like
structure gives them unique chémical reactivity and the ability to encapsulate other atoms or
molecules. This property makes them useful in nanotechnology and medicine. Fullerenes also
exhibit interesting electrical and optical behaviours, making them candidates for advanced
materials.

Fillin the blank: Unlike diamond and graphite, fullerenes exist as molecules rather
than extended networks.

-
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STRUCTURAL COMPARISON: FULLERENE, DIAMOND, & GRAPHITE

Description: Truncated lcosahedron,

FULLERENE (Cgo)

Pentagonal Ring | CAGEDETAL |
(12 intotal) :
o p

60 Carbon Atoms

Bonding: Delocalized p-electrons, sp?
and sp® characteristics

Scale: 1 Molecule.

QOER carbon Atom: grey sphere; Covalent Bond: solid line; Interplanar Force: light dashed line; -Electron Cloud: faint colored glow. G000

Plate 2.2 Comparison of fullerene molecular structure with other carbon allotropes.

2.2.3 Types of fullerenes
There are several types of fullerenes, each with distinct structures. €60 is the most famous, but
larger molecules such as C70 exist with elongated shapes. Carbon nanotubes are cylindrical
fullerenes with remarkable strength and conductivity, widely studied for applications in
electronics and materials science. The diversity of fullerene structures demonstrates the
versatility of carbon bonding and opens. up possibilities for innovative uses.

Fill in the blank: Cylindrical fullerenes with exceptional strength and conductivity are called

Description: Continuous 3D Crystalline Lattice
Bonding: Al Strong sp® Covalent Bonds
Scale: Infinite Crystal.

DIAMOND

TETRAHEDRAL UNIT

GRAPHITE

Description: Layered 2D Hexagonal Sheets

Bonding: Delocalized x Electrons in Sheets,
Weak forces between layers
Scale: Infinite Crystal Layers.

nanotubes.
Type Mng_iIc:lllzr Structure Description Key Properties
A "buckyball" Highly stable, behaves like
. consisting of 12 an electron-deficient alkene,

Buckminsterfygigeene QE._1£0}3 pentagons and 20 and is superconducting when
hexagons. doped with alkali metals.
Rugby-ball shaped Slightly more reactive than
(prolate spheroid) with [$C {60}$ due to higher

R Fgene SC_{70}3 12 pentagons and 25 curvature at the poles; used
hexagons. in organic photovoltaics.
Cylindrical tubes of Extraordinary tensile
graphene sheets; can strength, high thermal

Carbon Nanotubes $(C {n}) x§ [|be Single-Walled conductivity, and can be

(CNTs)

(SWCNT) or Multi-
Walled (MWCNT).

metallic or semiconducting
depending on "chirality."

-
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Type l\ggi‘e;c:lllz;r Structure Description Key Properties
A fullerene cage with Umque electronlc.propertles
influenced by the intérnal
Endohedral an atom or small . y
SM@C _{n}$ guest; used in medical
Fullerenes molecule trapped : ;
o imaging (MRI) and quantum
inside. -
computing.

Box 2.2 Selected types of fullerenes

Pilot Questions

1. Who discovered fullerenes, and what is the common name given to the C60 molecule?
2. How do fullerenes differ structurally from diamond and graphite?
3. What are carbon nanotubes, and why are they considered important in modern science?

2.3 Applications Of Fullerenes In Modern Science

2.3.1 Uses in nanostructures and nanochemistry

Fullerenes are central to nanochemistry, which is the study and manipulation of chemical
structures at the nanoscale. Their hollow, cage-like structure allows them to act as building
blocks for nanostructures. They can encapsulate atoms or molecules, making them useful in
designing nanoscale delivery systems. Their ability to self-assemble into larger frameworks also
makes them valuable in the' development of advanced materials.

Fill in the blank: The branch of chemistry that focuses on structures and processes at the
nanoscale is called

FULLERENE NANOCONSTRUCIONS: FROM ATOM ENCAPSULATION TO ADVANCED OER ELECTROCATALYSIS
(@ TYPES OF FULLERENES & CAPSULAR STRUCTURES  (@3) FORMATION OF FULLERENE-BASED NANOSTRUCTURES

FULLERENE "ENDO" ENCAPSULATION STON Cio CRYSTAL
Endohedral :# FULLERITE
\ Me(allofullerene C%ONDENSATION ! )
Buckmmstedullerene (Ceo) DIRECTED ASSEMBLY # g
W Small Molecule (EG. TEMPLATING) ORDERED Ceo THIN FILM
«_q Encapsulahon
CHEMICAL # FUNL‘TIONALIZED Ceo
e FUNCTIONALIZATION (e.g. Cy-OH)
g SOLVENT-INDUCED :ﬁ
-Walled Carbon Liner array SELF-ASSEMBLY

Cy; NANOWIRES ~ C;; NANOSHEETS

Nanotube (MWCNT) (cw@swcm) of fllerenes
o MECHANISM OF FULLERENE-BASED OER

0 APPLICATIONS IN ELECTROCATALYSIS & OER OER MECHANISM ON A DOPED FULLERENE ACTIVE SITE
ENCAPSULATION FOR STABILITY SURFACE MODIFICATION REDUCED OVERPOTENTIAL
& CHARGE TRANSFER &DOPING OH° AIJSORPHON 2[ puisTiNe
M@C,, on CNT ;_l—# ‘/' CaNOH \ £ CARBON
M core protects > 3 /
from corrosion k> 00H menvumnn E /A 2V
3 CaN+0,4H0 W/ CutOOH 8 AMODIFIED
¥y, FULLERENE
S e o Moored _MelOuder oS k g /&‘x‘b -
ullerene ullerene Hybri 06 09 12 18 14
Electrocatalyst CaM)  (eg.RUO,Cy) < REAEAERATON oot roRAkTn OER (123 veRE) |

Figure 2.3 Fullerenes as building blocks in nanochemistry.
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2.3.2 Role in electronics and materials science

Fullerenes exhibit unique electrical and optical properties, making them promising in electronics
and materials science. They can act as semiconductors, superconductors, and light-absorbing
materials. In solar cells, fullerenes are used as electron acceptors to improve efficiency. Their
strength and flexibility also make them suitable for creating lightweight, durable materials:

Fill in the blank: In solar cells, fullerenes are used as acceptors to improve
efficiency.

FULLERENES IN ORGANIC PHOTOVOLTAICS (OPVs): ELECTRON ACCEPTOR MECHANISM AND DEVICE ARCHITECTURE

ﬂ BULK HETEROJUNCTION (BHJ) ACTIVE LAYER o FUNDAMENTAL EXCITATION & ELECTRON ACCEPTANCE PROCESS
PIHT 1. Photon Absorption Eleg%‘c(:lm’w
(Donor polymer, { 2. Exciton Diffusion P3HTLUMO e é\
blue and green chains) (B2en) =g e PCBMLUMO
v ? T — (37 6))
o PCBM SRR, 3 Charge Ao
((6,6]-Phenyl-Cs;-butyric Transfer at |Driving Force| [ (%%
aecéd mﬁmﬂ esée"b i D/A Interface
red spheres - Cgy base y HOMO AN\
\ ; k/? & h : Q
Interpenetrating Network. 4. Free Charge PIHT PCBM  Acceptor
Separation (Donor)  (Acceptor) (electron acceptor)
o DEVICE STRUCTURES o OER INTEGRATION IN SOLAR-TO-FUEL SYSTEMS (FUTURE DIRECTION)

Conventional 0PV Inverted OPV it Tauden “"53) Ll

Electron
Collection

OER Electrocatalyst Anode
(Modifed Fullerene-based)
B Water
L=

| imi
Power L J

4 0Pt fode:OR Cathode HER
Colecion O POTRCBN) (O Oyedde) (i ede -2

Glass /IT0/ PEDOT:PSS / P3HT:PCBM /Ca /Al Glass/IT0/Zn0/ P3HT:PCBM / MoD, / Ag Solar energy collection (OPV) Chemical energy conversion (OER/HER)

Plate 2.3 Application of fullerenes in solar cells.

POHT.PCEM ‘ 4 Suight | |

@  PEDOTPSS

2.3.3 Potential applications in medicine and energy

In medicine, fullerenes are studied for drug delivery, as their hollow structure can carry
therapeutic molecules to targeted cells. They also show potential as antioxidants, neutralising
harmful free radicals in the body. In energy, fullerenes are explored for use in hydrogen storage
and advanced battery technologies, due to their ability to trap and release molecules efficiently.
These applications highlight the versatility of fullerenes in addressing global challenges.

Fill in the blank: Fullerenes are being studied in medicine for their ability to act as ,
neutralising harmful free radicals.

-
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KEY APPLICATIONS OF FULLERENES (Cgg, C;o, DERIVATIVES)

CROSS-DISCIPLINARY ADVANCEMENTS IN NANOTECHNOLOGY

KEY FULLERENE TYPES
FIELD & OVERVIEW i A SPECIFIC APPLICATIONS MECHANISM OF ACTION

NANOCHEMISTRY 5 i . OFR
(secon 2 10m <HAGEDS) Cgo Crystal (Fullerite) « Catalyst Support (OER, HER)@ Surface Area Enhancement |, 08

« Functionalized Cs, « Template for Nanostructures ", *Chemical Doping (N,P) | g
(e.0., Cg-OH) » Solid Lubricant ,!}4@ + Low Friction coefficient | f4ew |
ELECTRONICS & PHOTONICS * Electron Acceptors in Organic  « High Electron Mobility —_ gl
(Sextion3from JMGET>) PGB Photovaltaics (OPVS) 4 ypapje Energy Levels
* Organic Field-Effect Transistors HOMO/LUM {
@ o @ et (OEETS) . kel
+ Quantum Dot Components * Efficient Charge Transfer 07 ichetans
MEDICINE & « Water-soluble Derivatives ® Antioxidant & Radical Scavenging * Hollow Cla(iJ'e Structure for
ol b (83, Sw ) * Drup & Gene Delvery fl%fagsuE;g:)mc and Magnetic
9 ’ e '(Eﬂd@ogedm Fullerenes « MR Contrast Agents & PET Tracers pmgenies of Endohedralsg ®
60 « Photodynamic Therapy (PDT) « Free Radical Neutralization

ENERGY STORAGE ~CIVTS (forcontext) « Electrocatalysts for OERHER o High Electrical Conductivity Yete
& CONVERSION "‘0'"9%3"'00133””"9‘9"95 (Tandem Systems) + Enhanced Charge Storage

& (Cey « Li-ion Battery Anode Materials Hgo :
] . i i 5 « Improved Catalyst '

@ 6 ?AH%%LI%:?E iyorids * Supercapacitor Electrodes Stability & Durability W o
Box 2.3 Selected applications of fullerenes in modern science

Pilot Questions

1. How does the hollow structure of fullerenes make them useful in nanochemistry?
2. Why are fullerenes considered important in solar cell technology?
3. What potential roles could fullerenes play in medicine and energy storage?

2.4 Future Directions And Challenges

2.4.1 Emerging research trends in fullerene chemistry

Research into fullerene chemistry continues to expand, with scientists exploring new ways to

harness their unique properties. Current trends include the design of functionalised fullerenes,

where chemical groups-are attached to the carbon cage to enhance reactivity and broaden

applications. Another area of interest is the integration of fullerenes into nanocomposites,

combining them with other materials to create advanced systems with improved strength,

conductivity, or biocompatibility.

Fill in the blank: Fullerenes that have chemical groups attached to their carbon cages are called
fullerenes.

-
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FUNCTIONALISED FULLERENES: CHEMICAL DERIVATIVES FOR ADVANCED OER ELECTROCATALYSIY

o TYPES OF FULLERENE FUNCTIONALIZATION G OER MECHANISM ON A FUNCTIONALISED

(visualizing concepts from <IMAGES, <IMAGE 6, <IMAGE 3) FULLERENE ACTIVE SITE
1a. Covalent Functionalization  Derivatives (Adducts) (focused electrochemical scheme, 4 from <IMAGE 0)
CH o 6 ,6]-Phenyl- (adaptation and extension of Section 4> 2 from <IMAGE 4>)
HC = s, butyric aci .
methyl ester sy @ o REDUCED OVERPOTENTIAI
o Xuo 004 2
o OM Fullerenol @ %(Oli).-gli . =
Denvanves ( o(OH)) : COH FOmATION 5 /4 v
Fullerenol 00! C2a(OH),-00H E
(Adducts) m) o " -Doped Ceo (c,,(on),) 0 ”0 5 o 2 ] FurETouLsED
= ullerenol)

« Attaching organic moieties or 0, Rm 06 06 12 12 1.
heteroms to the carbon cage. Ceg(OH),-00H OER (1.23V vs RKE)
1b. Non-Covalent Functionalization 0 STRATEGIES FOR INTEGRATING OER CATALYSTS
(adapting concepts from <IMAGE 3) (application and hybrid structures, referencing <IMAGE 1>)
>, — Aromatic Anchor Hybrid: OER Electrocatalyst Support  Hybrid: Photoelectrochemical (PEC) OE
(e.g., Pyrene-Cq, derivative) Functionalised C
Mecy, Metaly pm&ec:‘s OER
— 7 Stacking (Encapsulted meta) 0‘59" =4 7 Cocatayst
- or )
Gy © Pyrene-Cg, on Graphene, Single-Atom Catalysts .
Metalloporphyrin-Cs, complex 5K eg, ISACanC, " gegnem::gw
Conductive Sungo « Utilizing mt-interaction for Enhanced Maximized -
(e.g., Graphene, CNTs) stability and charge transfer. Stability Atom Efficiency Conductive FTO

Figure 2.4 Functionalised fullerene structures.

2.4.2 Limitations and challenges in practical applications

Despite their promise, fullerenes face several challenges. Their production can be costly and
complex, limiting large-scale use. Stability under certain conditions is another issue, as
fullerenes may degrade or lose effectiveness. Additionally, concerns about toxicity and
environmental impact must be addressed before widespread adoption in medicine or consumer
products. These challenges highlight the need for further research and careful regulation.

Fill in the blank: One major challenge in fullerene applications is their potential
which raises safety concerns in medicine and industry.

A FULLERENE MATERIALS: CHALLENGES IN TOXICITY, STABILITY, AND OER TESTING A\

(€D OVERVIEW OF KEY CHALLENGES (visual sunmary) (@ LABORATORY TOXICITY TESTING ssed o AGE b AG 5]
1a. PRISTINE FULLERENES (Cgy c,.,) 1b. DERIVATIVES & FUNCTIONALIZED Gy ASSESSMENT IN BIOLOGICAL MODELS

eg lmm <IMAGE 3) 22, INVITRO ASSAYS —
@ i (e.g, cell cultures) *Aﬁ (e, aquaticinvertebrates,
e :“*C" « Cll Viabilty fiom dMAGE )

» Aggregated Insoluble Clusters . Impmved Solub|||ty + Reactive Oxygen Species ﬂ(iAl.lTION: . * Morphologcal Aterations
o Low Stablty under OER conditions o Tunable Active Stes for OER Eﬂﬁsil generaglon"m) * Bioaccumulation
* Potential for Radical-Induced  Stability ® Long-term Chemical/Electrochemical photodynamic e (

Degradation Wamlg Stability Concerns and <IMAGE 6) Oé%lgslsVE BIOACCUMULATION RISK

o STABILITY TESTING UNDER OER CONDITIONS GENERAL HANDLING PRECAUTION: AVOID INHALATION & INGESTION
(inked to IMAGE 0>, IMAGE 1, IMAGE 2> and <IMAGE 3) o STRATEGIES TO MITIGATE CHALLENGES A

3a. ELECTROCHEMICAL OER STABILITY  3b. mmmmrmmnmnmamon (visual summary from priorimages)

3 M 0,  CHRONOAMPEROMETRY  (eg.IMAGET:) 4a.Encapsulation  4b. Doping & Surface AaHybndCataIyst
N Gy, okt T {Endohedral) Motifcaton
| STABLE OER CATALYST' Gﬂ\
== &8¢ $ OR
° B Carbonaceuu_s Fullerenesarecan 4
FullreneCatayton b Reside Fomalion oo M@, forstabity Metel Ocdel supprt formetal s
Conductive Support OER CORROSION RISK AEIMHOHIEHW. DEGRADATION (<IMAGED, <IMAGE-3) (CIMAGE 15, <IMAGE-3) KIMAGEb, <IMAGE-3)

Plate 2.4 Challenges in fullerene applications.
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2.4.3 Prospects for fullerene-based technologies

Looking ahead, fullerenes hold promise in several cutting-edge fields. In energy, they may
contribute to more efficient solar cells and hydrogen storage systems. In medicine, fullerene-
based drug delivery and antioxidant therapies could revolutionise treatment approaches. In
electronics, their unique conductivity and optical properties may lead to faster, smaller, and
more efficient devices. These prospects suggest that fullerenes could play a transformative role

in addressing global challenges.

Fill in the blank: Fullerenes are being explored in energy research for their potential role in

storage systems.

Field Eme:rgn.lg Future Outlook & Mechanisms
Application
Tandem Water Use of N-doped fullerer}es as supports for smgle—.ator.n
Energy Splittin catalysts (SACs) to achieve ultra-low @verpotentials in
P g OER/HER systems.
[ntegration into Silicon-carbon composite anodes to buffer
EV Battery . . n .
volume expansion and improve cycle life in next-gen electric
Anodes . .
vehicle batteries.
. Quantum-Dot Using epdohedral fullerenes ($M@C_{ 60}9$) as precise,
Medicine . mon-toxic contrast agents for real-time, molecular-level MRI
Therapeutics . .
and PET imaging.
"Smart" Drug Surface—func.tlon'cl'h'md fullerene§ designed to trigger drug .
. release only in acidic tumor environments, reducing systemic
Delivery ..
toxicity.
Endohedral fullerenes serving as stable "qubits" (spin-based)
. |Quantum .
Electronics . for room-temperature quantum processors, currently in pilot
Computing .
testing phases.
$C_{70}$ and PCBM derivatives used in flexible,
Wearable . . . .
. transparent organic solar cells integrated into clothing and
Photovoltaics

smart windows.
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Pilot Questions

1. What are functionalised fullerenes, and why are they important in current research?
What challenges limit the widespread use of fullerenes in industry and medicine?

3. Which future applications of fullerenes could have the greatest impact on global
challenges?

Series Summary

This Series has introduced you to the fascinating world of carbon allotropes, with a particular
focus on fullerenes as the fourth allotrope of carbon. We began by examining the definition and
properties of carbon allotropes, then explored the discovery and unique features of fullerenes,
followed by their diverse applications in nanochemistry, electronics, medicine, and energy.
Finally, we considered future directions and challenges, including functionalisation, production
limitations, and prospects for fullerene-based technologies.

By working through this Series, you should now be able to define and compare carbon allotropes
(SLO 2.1 and SLO 2.2), describe the discovery and structural features of fullerenes (SLO 2.3),
analyse their chemical behaviour and applications (SLO 2.4 and SLO 2.5), and evaluate both the
challenges and future opportunities in fullerene research (SLO 2.6). These outcomes provide you
with a solid foundation for understanding how carbon’s versatility continues to shape modern
science and technology.

Glossary of Terms

o Allotrope
A different structural form of the same element, where atoms are arranged in distinct
ways that result in unique physical and chemical properties.

o Carbon nanotube
A cylindrical form of fullerene with exceptional strength and conductivity, widely
studied for applications in electronics and materials science.

e Diamond
A carbon allotrope where each atom is bonded to four others in a three-dimensional
tetrahedral network, making it extremely hard and optically clear.

o Fullerenes
Spherical or tubular molecules composed entirely of carbon atoms arranged in pentagons
and hexagons, discovered in 1985 and recognised as the fourth allotrope of carbon.

o Functionalised fullerenes
Fullerenes that have chemical groups attached to their carbon cages to enhance reactivity
and broaden their applications.

e  Graphene
A single layer of carbon atoms arranged in a hexagonal lattice, known for its strength,
flexibility, and electrical conductivity.

e Graphite
A carbon allotrope consisting of layers of carbon atoms arranged in hexagonal sheets,
with weak forces between layers, giving it lubricating properties and electrical
conductivity.

-
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e Nanochemistry
The branch of chemistry that focuses on structures and processes at the nanoscale, often
involving materials such as fullerenes and nanoparticles.

e Vitalism
A historical belief that organic compounds could only be produced by living organisms
through a special “vital force,” later disproved by Wohler’s synthesis of urea.

e C60 (Buckyball)
A spherical fullerene molecule composed of 60 carbon atoms arranged in a football-like
structure of pentagons and hexagons.

Concept Check Questions [Series 2: Carbon Allotropes and Fullerenes in
Modern Chemistry]
Objective Questions

1. Which carbon allotrope consists of a three-dimensional tetrahedral network, making it
extremely hard? (Linked to SLO 2.1)

Graphite

Diamond
Graphene
Fullerene

oOwy

N

The C60 molecule is commonly called a . (Linked to SLO 2.3)

Nanotube
Buckyball
Graphene sheet
Carbon cage

cawp

(98]

In solar cells, fullerenes are used as . (Linked to SLO 2.5)

Electron acceptors
Proton‘donors
Conductivity enhancers
Optical filters

ocawp

he

Which of the following is a major challenge in fullerene applications? (Linked to SLO

Low hardness

High toxicity concerns
Poor conductivity

Lack of optical properties

o @

-
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Short-Answer Questions

1. Define the term allotrope and give one example from carbon. (Linked to SLO 2.1)

2. Explain why graphene is considered revolutionary in modern science. (Linked to SLO
2.2)

3. Describe one unique structural feature of fullerenes compared to diamond and graphite.
(Linked to SLO 2.3)

4. Identify one potential medical application of fullerenes. (Linked to SLO 2.5)

5. State one limitation that restricts the widespread use of fullerenes. (Linked to SLO 2.6)

Long-Answer Questions

1. Analyse the applications of fullerenes in nanochemistry, electronics, medicine, and
energy, giving examples from each field. (Linked to SLO 2.5)

2. Evaluate the future directions and challenges of fullerene research, considering both
limitations and prospects. (Linked to SLO 2.6)

Answers to Concept Check Questions [Series 23 Carbon  Allotropes and
Fullerenes in Modern Chemistry]
Objective Questions

1. B. Diamond

2. B. Buckyball

3. A. Electron acceptors

4. B. High toxicity concerns

Short-Answer Questions

1. An allotrope is a different structural form of the same element. Example: diamond is
an allotrope of carbon.

2. Graphene is revolutionary because it is a single layer of carbon atoms with exceptional
strengthy flexibility, and conductivity, making it valuable in electronics and materials
science.

3. Fullerenes are discrete, hollow molecules rather than extended networks, unlike
diamond and graphite.

4. Fullerenes can be used in medicine for drug delivery or as antioxidants.

Limitations include high production costs, stability issues, and potential toxicity.

b

Long-Answer Questions

1. Basic response: Fullerenes are applied in nanochemistry as building blocks, in
electronics as electron acceptors in solar cells, in medicine for drug delivery and
antioxidant therapies, and in energy for hydrogen storage and advanced batteries.
Value-added response: Beyond these, fullerenes are being integrated into
nanocomposites for stronger materials, explored in superconductivity research, tested

-
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for targeted cancer therapies, and investigated for next-generation renewable energy
systems.

2. Basic response: Future directions include functionalised fullerenes, improved
applications in medicine and energy, and advanced electronics. Challenges include
high production costs, stability issues, and toxicity concerns.

Value-added response: Outstanding learners may note that fullerene research is-also
tied to global sustainability goals, with potential breakthroughs in clean energy,
biocompatible nanomedicine, and eco-friendly materials. Addressing toxicity and
scalability will be critical for fullerene technologies to move from laboratory research
to widespread industrial use.

Answers to Pilot Questions
Part 1: Carbon allotropes and their properties

1. An allotrope is a different structural form of the same element, and carbon is especially
known for its allotropy because it can form diamond, graphite, graphene, and
fullerenes.

2. Diamond has a three-dimensional tetrahedral structure, while graphite has layered
hexagonal sheets. These structural differences explain why diamond is extremely hard
and graphite is soft and conductive.

3. Graphene is considered revolutionary because it is a single layer of carbon atoms with
exceptional strength, flexibility, and electrical conductivity, making it highly valuable
in modern science and technology.

Part 2: Fullerenes as the fourth allotrope of carbon

1. Fullerenes were discovered in 1985 by Harold Kroto, Richard Smalley, and Robert Curl,
and the C60 molecule is commonly called the buckyball.

2. Fullerenes differ structurally from diamond and graphite because they are discrete,
hollow molecules rather than extended networks.

3. Carbon nanotubes are cylindrical fullerenes with remarkable strength and conductivity,
making them important in electronics and materials science.

Part 3: Applications of fullerenes in modern science

1. The hollow structure of fullerenes allows them to encapsulate atoms or molecules,
making them useful in nanochemistry.

2. Fullerenes are important in solar cell technology because they act as electron acceptors,
improving efficiency.

3. In medicine, fullerenes can be used for drug delivery and as antioxidants, while in energy
they are explored for hydrogen storage and advanced batteries.

-
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Part 4: Future directions and challenges

1. Functionalised fullerenes are molecules with chemical groups attached to their carbon
cages, making them more reactive and versatile.

2. Challenges include high production costs, stability issues, and concerns about toxicity
and environmental impact.

3. Future applications could include more efficient solar cells, hydrogen storage systems,
advanced electronics, and innovative medical therapies.

References and Attributions [Series 2: Carbon Allotropes and Fullerenes in
Modern Chemistry]
Figures

o Figure 2.1 Structural forms of carbon allotropes.
Attribution: Al-generated using the prompt “Generate a labelled diagram showing
diamond, graphite, graphene, and fullerene structures side by side:”

o Figure 2.2 Structure of C60 fullerene (“buckyball”).
Attribution: Al-generated using the prompt “Generate a labelled diagram of C60
fullerene showing carbon atoms arranged in pentagons and hexagons.”

e Figure 2.3 Fullerenes as building blocks in nanochemistry.
Attribution: Al-generated using the prompt “Generate a labelled diagram showing
fullerene molecules forming nanostructures.and encapsulating atoms.”

o Figure 2.4 Functionalised fullerene structures.
Attribution: Al-generated using the prompt “Generate a labelled diagram showing
functionalised fullerenes with chemical groups attached to the carbon cage.”

Plates

e Plate 2.1 Visual comparison of carbon allotropes.
Attribution; Al-generated using the prompt “Create an illustration showing diamond
crystal lattice, graphite layered sheets, graphene single sheet, and fullerene spherical
molecule.™

o Plate 2.2 Comparison of fullerene molecular structure with other carbon allotropes.
Attribution: Al-generated using the prompt “Create an illustration comparing fullerene
cage structure with diamond lattice and graphite layered sheets.”

o Plate 2.3 Application of fullerenes in solar cells.
Attribution: Al-generated using the prompt “Create an illustration showing fullerene
molecules being used in solar cells as electron acceptors.”

o Plate 2.4 Challenges in fullerene applications.
Attribution: Al-generated using the prompt “Create an illustration showing laboratory
testing of fullerene materials with caution signs for toxicity and stability.”
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Boxes and Tables

e Box 2.1 Comparative properties of carbon allotropes.
Attribution: Al-generated using the prompt “Generate a simple table comparing
diamond, graphite, graphene, and fullerenes with their properties and applications.”

e Box 2.2 Selected types of fullerenes.
Attribution: Al-generated using the prompt “Generate a simple table listing types of
fullerenes such as C60, C70, and carbon nanotubes with their structures and
properties.”

e Box 2.3 Selected applications of fullerenes in modern science.
Attribution: Al-generated using the prompt “Generate a simple table listing applications
of fullerenes in nanochemistry, electronics, medicine, and energy.”

e Box 2.4 Future prospects of fullerene-based technologies.
Attribution: Al-generated using the prompt “Generate a simple table listing future
prospects of fullerene-based technologies in energy, medicine, and electronics.”

Open Educational Resources (OER) Search Strings Suggested

o “carbon allotropes structures diagram OER chemistry”

o “carbon allotropes diamond graphite graphene fullerene OER image”
e “C60 fullerene buckyball structure diagram OER chemistry”

o ‘“comparison fullerene diamond graphite OER image”

o “types of fullerenes C60 C70 nanotubes OER chemistry table”

o “fullerenes nanochemistry applications diagram OER”

o “fullerenes solar cells application OER image”

o “applications of fullerenes nanochemistry medicine energy OER table”
o “functionalised fullerenes diagram OER chemistry”

o “fullerenes challenges toxicity stability OER image”

o “future prospects fullerene technologies OER chemistry table”

General References

e Kiroto, H. W., Heath, J. R., O’Brien, S. C., Curl, R. F., & Smalley, R. E. (1985). C60:
Buckminsterfullerene. Nature, 318(6042), 162—-163.

e ( Standard organic and materials chemistry textbooks were consulted for definitions and
explanations of allotropy, diamond, graphite, graphene, and fullerene properties.
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Course Code: CHM 102
Course Title: General Chemistry I1
Course Unit: 2 Units

Series 1: Foundations and Development of Organic Chemistry

Series 2: Carbon Allotropes and Fullerenes in Modern Chemistry

Series 3: Electronic Theory, Structure Determination, and Stereochemistry
Series 4: Organic Functional Groups, Nomenclature, and Reaction Mechanisms
Series 5: Comparative and Transition Metal Chemistry

Series 3: Electronic Theory, Structure Determination, and Stereochemistry
Series Outline

Part 1: Fundamentals of electronic theory

o Concept of electronic theory in chemistry
e Role of electrons in bonding and molecular behaviour
e Applications of electronic theoty in predicting reactivity

Part 2: Methods of structure determination

e Spectroscopic techniques (UV, IR, NMR, Mass Spectrometry)
o X-ray crystallography and its importance
o Comparative strengths and limitations of structure determination methods

Part 3: Principles of stereochemistry

o Definition of stereochemistry and its significance
o Types of isomerism (structural vs. stereoisomerism)
o Chirality and optical activity

Part 4: Applications of stereochemistry in modern chemistry

e Role in pharmaceuticals and drug design
o Importance in materials science and biochemistry
o Case studies of stereochemistry in everyday life

Introduction

Chemistry is often described as the study of matter and its transformations, but at its heart lies
the behaviour of electrons. Understanding how electrons govern bonding, reactivity, and
molecular structure is essential for explaining why substances behave the way they do. Equally
important is the ability to determine molecular structures accurately and to appreciate how the
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three-dimensional arrangement of atoms influences chemical properties. This Series brings these
themes together, highlighting their relevance to both theoretical and applied chemistry.

The aim of this Series is to equip you with the knowledge of electronic theory, introduce you to
the main techniques of structure determination, and develop your understanding of
stereochemistry and its applications in modern science.

We shall commence this Series by exploring the fundamentals of electronic theory, focusing on
how electrons influence bonding and reactivity. Next, we will examine methods of structure
determination, including spectroscopic techniques and X-ray crystallography. Following that, we
will consider the principles of stereochemistry, looking at isomerism, chirality, and-optical
activity. Finally, we will wrap up by discussing the applications of stereochemistry in
pharmaceuticals, materials science, and everyday life, thereby connecting theory to practice.

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

e 3.1 define electronic theory and explain the role of electrons in bonding and molecular
behaviour,

e 3.2 demonstrate how electronic theory can be applied to'predict chemical reactivity,

e 3.3 describe the main methods of structure determination, including spectroscopic
techniques and X-ray crystallography,

e 3.4 analyse the strengths and limitations of different structure determination methods,

e 3.5 define stereochemistry and distinguish between structural isomerism and
stereoisomerism,

e 3.6 explain the concepts of chirality and optical activity with relevant examples, and

e 3.7 evaluate the applications of stereochemistry in pharmaceuticals, materials science,
and biochemistry.

3.1 Fundamentals Of Electronic Theory

3.1.1 Concept of electronic theory in chemistry

Electronic theory refers to the idea that the behaviour of atoms and molecules is largely
determined by the arrangement and movement of electrons. This theory explains bonding,
reactivity, and many physical properties of substances. By focusing on electrons, chemists can
predict how atoms will interact, form compounds, and undergo chemical reactions.

Fill in‘the blank: The theory that explains bonding and reactivity based on the behaviour of
electrons is called theory.

-
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1. PRINCIPLE: 2. SIGMA (o) BOND FORMATION: | 3. PI () BOND FORMATION:
ELECTRON CLOUD OVERLAP AXIAL OVERLAP LATERAL OVERLAP
. — s-s overlap (e.g., H,) ex. 0, (double bond)
m m y m LATERAL (SDEYS)
AXIAL OVERLAP
(along bond axis) iy Q ‘ o "
Overlapping Electron Clouds /1, W
1 d Electron Densit s-p overlap (e.g., HF)
TR O™
SHARED ELECTRON PAIR o s QQ —> LATERAL (SIDEY
IN OVERLAP REGION AXIAL OVERLAP OVEF{EAP S)
(along bond axis) *
£y p-p overlap (e.g., Cl,) o bond s
= &
L N AXIAL OVERLAP —/ % bond
Distance Distance (along bond axis)

Figure 3.1 Representation of electronic theory in bonding.

3.1.2 Role of electrons in bonding and molecular behaviour

Electrons play a central role in chemical bonding. In'covalent bonding, atoms share electrons to

achieve stability. In ionic bonding, electrons are transferred from one atom to another, creating

charged particles that attract each other. The distribution of electrons also influences molecular

shape, polarity, and reactivity. For example, molecules with uneven electron distribution exhibit

polarity, which affects how they interact with other substances.

Fill in the blank: When atoms share electrons to achieve stability, the bond formed is called a
bond.

COVALENT BONDING IONIC BONDING
(SHARED ELECTRONS) (ELECTRON TRANSFER)

Electron
Transfer
Electron
Transfer

Positive Ion Negative Ion
(Cation) (Anion)

PositiveIon Negativelon  Ionic Compound
Covalent Molecules (Cation) (Anion) (Crystal Lattice)

Plate 3.1 Covalent and ionic bonding illustrated.

)
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3.1.3 Applications of electronic theory in predicting reactivity

Electronic theory helps chemists predict how substances will react. For instance, molecules with
high electron density may act as nucleophiles, donating electrons to other species. Conversely,
molecules with electron deficiency may act as electrophiles, accepting electrons. This
framework is essential in organic chemistry, where reactions are often explained in terms of
electron movement. Understanding these principles allows chemists to design reactions and
anticipate products.

Fill in the blank: A species that donates electrons in a chemical reaction is called a

Feature Nucleophiles (""Nucleus-loving') Electrophiles (""Electron-loving')
Electronic Electron-rich; has a high electron Electron-poor; has a low:electron
Nature density. density.

Negatively charged ($Nu”-$) or Positively charged ($E”+$) or neutral
Charge ; . . -

neutral with lone pairs. with empty orbitals.
LEWIS. . ng1s Base: DonaidRgn cloggen Lewis Acid: Accepts an electron pair.
Definition pair.
Common $OH"-$, SCN~-$, $H 208, SH"+$, SCH_3/+$, SNO_2/+8,
Examples SNH_38§, $CI*-§ SAICI 3%, SBF 3%
Role in Attacks a positive center (nucleus) Attacked by an electron-rich species
Reaction p ’ y p ’

Box 3.1 Key applications of electronic theory

Pilot Questions

1. What does electronic theory explain in chemistry?
2.. How do covalent and ionic bonds differ in terms of electron behaviour?
3. What is the difference between a nucleophile and an electrophile in electronic theory?

3.2 Methods Of Structure Determination

3.2.1 Spectroscopic techniques

Spectroscopy refers to the study of how matter interacts with electromagnetic radiation. In
chemistry, spectroscopic techniques are used to determine the structure of molecules. Ultraviolet
(UV) spectroscopy measures absorption of UV light, often used to study conjugated systems.

-
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Infrared (IR) spectroscopy identifies functional groups by measuring vibrations of chemical
bonds. Nuclear Magnetic Resonance (NMR) spectroscopy provides detailed information about
the arrangement of atoms in a molecule by observing how nuclei respond to magnetic fields.
Mass spectrometry (MS) determines molecular mass and fragmentation patterns, helping to
deduce molecular structure.
Fill in the blank: The spectroscopic technique that identifies functional groups by measuring

bond vibrations is called

spectroscopy.

ANALYSIS OF MOLECULAR STRUCTURE VIA SPECTROSCOPY.

UV-Vis (Ultraviolet-Visible) |  Conjugation&
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Leveals: — s
—IN~1—0 N |
sgez":‘e o ple P 555:"9 oo sample s
20
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0 ]
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Figure 3.2 Overview of spectroscopic techniques in structure determination.

3.2.2 X-ray crystallography and its importance
X-ray crystallography is a powerful method used to determine the three-dimensional
arrangement of atoms in crystalline solids. When X-rays are directed at a crystal, they are
diffracted by the electron clouds of atoms, producing a diffraction pattern. By analysing this
pattern, chemists can deduce the exact positions of atoms in the crystal lattice. This technique
has been crucial in discovering the structures of complex molecules such as proteins and DNA.
Fill in the blank: The technique that uses diffraction of X-rays to determine atomic positions in

crystals is called

-

crystallography.
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Pattern of spots (reflections)
reveals atomic positions
and crystal symmetry

X-rays diffract from
ordered atomic planes

A Diffraction Pattern
Detector

Diffracted

X-ray
Source

Collimator C’VS,“" with Detector  Diffraction Pattern
Atomic Planes
Laue Spots

Plate 3.2 X-ray crystallography process.

3.2.3 Comparative strengths and limitations of structure determination methods
Each method of structure determination has its strengths and limitations. Spectroscopic
techniques are fast and widely applicable, but they may provide indirect information that requires
interpretation. X-ray crystallography gives precise:atomic positions but requires high-quality
crystals, which are not always easy to obtain. Mass spectrometry is excellent for determining
molecular weight but less effective for complex three-dimensional structures. Chemists often use
a combination of these methods to achieve accurate results.

Fill in the blank: X-ray crystallography provides precise atomic positions but requires high-
quality

Technique Primary Purpose Major Strengths Major Limitations
Tdentifying Rinctional Non-destructive; Often requires pure
Spectroscopy roubs and the excellent for samples; NMR can be
(NMR, IR, UV- SOt identifying connectivity [slow and requires
. hydrogen/carbon . o .
Vis) ramework and specific bonds specific isotopes (like
' (e.g., $C=09). $~{1}HS$ or $7{13}CS$).

Destructive to the
crystal; requires high-
quality single crystals,
which can be very
difficult to grow.

Provides an exact
"map" of atomic
positions, bond lengths,
and bond angles.

Determining the 3D
arrangement of atoms
in space.

X-ray
Crystallography

-
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Technique Primary Purpose Major Strengths Major Limitations
.. Extremely sen sitive Destructive; does not
Mass Determining (needs very little .
. : directly show how atoms
Spectrometry molecular weight and [sample); provides a re bonded tozether
(MS) formula. "fingerprint" through (connectivit )g
fragmentation patterns. Y):

Box 3.2 Strengths and limitations of structure determination methods

Pilot Questions

1. What information does IR spectroscopy provide aboutamolecule?
2. Why is X-ray crystallography considered important in chemistry?
3. Why do chemists often combine different structure determination methods?

3.3 Principles Of Stereochemistry

3.3.1 Definition of stereochemistry and its significance

Stereochemistry is the study of the three-dimensional arrangement of atoms in molecules and
how this spatial orientation influences.chemical behaviour. It is significant because molecules
with the same molecular formula can differ in their spatial arrangement, leading to different
physical and chemical properties. For example, stereochemistry explains why certain drugs are
effective in one form but inactive or even harmful in another.

Fill in the blank: The branch of chemistry that studies the three-dimensional arrangement of
atoms in molecules is called

ILLUSTRATING STEREOCHEMISTRY:
Identical Formula, Different Spatial Arrangement

1. ENANTIOMERS (MIRROR IMAGES)
MIRROR

2. DIASTEREOMERS (CIS-TRANS ISOMERS)
Identical Formula: C,H,Cl,

CIS-ISOMER TRANS-ISOMER

1
1
1
1
1
1
DIFFERENT SPATIAL“:L d

CHIRAL CENTER
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igure 3.3 lllustration of stereochemistry in molecules.

3.3.2 Types of isomerism

Isomerism refers to the phenomenon where compounds share the same molecular formula-but
differ in structure or arrangement. Structural isomerism occurs when atoms are connected
differently, resulting in distinct structures. Stereoisomerism occurs when atoms are connected in
the same way but differ in spatial orientation. Stereoisomerism includes geometrical isomerism
(such as cis-trans isomers) and optical isomerism (mirror-image molecules).

Fill in the blank: When compounds have the same molecular formula but differ in spatial
orientation, the phenomenon is called isomerism.

TYPES OF STEREOISOMERISM

1. CIS-TRANS ISOMERISM (GEOMETRIC ISOMERISM) 2. OPTICAL ISOMERISM (ENANTIOMERISM)
Different Physical/Chemical Properties Different Optical Activity

CIS-BUT-2-ENE TRANS-BUT-2-ENE MIRROR

) (R)-2-CHLOROBUTANE | (S)-2-CHLOROBUTANE
‘ ) ; CHIRAL CARBON
PLANE (4 different groups)
= N\

o;AMESIDE '\ ;‘% 80

Restricted Rotation OPPOSITE SIDE

¢

i
|
!
|
1
1
|
|
i
1
1
:
i
around C=C I
:
1

H4C /CH3 H\ /CI 2-MHLOIGKIWON Different Optical Activity
c=¢ e=c (4 different groups) .
/ \ / \ MIRROR
H H cl cl
NON-SUPERIMPOSABLE MIRROR IMAGES
Different Physical/Chemical Properties (ENANTIOMERS)

Plate 3.3 Types of stereoisomerism.

3.3.3 Chirality and optical activity

Chirality refers to the property of amolecule that cannot be superimposed on its mirror image,
much like left and right hands. Molecules that exhibit chirality are called chiral molecules, and
they often contain a carbon atom bonded to four different groups. Optical activity is the ability
of chiral molecules to rotate plane-polarised light, with one form rotating it clockwise
(dextrorotatory) and the other anticlockwise (levorotatory). This property is crucial in
biochemistry and pharmaceuticals, where different enantiomers can have very different
biological effects.

Fill in the blank: A molecule that cannot be superimposed on its mirror image is described as
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Term Definition Key Characteristic RET;‘IZSS d
The property of an object Must have a chiral center Ygur hgnds; they are
o being non- . mirror images but
Chirality . . (usually a carbon with 4
superimposable on its different groups) cannot be perfectly
mirror image. Eroups)- layered.
A pair of molecules that  [They have identical physical {(R)-Limonene
Enantiomers ¢ non-superimposable  properties (boiling point, (smells like.oranges)
mirror images of each etc.) except for how they and (S)-Limonene
other. interact with light. (smells like lemons).
Ontical :&E;fiﬁ%(?f;ggiile Measured using a Glucose (Dextrose)
Aftivi ty blane of plane-polarized polarimeter; denoted as rotates light to the
+ - i +
light, $(+)$.0r $(-)S. right $(+)8$.

Box 3.3 Chirality and optical activity explained

Pilot Questions

1. What does:stereochemistry study, and why is it important in chemistry?
2. How does structural isomerism differ from stereoisomerism?
3. What is chirality, and how does it relate to optical activity?

3.4 Applications Of'Stereochemistry In Modern Chemistry

3.4.1 Role in pharmaceuticals and drug design

Stereochemistry plays a vital role in pharmaceuticals, which are chemical substances used to
diagnose; treat, or prevent disease. Many drugs exist as stereoisomers, and often only one form
(called the active enantiomer) produces the desired therapeutic effect, while the other may be
inactive or even harmful. This makes stereochemical control essential in drug design and
manufacturing. For example, the drug thalidomide demonstrated how one enantiomer could be
therapeutic while the other caused severe side effects.

Fill in the blank: The form of a drug molecule that produces the desired therapeutic effect is
called the enantiomer.

-
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DRUG ENANTIOMERS: CASE STUDY - THALIDOMIDE

(R)-THALIDOMIDE Mirror (S)-THALIDOMIDE
(Sedative, Active Form) (Teratogenic Toxic Form)
Brain Receptor Birth Defects
Desired Blologlcal Effect Receptor Binding \ Ch"al Center Birth Defects

(Sedation) Identical Formula Teratogenic Effect
THALIDOMIDE INTERCONVERSION —— In vivo, (R) converts to (S)

DRUG ENANTIOMERS: BIOLOGICAL ACTIVITY
Chiral enter ()%, s ACTIVE ENANTIOMER ..
OH (S)-(+)-Ibuprofen Anti-inflammatory effect
ixture INACTIVE ENANTIOMER i o
HiC 0 racfe"::::cmlseure (R)-()-Tbuprofen Desired activity

Figure 3.4 Role of stereochemistry in drug design.

3.4.2 Importance in materials science and biochemistry

In materials science, stereochemistry influences the properties of polymers and crystalline
materials. The arrangement of atoms affects strength, flexibility, and conductivity. In
biochemistry, stereochemistry is fundamental because biological molecules such as proteins,
carbohydrates, and DNA are inherently chiral. Enzyme activity, receptor binding, and metabolic
processes all depend on stereochemical interactions. This explains why living systems often
distinguish between left-handed and right-handed molecules.

Fill in the blank: Biological molecules such as proteins and DNA are inherently

meaning they cannot be superimposed on their mirror images.

1. ENZYME-SUBSTRATE CHIRALITY (lock-and-key with stereochemistry)
(R)-ENANTIOMER FITS (S)-ENANTIOMER DOES NOT FIT
Matching

/ shape \
Matching
shape & —7

charge

Complementary binding,
Reaction proceeds

2. POLYMER STEREOCHEMCAL ARRANGEMENTS (TACTICITY)

ISOTACTIC W {ofe—cie} M (CtCul),
SYNDIOTACTIC W {O"ﬁcrcz‘)cn); BIOMOLECULE EXAMPLES
CHz?)H o]

o u@m H‘"/\r \Hk

AeTE W {0{7‘0' CZ-}C{‘%‘ - D-Gluc?;;e LAmlnoA::;

(isotactic monomer units) ~ (stereosequence in protein chain)

Non-complementary binding,
No reaction

Plate 3.4 Stereochemistry in biochemistry and materials science.

3.4.3 Case studies of stereochemistry in everyday life
Stereochemistry is not limited to laboratories; it affects everyday life. The flavour and aroma of
food often depend on stereoisomers, with one form producing a pleasant taste and another being
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odourless or bitter. In fragrances, stereochemistry determines how molecules interact with
receptors in the nose. Even in agriculture, stereochemistry influences the effectiveness of
pesticides and herbicides. These examples show how stereochemistry connects chemistry to
daily experiences.
Fill in the blank: The flavour and aroma of food often depend on the presence of specific

of molecules.
. Enantiomer A Enantiomer B
Field Molecule (Right/Left) (Left/Right) oyt
Different odors
Food & . (+)-Limonene:  |(-)-Limonene: due to how they fit
Limonene . :
Flavor Oranges Lemons/Turpentine into nasal
receptors.
Drastically
Frasrance . |Carvone (+)-Carvone: (-)-Carvone: different scent
& Caraway seeds Spearmint profiles from the
same formula.
. (1S, 3R) isomer: [Other isomers: Precision in spatial
. Carpropamid . . . arrangement
Agriculture . Highly active Significantly less .
(Fungicide) . . . . reduces chemical
against rice blast. [effective or inactive.
waste.
Food L,L-Aspartame: D,D-Aspartame: The tongue's sweet
(Sweetener) Aspartame Sweet Bitter receptors are
(NutraSweet) stereospecific.

-
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Box 3.4 Everyday examples of stereochemistry

Pilot Questions

1. Why is stereochemistry important in drug design and pharmaceuticals?
2. How does stereochemistry influence biological molecules such as proteins and DNA?
3. What are some everyday examples of stereochemistry in food, fragrances, ot agriculture?

Series Summary

This Series has highlighted the importance of electronic theory, structure determination, and
stereochemistry in modern chemistry. We began with the fundamentals of electronic theory,
focusing on how electrons influence bonding and reactivity. Then we examined methods of
structure determination, including spectroscopic techniques and X-tay crystallography, while
considering their respective strengths and limitations. Following that, we explored the principles
of stereochemistry, covering isomerism, chirality, and optical activity. Finally, we concluded
with applications of stereochemistry in pharmaceuticals, materials science, biochemistry, and
everyday life.

By completing this Series, you should now be able to define and apply electronic theory (SLO
3.1 and SLO 3.2), describe and analyse structure determination methods (SLO 3.3 and SLO 3.4),
explain stereochemistry and its key concepts (SLO 3.5 and SLO 3.6), and evaluate its
applications in science and daily contexts (SLO 3.7). These outcomes provide you with a clear
foundation for appreciating how molecular structure and spatial arrangement influence chemical
behaviour and practical applications.

Glossary of Terms

o Chirality
A property of a molecule that cannot be superimposed on its mirror image, similar to the
difference between left and right hands.

e Electrophile
A species that accepts electrons during a chemical reaction, often because it is electron-
deficient.

e Electronic theory
The concept that the behaviour of atoms and molecules is determined by the arrangement and
movement of electrons, which explains bonding and reactivity.

e  Enantiomer
One of a pair of chiral molecules that are mirror images of each other but not
superimposable.

o Infrared (IR) spectroscopy
A technique that identifies functional groups in molecules by measuring vibrations of
chemical bonds when exposed to infrared radiation.

e Isomerism
The phenomenon where compounds share the same molecular formula but differ in structure
or spatial arrangement.

-
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e Mass spectrometry (MS)
An analytical technique that determines the molecular mass and fragmentation pattern of a
compound, helping to deduce its structure.

e Nuclear Magnetic Resonance (NMR) spectroscopy
A technique that provides detailed information about the arrangement of atoms in a molecule
by observing how nuclei respond to magnetic fields.

e Nucleophile
A species that donates electrons during a chemical reaction, often because it has high
electron density.

o Optical activity
The ability of chiral molecules to rotate plane-polarised light, either clockwise
(dextrorotatory) or anticlockwise (levorotatory).

e Spectroscopy
The study of how matter interacts with electromagnetic radiation, used in chemistry to
determine molecular structure.

e Stereochemistry
The study of the three-dimensional arrangement of atoms in molecules and how this spatial
orientation influences chemical behaviour.

e Structural isomerism
A type of isomerism where atoms are connected differently, resulting in distinct structures
despite having the same molecular formula.

o Ultraviolet (UV) spectroscopy
A technique that measures absorption of ultraviolet light, often used to study conjugated
systems in molecules.

o X-ray crystallography
A method used to determine the three-dimensional arrangement of atoms in crystalline solids
by analysing diffraction patterns produced when X-rays strike a crystal.

Concept Check'Questions [Series 3: Electronic Theory, Structure

Determination, and\Stereochemistry]

Objective Questions

1. Which type of spectroscopy identifies functional groups by measuring bond vibrations?
(Linked to SLO 3.3)

UV spectroscopy
IR spectroscopy
NMR spectroscopy
Mass spectrometry

° QW

3

A molecule that cannot be superimposed on its mirror image is described as

Achiral
Chiral
Symmetrical

Qw»>

-
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D. Linear

3. Which method provides precise atomic positions but requires high-quality crystals?
(Linked to SLO 3.4)

A. UV spectroscopy

B. IR spectroscopy

C. X-ray crystallography

D. Mass spectrometry

4. In electronic theory, a species that donates electrons in a reaction is called a
(Linked to SLO 3.2)

A. Electrophile
B. Nucleophile
C. Catalyst

D. Radical

Short-Answer Questions

1. Define electronic theory and explain.its role in chemistry. (Linked to SLO 3.1)

2. Describe one difference between structural isomerism and stereoisomerism. (Linked to SLO
3.5)

State one limitation of X-ray crystallography. (Linked to SLO 3.4)

Give one example of how stereochemistry influences pharmaceuticals. (Linked to SLO 3.7)
5. Explain what optical activity means in relation to chiral molecules. (Linked to SLO 3.6)

W

Long-Answer Questions

1. Analyse the applications of electronic theory in predicting chemical reactivity, giving
examples of nucleophiles and electrophiles. (Linked to SLO 3.2)

2. Evaluate the importance of stereochemistry in modern chemistry, with reference to
pharmaceuticals, biochemistry, and everyday life. (Linked to SLO 3.7)

Answers to Concept Check Questions [Series 3: Electronic Theory, Structure
Determination, and Stereochemistry]
Objective Questions

¢ B. IR spectroscopy
Chiral

1
2
3. C. X-ray crystallography
4. Nucleophile

Short-Answer Questions

-
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1. Electronic theory explains bonding and reactivity based on the behaviour of electrons,
showing how they govern molecular interactions.

2. Structural isomerism involves different atom connections, while stereoisomerism involves
the same connections but different spatial arrangements.

3. X-ray crystallography requires high-quality crystals, which are not always easy to obtain.

4. In pharmaceuticals, only one enantiomer of a drug may be active, while the other can be
inactive or harmful.

5. Optical activity is the ability of chiral molecules to rotate plane-polarised light, either
clockwise or anticlockwise.

Long-Answer Questions

1. Basic response: Electronic theory predicts reactivity by identifying nucleophiles (electron
donors) and electrophiles (electron acceptors). For example, hydroxide ions act as
nucleophiles, while carbocations act as electrophiles.

Value-added response: Beyond this, electronic theory underpins mechanisms in organic
chemistry, such as substitution and addition reactions, and helps chemists design synthetic
pathways by anticipating electron flow.

2. Basic response: Stereochemistry is important because it influences drug activity, enzyme
interactions, and properties of materials. For example, one enantiomer of a drug may be
therapeutic while the other is harmful.

Value-added response: Outstanding learners may note that stereochemistry also affects food
flavours, fragrances, and agricultural chemicals. It is central to understanding biological
systems, where chirality determines protein folding and DNA structure, and it drives
innovation in materials science through stereoregular polymers.

Answers to Pilot Questions
Part 3.1 Fundamentals of electronic theory

1. Electronic theory explains bonding and reactivity in chemistry.
Covalent bonds involve sharing of electrons, while ionic bonds involve transfer of
electrons.

3. A nucleophile donates electrons, while an electrophile accepts electrons.

Part 3.2 Methods of structure determination

1. IR spectroscopy provides information about functional groups in a molecule.
2. X-ray crystallography is important because it reveals precise atomic positions in crystals.
3. Chemists combine methods to obtain more accurate and complete structural information.

Part 3.3 Principles of stereochemistry

1. Stereochemistry studies the three-dimensional arrangement of atoms and its importance
in chemical behaviour.

2. Structural isomerism differs from stereoisomerism because it involves different atom
connections, while stereoisomerism involves different spatial arrangements.
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3. Chirality refers to molecules that cannot be superimposed on their mirror images, and
optical activity is their ability to rotate plane-polarised light.

Part 3.4 Applications of stereochemistry in modern chemistry

1. Stereochemistry is important in drug design because only one enantiomer may be active
while the other can be harmful.

2. Stereochemistry influences biological molecules such as proteins and DNA, which are
inherently chiral.

3. Everyday examples include flavours in food, fragrances, and the effectiveness of
agricultural chemicals.

References and Attributions [Series 3: Electronic Theory, Structure
Determination, and Stereochemistry]|
Figures

o Figure 3.1 Representation of electronic theory in bonding.
Attribution: Al-generated using the prompt “Generate a labelled diagram showing electron
clouds overlapping to form covalent bonds.”

o Figure 3.2 Overview of spectroscopic techniques 1 structure determination.
Attribution: Al-generated using the prompt “Generate a labelled diagram showing UV, IR,
NMR, and MS spectroscopy with examples of what each reveals about molecular structure.’

o Figure 3.3 Illustration of stereocheémistry in molecules.
Attribution: Al-generated using the prompt “Generate a labelled diagram showing two
molecules with identical formulas but different spatial arrangements to illustrate
stereochemistry.”

e Figure 3.4 Role of stereochemistry in drug design.
Attribution: Al-generated using the prompt “Generate a labelled diagram showing two
enantiomers of a drug molecule; highlighting active and inactive forms.”

)

Plates

o Plate 3.1 Covalent and ionic bonding illustrated.
Attribution: Al-generated using the prompt “Create an illustration showing covalent bonding
with shared electrons and ionic bonding with electron transfer.”

o Plate 3.2 X-ray crystallography process.

Attribution: Al-generated using the prompt “Create an illustration showing X-rays striking a
crystal and producing a diffraction pattern used to determine atomic positions.”

o Plate 3.3 Types of stereoisomerism.

Attribution: Al-generated using the prompt “Create an illustration showing cis-trans isomers
and optical isomers side by side to demonstrate stereoisomerism.”

o Plate 3.4 Stereochemistry in biochemistry and materials science.

Attribution: Al-generated using the prompt “Create an illustration showing chiral
biomolecules interacting with enzymes and polymers with stereochemical arrangements.’

-
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Boxes and Tables

o Box 3.1 Key applications of electronic theory.
Attribution: Al-generated using the prompt “Generate a simple table listing nucleophiles and
electrophiles with examples of their roles in chemical reactions.”

e Box 3.2 Strengths and limitations of structure determination methods.
Attribution: Al-generated using the prompt “Generate a simple table comparing
spectroscopy, X-ray crystallography, and mass spectrometry with their strengths and
limitations.”

e Box 3.3 Chirality and optical activity explained.
Attribution: Al-generated using the prompt “Generate a simple table explaining chirality,
enantiomers, and optical activity with examples.”

e Box 3.4 Everyday examples of stereochemistry.
Attribution: Al-generated using the prompt “Generate a simple table listing everyday
examples of stereochemistry in food flavour, fragrances, and agriculture.”

Open Educational Resources (OER) Search Strings Suggested

e “electronic theory bonding diagram OER chemistry™

e “covalent ionic bonding diagram OER chemistry”

o “spectroscopy techniques UV IR NMR MS OER chemistry diagram”

e “X-ray crystallography diffraction pattern OER chemistry image”

e “structure determination methods strengths limitations OER chemistry table”
e “stereochemistry molecular arrangement diagram OER chemistry”

e “cis trans optical isomerism diagram OER chemistry”

o “chirality optical activity enantiomers OER chemistry table”

e “drug enantiomers stereochemistry diagram OER chemistry”

e “stereochemistry biomolecules enzymes polymers OER image”

o “stereochemistry everyday life food fragrance agriculture OER chemistry table”

General References

e Morrison, R. T.; & Boyd, R. N. (2010). Organic Chemistry (6th ed.). Pearson Education.

o Silverstein, R. M., Webster, F. X., & Kiemle, D. J. (2005). Spectrometric Identification of
Organic Compounds (7th ed.). Wiley.

o Elel, E. L.; Wilen, S. H., & Mander, L. N. (1994). Stereochemistry of Organic Compounds.
Wiley.

-

LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



Course Code: CHM 102
Course Title: General Chemistry I1
Course Unit: 2 Units

Series 1: Foundations and Development of Organic Chemistry

Series 2: Carbon Allotropes and Fullerenes in Modern Chemistry

Series 3: Electronic Theory, Structure Determination, and Stereochemistry
Series 4: Organic Functional Groups, Nomenclature, and Reaction Mechanisms
Series 5: Comparative and Transition Metal Chemistry

Series 4: Organic Functional Groups, Nomenclature, and Reaction
Mechanisms

Series Outline
4.1 Organic Functional Groups

e 4.1.1 Classification of Functional Groups

o Definition of functional group: a specific group of atoms within a molecule responsible for
characteristic chemical reactions.

o Examples: hydroxyl, carbonyl, carboxyl, amino.

e 4.1.2 Physical and Chemical Properties of Functional Groups

o Influence on solubility, boiling point, and reactivity.

¢ 4.1.3 Functional Group Interconversions

o Simple transformations such as alcohol to aldehyde, alkene to alkane.

4.2 Nomenclature of Organic Compounds

4.2.1 IUPAC Rules of Nomenclature

o  Systematic naming conventions for alkanes, alkenes, alkynes, and aromatics.
¢ 4.2.2 Naming Compounds with Functional Groups

e Priority rules for multiple functional groups.

e 4.2.3 Common Names versus Systematic Names

o Historical and practical usage.

-
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4.3 Reaction Mechanisms in Organic Chemistry

¢ 4.3.1 Concept of Reaction Mechanism

e Definition of mechanism: step-by-step description of how a chemical reaction occurs.
e 4.3.2 Types of Organic Reactions

o Substitution, addition, elimination, rearrangement.

e 4.3.3 Energy Profiles and Transition States

e Activation energy, intermediates, and catalysts.

e 4.3.4 Illustrative Mechanisms

e SNI1, SN2, E1, E2 reactions.

4.4 Applications of Functional Groups and Mechanisms

¢ 4.4.1 Functional Groups in Everyday Life

e Pharmaceuticals, polymers, food chemistry.

e 4.4.2 Mechanistic Understanding in Industrial Processes

e Petrochemicals, synthesis-of dyes, and agrochemicals.

Introduction

Organic chemistry 1s often described as the chemistry of life, since it deals with compounds built
around carbony the element that forms the backbone of biomolecules, fuels, and countless
industrial materials: In this Series, we turn our attention to the essential building blocks of
organic chemistry: functional groups, the rules of nomenclature, and the mechanisms that explain
how organic reactions occur. These topics are central to understanding how molecules behave
and‘interact, and they provide the foundation for advanced study in chemistry, biochemistry, and
related fields.

The aim of this Series is to equip you with the ability to identify and classify organic functional
groups, apply systematic rules of nomenclature to name organic compounds accurately, and
analyse reaction mechanisms to explain how and why organic transformations take place.

We shall commence this Series by examining organic functional groups, their classification, and
their properties. Next, we will move on to the nomenclature of organic compounds, focusing on
TUPAC rules and the naming of compounds with multiple functional groups. Following that, we
will explore reaction mechanisms, considering the different types of organic reactions and their
energy profiles. Finally, we will conclude by discussing the applications of functional groups and

-
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mechanisms in everyday life and industrial processes, thereby rounding off the Series with
practical relevance.

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

e 4.1 define organic functional groups and classify them according to their structural
features,

e 4.2 explain the physical and chemical properties associated with common funectional
groups,

e 4.3 apply systematic [IUPAC rules to name organic compounds accurately,

e 4.4 differentiate between common names and systematic names of organic compounds,

e 4.5 describe the concept of reaction mechanism and outline the steps involved in selected
organic reactions,

e 4.6 analyse the energy profiles of organic reactions, identifying intermediates and
transition states,

e 4.7 demonstrate the mechanisms of substitution and elimination reactions such as SN1,
SN2, El, and E2, and

e 4.8 evaluate the practical applications of functional groups-and reaction mechanisms in
everyday life and industrial processes.

4.1 Organic Functional Groups

4.1.1 Classification of functional groups

A functional group is a specific group of atoms within a molecule that is responsible for the
characteristic chemical reactions of that molecule. Functional groups provide a way to classify
organic compounds according to their reactivity and properties. Common examples include the
hydroxyl group (—OH), which is found in alcohols, the carbonyl group (C=0), present in
aldehydes and ketones,-and the carboxyl group (—-COOH), characteristic of carboxylic acids.
Functional groups can be broadly classified into families such as hydrocarbons, oxygen-
containing groups, nitrogen-containing groups, and halogen-containing groups. Each family
exhibits distinct chemical behaviour, which makes classification a useful tool for predicting
reactions.

Fill in the blank: The group is responsible for the acidic properties of carboxylic acids.

LABELED DIAGRAM OF COMMON ORGANIC FUNCTIONAL GROUPS

1. HYDROXYL GROUP COMMON CLASSES & EXAMPLES

GENERAL STRUCTURE (R-0H) ALCOHOLS PHENOLS
Hydrogen bond b § i I : [
R—OH —{icsbont General:  ANop & X g General: i)
Pola R-0H  etnal 2.propanal 8 Ar-0H
FUNCTIONAL GROUP: Hytry| COH) Beape e Rubbiy skod st s

2. CARBONYL GROUP ALDEHYDES KETONES

AL =0) E
GENERAL STRUCTURE (R,C=0) ey 0 A General:

0
O Plan: A Acetone
RC=0 N =< o » el A
0 = ehyde & ==}
FUNCTIONAL GROUP: Carbonyf (C=0) el R-CHO Fme\‘m' M:va\; u R-C-R Nail polish remover

3. CARBOXYL GROUP CARBOXYLIC ACIDS. CARBOXYLATE IONS
“m“g“m“::fcnr?:&nmm 00 j\ Acetc {\ )OL Formic x 9 Acetatelon
Acde mic 4
5%~ A gy = Cato C00H) A A p A @ oAl B O
o IR Pk o tendog L L BC 207 OH Vinegr Jetstings [T
AMINES AMINO ACIDS
GENERALSTRUCTURE (RAH) gt roen " = = 0
Kirogen 2 — = —N @ N . "
g < R=NH, e R=NH, Metylamioe (1) ** ~ Dimedylamine 10~ coon Giyine
FUNCTIONAL GROUP: Ario Fihodr i) N Poten boldieg bk
5. HALOGEN GROUP ALKYL HALIDES (Haloalkanes) ARYL HALIDES
GENERAL STRUCTURE R-5) F > o
Poar carben alogen
R=X  <omi RX—C gt w0 O O
X=F0B01 Loaving grovp Br Refrgent Bromobutane
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Figure 4.1 Common organic functional groups.

4.1.2 Physical and chemical properties of functional groups

The presence of a functional group influences both the physical properties and chemical
properties of a compound. Physical properties such as boiling point, melting point, and
solubility are often determined by the type of bonding and polarity introduced by the functional
group. For example, alcohols with hydroxyl groups can form hydrogen bonds, which raise their
boiling points compared to hydrocarbons of similar molecular weight.

Chemical properties, on the other hand, are defined by the reactivity of the functional group. For
instance, aldehydes and ketones undergo nucleophilic addition reactions due to the polarised
carbonyl bond.

Fill in the blank: Compounds containing the group can form hydrogen bonds, which
increase their boiling points.

Fu(l;lf(t)il(:; . (S(t}l;al:lcetll‘lz:‘l(; Interml(:;:::l?;Z Forces BI?(i)liinntg Solubility in Water
Hydrocarbons  [$R-H$ Il;g;i(;n i iowest ;I(I)T;rl)u ble (Non-
Aldehydes $R-CHO$ Dipole-Dipole Medium Zggg;r;t_%gigrsl)
Alcohols $SR-OH$ Hydrogen Bonding High ;Ii%l;pilgr(;nor &
A T e TS o

Table 4.1 Influence of functional groups on physical properties.

4.1.3 Functional group interconversions

One of the most important aspects of organic chemistry is the ability to transform one functional
group into another. These functional group interconversions are the basis of synthetic
chemistry. For example, alcohols can be oxidised to aldehydes or ketones, and alkenes can be
hydrogenated to alkanes. Such transformations allow chemists to design pathways for
synthesising complex molecules from simpler starting materials.

Fill in the blank: The oxidation of a primary alcohol produces an as the first product.
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(

‘FUNCTIONAL GROUP INTERCONVERSIONS IN ORGANIC CHEMISTRY'

1. Free Radical 2 Detyérohaloge g
Halogenation (Base, g, Kmsn \ PRIMARY 15. Reduction (LiAH,)
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Nl SECONDARY | 13, puidati
O [ S | 3| (o
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; . Congl

(R-MgX, R-Li) TERTIARY Ouidation AMIDES

ALCOHOLS el e
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11. Carbonation (R cou“) 19. Hydrolysis

(+C0, then H,0%) (Acid o Base catalysis)

(R-CONH,)

Box 4.1 Examples of functional group interconversions.

Pilot questions 4.1

1. Which functional group is characteristic of alcohols?
2. What type of bond is present in the carbonyl group?
3. Why do alcohols generally have higher boiling points than alkanes of similar molecular

weight?
4. What is the first product formed when a primary alcohol is oxidised?
5. Name one example of a functional group interconversion.

4.2 Nomenclature®f Organic Compounds

4.2.1 IUPAC rules of nomenclature

The International Union of Pure and Applied Chemistry (IUPAC) provides a systematic set
of rules for naming organic compounds. These rules ensure that each compound has a unique and
universally recognised name. The process involves identifying the longest continuous carbon
chain, determining the principal functional group, and assigning locants (numbers) to indicate the
positions of substituents.

For example, in naming alkanes, the suffix “—ane” is used, while alkenes and alkynes use “—ene”
and “—yne” respectively. Aromatic compounds are named based on the benzene ring, with
substituents indicated by prefixes and locants.

Fill in the blank: The suffix used for naming alkanes according to [IUPAC rules is .
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[ STEPS FOR IUPAC NOMENCLATURE OF ORGANIC COMPOUNDS |

1. FIND THE PRINCIPAL 5. ASSEMBLE THE
FUNCTIONAL GROUP COMPLETE IUPAC NAME

4. IDENTIFY AND NAME
SUBSTITUENTS
(Prefixes)

LN EA0, (" NUBSTITUENT RULES:
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(mggr:g’mggsn;mo‘up m‘:“‘% me&" (2) Princigal Functiona Group
1SN PRINCIPAL CHAIN SATURATIONCARBONS ) | | () ooteTieonds I
] (o) dethyl2 methylhecane,
i ) &ethyl-2-hexane
2 IDENTIFY THE PRINCIPAL 3 NUMBER THE SUBSTITUENTS cude: S
« Alkyl (Methyl, Ethyl, et b) 3-chlorobut-1-ene
( CARBON CHAIN (PCC) PRINCIPAL CHAN .nmg‘m: mg,%’cﬁuél | 2sdnetypeinta
romo, lodo), ant S

' non-principal Fi
NUMBERING RULES:
Give lowest possible locant to:
(1) Principal Functional Group
(2) Double/Triple Bonds

| PCC criteria:
(8) Most Principal Functional Groups
(b) Most Double/Triple Bands

—CH; =l

A -

6. ADD STEREOCHEMISTRY
(if necessary)
8

| (¢) Longest Chain (3) Substituents (Apnabetica ife) RIS and EZsystems with T <
oot o AAS
poge x
0ttt
Hkene/Alyne/ Lo !
Alanes vs. FunctionalGoyp N Y
= O =P FINAL IUPAC NAME

Functional Group

Figure 4.2 Steps in IUPAC nomenclature.

4.2.2 Naming compounds with functional groups

When a compound contains one or more functional groups, the rules of nomenclature require

assigning priority to the group that determines the‘suffix of the name. For instance, carboxylic

acids take precedence over alcohols, so a molecule containing both will be named as a carboxylic

acid. Substituents of lower priority are named as prefixes.

The numbering of the carbon chain must ensure that the principal functional group receives the

lowest possible locant. This avoids ambiguity and ensures consistency across different

compounds.

Fill in the blank: In a compound containing both a hydroxyl group and a carboxyl group, the
group takes naming priority.

Priority [Functional Group Structure Prefix Suffix
1 Carboxylic Acid = [SR-COOH$ Carboxy- -oic acid|
2 Ester SR-COORS$ Alkoxycarbonyl- [-oate

3 Amide SR-CONH_2$% Amido- -amide
4 Nitrile $R-C \equiv N$  [Cyano- -nitrile

5 Aldehyde $R-CHOS Oxo- / Formyl-  |-al
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Priority |[Functional Group Structure Prefix Suffix
6 Ketone SR-C(=O)R$ Oxo- -one

7 Alcohol SR-OHS$ Hydroxy- -ol

8 Amine SR-NH 2% Amino- -amine
0 Alkene $R 2C=CR 2$  |Alkenyl- -ene

10 Alkyne SR-C \equiv C-R$ |Alkynyl- -yne

11 Alkane SR-CH 2-R$ Alkyl- -ane

Table 4.2 Priority order of functional groups in IUPAC nomenclature.

4.2.3 Common names versus systematic names

Many organic compounds have common names, which are traditional names often derived from
historical sources or practical usage. For example, acetic acid is the common name for ethanoic
acid, and formaldehyde is the common name for methanal. While common names are widely
used in everyday contexts, systematic names are preferred in scientific communication because
they are precise and universally accepted.

Learners should be.able to recognise both naming systems, but when writing scientific reports or
examinations, systematic names must be used.

Fill in the blank: The systematic name for acetic acid is

Common Name [IUPAC Systematic Name |[Chemical Formula | Typical Use/Source
Formic acid Methanoic acid SHCOOHS$ Ant stings, bee venom
Acetic acid Ethanoic acid $CH_3COOHS$ Vinegar
/Acetone Propan-2-one $CH _3COCH_3$  |Nail polish remover
Formaldehyde Methanal SHCHOS$ Preservative
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Common Name

ITUPAC Systematic Name

Chemical Formula

Typical Use/Source

Acetaldehyde Ethanal $CH_3CHOS Ripening fruit flavor
Acetylene Ethyne $C 2H 2% Welding torches
Ethylene Ethene $C 2H 4% Plant hormone (ripening)
Isopropyl alcohol [Propan-2-ol $(CH _3) 2CHOHS [Rubbing alcohol
Chloroform Trichloromethane SCHCI 3$ Former anesthetic
Toluene Methylbenzene $C 6H.5CH 3% Industrial solvent

Box 4.2 Examples of common names and their systematic equivalents.

Pilot questions 4.2

1. What is the suffix used for naming alkenes according to [UPAC rules?

2. Which functional group takes priority when naming a compound containing both an
alcohol and a ketone?

3. Why is it important to assign locants in nomenclature?

4. Give the systematic name for formaldehyde.

5. What is the main difference between common names and systematic names?

4.3 Reaction Mechanisms in Organic Chemistry
4.3.1 Concept of reaction mechanism
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, the
intermediates formed, and the transition states passed through. Understanding mechanisms
allows chemists to predict the outcome of reactions and design new synthetic pathways.

Fill in the blank: A

proceeds.
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mechanism describes the detailed steps by which a chemical reaction



' GENERIC ORGANIC REACTION MECHANISM: ELECTRON MOVEMENT |

KEY CONCEPTS: STEPT: NUCLEOPHILIC ATTACK (A-B10 C) (ELECTRON MOVEMENT SUMMARY:
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Figure 4.3 General representation of a reaction mechanism.

4.3.2 Types of organic reactions
Organic reactions can be classified into several types based on the changes that occur. The main
categories include:

o Substitution reactions, where one atom or group is replaced by another.

e Addition reactions, where atoms or groups are added to a molecule, often across a
double bond.

o Elimination reactions, where atoms or groups are removed, usually forming a double

bond.
o Rearrangement reactions, where the structure of a molecule is reorganised without

changing its overall composition.

Fill in the blank: When a halogen.atom replaces a hydrogen atom in an alkane, the reaction is
classified as a reaction.

Reaction Type Description General Change Example Reaction
Chlorination of Methane
-B+
Substifution One atom or group is Sgr?glllstarrc?w AC + (SCH 4 +Cl1 2
replaced by another. BS rightarrow CH_3Cl +
HCIS)
Two reactants combine to SA=B + C Hydrogenation of
Addition form a single product; usually rightarrow C-A- Ethylene ($C 2H 4 +
involves breaking a BS H 2 \rightarrow
double/triple bond. C 2H 69%)
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Reaction Type Description General Change Example Reaction
A single reactant splits into Dehydration of Ethanel
$C-A-B
Elimination two products; usually results ciohtarrow A=B + ($C _2H 50H
in the formation of a C$g rightarrow C 2H 4+
double/triple bond. H 20§)
A single reactant undergoes a
reorganization of S A \rightarrow B$ |Butane to Isobutane
Rearrangement . .
bonds/atoms to form an (Isomerization) conversion
isomer.

Table 4.3 Types of organic reactions with examples:

4.3.3 Energy profiles and transition states
Every chemical reaction involves an activation energy, which is the minimum energy required
for the reaction to occur. The reaction pathway can be represented by an energy profile
diagram, showing the energy changes as reactants are converted to products.

A transition state is a high-energy, unstable arrangement of atoms that exists momentarily
during the reaction. Intermediates, on the other hand, are species that form between steps and
have a finite lifetime. Recognising these features helps explain why some reactions are faster or
slower than others.
Fill in the blank: The unstable arrangement of atoms at the highest point of the energy profile is
called the state.

(OER ENERGY PROFILE DIAGRAM: TWO-STEP ORGANIC REACTION WITH INTERMEDIATE\

A TRANSITION STATE 1 (TS,)  (TRANSITIONSTATE (TS):| [ QVERALL REACTION:
""""""""" Maximum energy point,
bond breakingforming A+Bo[l>C4D
@ || STt TRUSTONSTATEL(1S) | s eyt
< | | EvoorheRinc ¢ [Ho-~CHy-i] e ) e e (e
o CHy-OH
& | (cTvaTion L S A STBLITY:
2 | [ENERGY 1(E;) Stable species
w (Reactants, Intermediate,
2|l .. A Products) atlocal minima.
E REACTANTS Eosmr
W ~ A+B EXOTHERMIC
o Y PRODUCTS
" 599+ 0" (I
. NET EXOTHERMIC e
Methyl bromide  Hydroxide 2 REACTION \ Methanol  Bromide
3> REACTION COORDINATE:

REACTION COORDINATE (PROGRESS)

Progress of reaction
\ J

Figure 4.4 Energy profile of a chemical reaction.
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4.3.4 Illustrative mechanisms

Two important substitution mechanisms are SN1 and SN2. In an SN1 reaction, the rate depends
only on the concentration of the substrate, and the reaction proceeds through a carbocation
intermediate. In contrast, an SN2 reaction involves a single step where the nucleophile attacks
the substrate as the leaving group departs.

Elimination reactions can also proceed via two pathways: E1 and E2. The E1 mechanism
involves a carbocation intermediate, while the E2 mechanism occurs in a single concerted step.
Fill in the blank: In an SN2 reaction, the nucleophile attacks the substrate from the side
relative to the leaving group.

Feature SN1 SN2 El E2
Kinetics (Rate First-order: Second-order: First-order: Second-order:
Law) Sk[RX]$ Sk[RX][Nu”-]1$ SkIRX]S$ Sk[RX][Base”-]$
Intermediate Carbocation INone (Concerted) [Carbocation INone (Concerted)

A\ ~q A\ g A\ ~1q
Substrate $/3\ \.01rc ~ $C}AI—3 e $i \.Clrc ~ $3M\cire > 2M\cire
Preference 2 \qrc \gg > 2 ‘\01rc \gg 2 \qrc \gg L 1 Meirc$
1M\circ$ 3M\cire$ 1M\circ$
Stereochemistry  [Racemization [nversion Mixed (Zaitsev Antl.—perlplanar
(Walden) preference) requirement
Weak (e.g.
. Weak (e.g: Strong (e.g., ’ Strong (e.g.,
Nucleophile/Base Tleyy 00, ROHS) [SOH~, CNA-§)  DH20: SOR-, NH_27-$)
Q ROHS) -
Solvent Polar Protic Polar Aprotic Polar Protic \Variable

Box 4.3 Comparison of SN1, SN2, El, and E2 mechanisms.

Pilot questions 4.3

1. What is meant by the term reaction mechanism?

2. Which type of reaction involves the replacement of one atom or group by another?

3. What is the name given to the unstable arrangement of atoms at the highest point of the
energy profile?

-
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4. How does the SN1 mechanism differ from the SN2 mechanism?
5. Which elimination mechanism involves a carbocation intermediate?

4.4 Applications of Functional Groups and Mechanisms

4.4.1 Functional groups in everyday life

Organic functional groups are not abstract concepts confined to textbooks; they are present in
many substances we encounter daily. For example, the hydroxyl group in alcohols is found in
beverages and antiseptics, while the carboxyl group in fatty acids is essential for nutrition and
metabolism. Amino groups are present in proteins, which are vital for growth and repair.
Functional groups also determine the properties of polymers, dyes, and flavouring agents. Their
presence explains why certain compounds dissolve in water, why some have distinctive odours,
and why others are biologically active.

Fill in the blank: The group is responsible for the acidic properties of fatty acids.

RUBBING ALCOHOL

CHy
g N
2-PROPANOL ‘

HALOGENGROUP) Hy0” > CH
(FLUORIDE)} HYDROXYL 2 :
GROURL JW3 (VT3 CARBONYLIGROUP.
r Mot ofgh Remee| (6=0)

'SODIUM FLUORIDE ]

RUBBING
il ALCoHOL

W *“"ﬁms el
DISTILL Ik :
*VINEG J SANITIZER  TOOTHPASTE

70% ETHANOL Boia

R0 o :

Ses=(GROU P! S o i AMIDE GROUP
(:C00H) HYDROXYL (-CO-NH)
GROUPIOH) »

o — OER.

Plate 4.1 Everyday products containing organic functional groups.

4.4.2 Mechanistic understanding in industrial processes

The study of reaction-mechanisms is crucial in industrial chemistry, where efficiency and
selectivity are highly valued. For instance, understanding the SN1 and SN2 mechanisms helps
chemists design better synthetic routes for pharmaceuticals. Similarly, elimination reactions are
used in the production of alkenes, which serve as precursors for plastics and synthetic fibres.
Catalysts are often employed to lower activation energy and increase reaction rates. By analysing
mechanisms, industries can optimise conditions such as temperature, pressure, and solvent
choice to achieve maximum yield with minimal waste.

Fill in the blank: In industrial chemistry, catalysts are used to lower the energy of
reactions.

)
Do)
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| OR INDUSTRIAL ORGANIC CATALYSIS: LOWERING ACTIVATION ENERGY

CATALYTIC HYDROGENATION OF ETHYLENE (H,C=CH,)  CATALYZED REACTION (ON PD SURFACE)

UNCATALYZED REACTION ~HIGH-ENERGY TRANSITION STATE S SBL o SBE
(BASPHASE) (uuuxmwzm)t — M%E%iéim (THLDE  MGRATON - SECND IWSET

H, H H H W W

\. L/ 5 1 Y H &

0 /C=C\H + Q\@ — :(‘;?i — :::—WE» 9 o _}:04:_’ :\)C=0Qc:,c:: /'wé;-ck-n
H' “H Heth) | -0—00—=0—00 E&'}‘{E
Veryhih energy POCATALYSTSURRACE (=0 CHY

VU e e S e
ININDUSTRY: A UNCATALVZE)D PATH TS (UNCATALYZED)
’ “%

~

LOWERED
ACTIVATION
ENERGY (E.)

New, lower energy route. UNCATALYZED
2. LOWERE,: Substantially ACTIVATION
reduces the energy barrier. ENERGY (E,,)
3. SPECIFIC MECHANISM: Here,
surface dissociation and
insertion.

\ [ LoweReDE, e, -£,)

Ei‘ / AR
s, T\ T TS
/4, dissocia) [c:c%fnu (¢ Hinsen) (2 Hinser)

\ =

1. PROVIDE ALTERNATIVERATH: | o | (A5 PHASE I

REACTANTS PRODUCTS

POTENTIAL ENERGY (E)

H -
4, INCREASE REACTION RATE: B +H o = {
More molecules can react at iy i M Q) “?ﬂ" * @
e CHeCt, P CATAZEDPATH 7 o
5. EXAMPLE: Production of fuels, (ONPDSURFACE)  [C=C-PD] [Ethyl-PD] i
|\ P s e REACTION COORDINATE (PROGRESS) ” NETEXOTHERMIC |

Figure 4.5 Role of catalysts in industrial organic reactions.

Pilot questions 4.4

Which functional group is present in vinegar?

Why are amino groups important in proteins?

What role do catalysts play in industrial organic reactions?

Which reaction mechanism is.commonly used in the synthesis of pharmaceuticals?
Give one example of how functional groups influence the properties of everyday
products.

A e

Series Summary

This Series has highlighted the importance of organic functional groups, systematic
nomenclature, and reaction mechanisms as the foundation of organic chemistry. We began by
classifying functional groups.and examining their physical and chemical properties, then
progressed to the rules of nomenclature, focusing on IUPAC conventions and the distinction
between common and systematic names. Following that, we explored reaction mechanisms,
considering substitution, addition, elimination, and rearrangement reactions, supported by energy
profiles and illustrative examples. Finally, we concluded with practical applications, showing
how these concepts are relevant in everyday life and industrial processes.

By completing this Series, you should now be able to define and classify functional groups,
explain their properties, apply systematic nomenclature rules, differentiate between naming
systems, describe and analyse reaction mechanisms, interpret energy profiles, demonstrate
substitution and elimination pathways, and evaluate their applications in real-world contexts.
These abilities directly reflect the Series Learning Outcomes and provide you with a strong
foundation for further study and practice in organic chemistry.

-
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Glossary of Terms

e Activation energy: The minimum amount of energy required for a chemical reaction to
occur.

o Addition reaction: A type of organic reaction in which atoms or groups are added to a
molecule, often across a double bond.

e Aldehyde: An organic compound containing a carbonyl group bonded to at least one
hydrogen atom.

e Amino group: A functional group consisting of a nitrogen atom bonded to hydrogen atoms,
commonly found in proteins.

o Carbocation: A positively charged carbon species formed as an intermediate in some
reaction mechanisms.

o Carboxyl group: A functional group consisting of a carbon atom double-bonded to an
oxygen atom and bonded to a hydroxyl group, characteristic of carboxylic acids.

e Common name: A traditional or historical name for a compound, often used in everyday
contexts but not systematic.

o Elimination reaction: A type of organic reaction in which atoms or groups are removed
from a molecule, usually forming a double bond.

o Energy profile diagram: A graphical representation of the energy changes during a
chemical reaction, showing activation energy, transition states, and intermediates.

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

e Hydroxyl group: A functional group consisting of an oxygen atom bonded to a hydrogen
atom, found in alcohols.

e IUPAC nomenclature: The systematic method of naming chemical compounds established
by the International Union of Pure and Applied Chemistry.

o Intermediate: A species formed temporarily during a chemical reaction, existing between
reactants and products.

o Ketone: An organic compound containing a carbonyl group bonded to two carbon atoms.

e Locant: A number used in nomenclature to indicate the position of a substituent or functional
group on the carbon chain.

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

e Oxidation: A chemical process involving the loss of electrons or an increase in oxidation
state, often converting alcohols to aldehydes or ketones.

e Reaction mechanism: A step-by-step description of how a chemical reaction occurs,
including bond changes, intermediates, and transition states.

o Rearrangement reaction: A type of organic reaction in which the structure of a molecule is
reorganised without changing its overall composition.

o Substitution reaction: A type of organic reaction in which one atom or group is replaced by
another.

o Systematic name: The precise name of a compound based on IUPAC rules, ensuring
universal recognition.

o Transition state: A high-energy, unstable arrangement of atoms that exists momentarily
during a chemical reaction.

-
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Concept Check Questions 4: Organic Functional Groups, Nomenclature, and

Reaction Mechanisms
Objective Questions

1. Which functional group is characteristic of alcohols? (Linked to SLO 4.1)
a) Carbonyl group
b) Hydroxyl group
c¢) Carboxyl group
d) Amino group
2. What suffix is used for naming alkanes according to [IUPAC rules? (Linked to SLO 4.3)
a) —ene
b) —yne
c) —ane
d) —ol
3. Inan SNI reaction, the rate depends on the concentration of which species? (Linked to SLO
4.5)
a) Nucleophile
b) Substrate
c) Catalyst
d) Solvent
4. Which elimination mechanism involves a carbocation intermediate? (Linked to SLO 4.7)
a) El
b) E2
c) SN1
d) SN2
5. What is the unstable arrangement of atoms at the highest point of the energy profile called?
(Linked to SLO 4.6)
a) Intermediate
b) Transition state
c) Catalyst
d) Reactant

Short-Answer Questions

1. Define a functional group and give one example. (Linked to SLO 4.1)

2. ‘Explain why alcohols generally have higher boiling points than alkanes of similar molecular
weight. (Linked to SLO 4.2)

3. Differentiate between common names and systematic names of organic compounds. (Linked
to SLO 4.4)

4. Describe the main difference between SN1 and SN2 mechanisms. (Linked to SLO 4.5)

State one industrial application of reaction mechanisms. (Linked to SLO 4.8)

y

Long-Answer Questions

1. Analyse the role of functional groups in determining the physical and chemical properties of
organic compounds, using at least three examples. (Linked to SLO 4.2)

-
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2. Demonstrate how to apply IUPAC rules to name a compound containing both a hydroxyl
group and a carboxyl group, explaining the priority rules. (Linked to SLO 4.3)

3. Evaluate the importance of understanding reaction mechanisms in pharmaceutical synthesis,
with reference to substitution and elimination reactions. (Linked to SLO 4.8)

Answers to Concept Check Questions [Series 4: Organic Functional Groups,
Nomenclature, and Reaction Mechanisms]
Objective Questions

1. b) Hydroxyl group
2. c)-—ane

3. b) Substrate

4. a)El

5. b) Transition state

Short-Answer Questions

1. A functional group is a specific group of atoms within a molecule responsible for
characteristic chemical reactions. Example: hydroxyl group (—OH).

2. Alcohols form hydrogen bonds due to the hydroxyl group, which increases their boiling
points compared to alkanes.

3. Common names are traditional and often historical, while systematic names follow
IUPAC rules and are precise and universally recognised.

4. SNI1 involves a carbocation intermediate and depends only on substrate concentration,
while SN2 occurs in one step and depends on both substrate and nucleophile
concentration.

5. Reaction mechanisms are applied in designing efficient synthetic routes for
pharmaceuticals; plastics, and agrochemicals.

Long-Answer Questions

1. Basic response: Functional groups influence properties such as solubility, boiling point, and
reactivity. For example, hydroxyl groups allow hydrogen bonding, carbonyl groups undergo
nucleophilic addition, and carboxyl groups impart acidity.

Value-added response: Beyond these, functional groups also determine biological activity,
industrial applications, and environmental behaviour. For instance, amino groups in proteins
enable enzyme activity, while halogen groups affect the stability of polymers.

2: Basic response: In a compound with both hydroxyl and carboxyl groups, the carboxyl group
takes priority, so the compound is named as a carboxylic acid. The hydroxyl group is treated
as a substituent.

Value-added response: For example, HOCH.COOH is named systematically as 2-
hydroxyethanoic acid. This demonstrates the application of priority rules and locants in
nomenclature.

3. Basic response: Understanding mechanisms such as SN1, SN2, E1, and E2 helps chemists
design pharmaceutical syntheses with predictable outcomes.

-
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Value-added response: In drug development, mechanistic knowledge allows optimisation of
reaction conditions, minimisation of side products, and improvement of stereoselectivity,
which is critical for producing safe and effective medicines.

Answers to Pilot Questions [Series 4: Organic Functional Groups,
Nomenclature, and Reaction Mechanisms]
Part 4.1 Organic Functional Groups

Nk W=

Hydroxyl group.

Carbon—oxygen double bond.

Because alcohols form hydrogen bonds due to the hydroxyl group.
Aldehyde.

Alcohol to aldehyde, alkene to alkane, ketone to alcohol.

Part 4.2 Nomenclature of Organic Compounds

1. —ene.

2. Ketone.

3. To indicate the exact position of substituents or functional groups.

4. Methanal.

5. Common names are traditional and less precise, while systematic names follow IUPAC rules

and are universally recognised.

Part 4.3 Reaction Mechanisms in Organic Chemistry

b S

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

Substitution reaction.

Transition state.

SN1 involves a.carbocation intermediate and depends only on substrate concentration, while

SN2 occurs in one step and depends on both substrate and nucleophile concentration.
5. E1 mechanism.

Part 4.4 Applications of Functional Groups and Mechanisms

ot~ AP —

-

Carboxyl group (acetic acid in vinegar).

They are essential for protein structure and biological activity.

Catalysts lower activation energy and increase reaction rates.

Substitution mechanisms such as SN1 and SN2.

Functional groups influence solubility, odour, and reactivity in everyday products.
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References and Attributions [Series 4: Organic Functional Groups,
Nomenclature, and Reaction Mechanisms]
General References

o International Union of Pure and Applied Chemistry (IUPAC). (2014). Nomenclature of
Organic Chemistry: IUPAC Recommendations and Preferred Names 2013. Cambridge:
Royal Society of Chemistry.

e McMurry, J. (2021). Organic Chemistry (10th ed.). Boston: Cengage Learning.

e Solomons, T. W. G., Fryhle, C. B., & Snyder, S. A. (2020). Organic Chemistry (12th ed.).
Hoboken: Wiley.

e OpenStax. (2016). Chemistry. Houston: Rice University. Available under Creative Commons
licence at https://openstax.org/books/chemistry

Ilustrations and OER Sources
e Figure 4.1 Common organic functional groups

o Suggested Al prompt: “Generate a labelled diagram of common organic functional groups
including hydroxyl, carbonyl, carboxyl, amino, and halogen groups.”

o Search string: “OER diagram common organic functional groups chemistry”

e Attribution: OpenStax Chemistry (2016), Chapter 24, Creative Commons licence.

o Table 4.1 Influence of functional groups on physical properties

e Suggested Al prompt: “Create a table comparing boiling points and solubility of
hydrocarbons, alcohols, aldehydes, and carboxylic acids.”

e Search string: “OER table physical properties functional groups chemistry”

o Attribution: Adapted from OpenStax Chemistry (2016), Chapter 24.

e Box 4.1 Examplesof functional group interconversions

o Suggested Al prompt: “Generate a text box listing common functional group
interconversions with arrows showing transformations.”

e Search string: “OER organic chemistry functional group interconversions examples”

e Attribution: Adapted from McMurry (2021).

o Figure 4.2 Steps in IUPAC nomenclature

o  Suggested Al prompt: “Generate a flowchart illustrating the steps of [UPAC nomenclature
for organic compounds.”

e Search string: “OER diagram [UPAC nomenclature organic chemistry”

o Attribution: [IUPAC (2014).

o Table 4.2 Priority order of functional groups in IUPAC nomenclature

o Suggested Al prompt: “Create a table showing the priority order of functional groups in
IUPAC nomenclature.”
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e Search string: “OER functional group priority table [IUPAC nomenclature”
e Attribution: [UPAC (2014).

e Box 4.2 Examples of common names and their systematic equivalents

o Suggested Al prompt: “Generate a text box listing common names of organic compounds
alongside their systematic [IUPAC names.”

e Search string: “OER organic chemistry common vs systematic names examples”

e Attribution: Solomons et al. (2020).

o Figure 4.3 General representation of a reaction mechanism

e Suggested Al prompt: “Generate a diagram illustrating a generic organic reaction mechanism
with curved arrows showing electron movement.”

e Search string: “OER diagram organic reaction mechanism electron movement”

e Attribution: OpenStax Chemistry (2016).

Table 4.3 Types of organic reactions with examples

e Suggested Al prompt: “Create a table showing types of organic reactions with examples,
such as substitution, addition, elimination, and reatrangement.”

e Search string: “OER organic chemistry reaction types examples table”

e Attribution: McMurry (2021).

e Figure 4.4 Energy profile of a chemical reaction

o Suggested Al prompt: “Generate an energy profile diagram for a chemical reaction showing
activation energy, transition state, and intermediates.”

o Search string: “OER energy profile diagram organic chemistry”

o Attribution: OpenStax Chemistry (2016).

e Box 4.3 Comparison of SN1, SN2, E1, and E2 mechanisms

e Suggested Al')prompt: “Generate a text box comparing SN1, SN2, E1, and E2 mechanisms
with key features such as intermediates, rate laws, and stereochemistry.”

e Search string: “OER SN1 SN2 E1 E2 reaction mechanisms comparison”

e Attribution: Solomons et al. (2020).

Plate 4.1 Everyday products containing organic functional groups

o Suggested Al prompt: “Generate an image showing household products like vinegar,
sanitiser, and nylon fabric, labelled with their functional groups.”

o Search string: “OER everyday products organic functional groups chemistry”

o Attribution: Adapted from OpenStax Chemistry (2016).
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o Figure 4.5 Role of catalysts in industrial organic reactions

o Suggested Al prompt: “Generate a diagram illustrating an industrial organic reaction with
catalysts lowering activation energy.”

e Search string: “OER industrial organic chemistry catalysts reaction mechanisms”

e Attribution: McMurry (2021).

Course Code: CHM 102
Course Title: General Chemistry 11
Course Unit: 2 Units

Series 1: Foundations and Development of Organic Chemistry

Series 2: Carbon Allotropes and Fullerenes in Modern Chemistry

Series 3: Electronic Theory, Structure Determination, and Stereochemistry
Series 4: Organic Functional Groups, Nomenclature, and Reaction Mechanisms
Series 5: Comparative and Transition Metal Chemistry

Series 5: Comparative and Transition Metal Chemistry

Series Outline
5.1 Comparative Chemistry of Main Group Elements

e 5.1.1 Periodic trends and properties
e 5.1.2 Comparative reactivity of alkali, alkaline earth, and halogen groups
e 5.1.3 Industrial and everyday applications of main group elements

5.2 Introduction to Transition Metals

e 5.2.1 General characteristics of transition metals

e 5.2.2 Electronic configurations and oxidation states

e 5.2.3 Magnetic properties and colouration in compounds
5.3 Coordination Chemistry

e 5.3.1 Definition of coordination compounds and ligands

e 5.3.2 Nomenclature of coordination complexes
e 5.3.3 Bonding theories: Valence Bond Theory (VBT) and Crystal Field Theory (CFT)
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5.4 Applications of Transition Metal Chemistry

e 5.4.1 Catalysis in industrial processes
e 5.4.2 Biological roles of transition metals
e 5.4.3 Transition metals in materials science and technology

Introduction

Chemistry is not only about carbon-based compounds but also about the diverse behaviour of
elements across the periodic table. In this Series, we turn our attention to comparative chemistry
and the fascinating world of transition metals. These elements are central to many industrial
processes, biological systems, and advanced materials, making their study highly relevant to both
academic and practical applications.

The aim of this Series is to provide you with a clear understanding of the comparative properties
of main group elements, the unique characteristics of transition metals, the principles of
coordination chemistry, and the wide-ranging applications of these elements in science and
technology.

We shall commence this Series by exploring the comparative chemistry of main group elements,
focusing on periodic trends, reactivity, and applications. Next, we will move on to the
introduction of transition metals, examining their electronic configurations, oxidation states, and
distinctive properties such as magnetism and colour. Following that, we will study coordination
chemistry, including the definition of complexes, nomenclature, and bonding theories such as
Valence Bond Theory and Crystal Field Theory. Finally, we will conclude by considering the
applications of transition metals in catalysis, biological systems, and materials science, thereby
rounding off the Series with practical insights into their importance.

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

5.1 define the periodic trends and comparative properties of main group elements,

5.2 explain the reactivity patterns of alkali, alkaline earth, and halogen groups,

5.3 describe the general characteristics of transition metals, including variable oxidation states
and electronic¢ configurations,

5.4 analyse the magnetic properties and colouration of transition metal compounds,

5.5 define coordination compounds and identify different types of ligands,

5.6 demonstrate the correct nomenclature of coordination complexes,

5.7 apply bonding theories such as Valence Bond Theory and Crystal Field Theory to explain the
structures and properties of coordination compounds, and

5.8 evaluate the applications of transition metals in catalysis, biological systems, and materials
science.

5.1 Comparative Chemistry of Main Group Elements

5.1.1 Periodic trends and properties

The main group elements are those found in Groups 1, 2, and 13—18 of the periodic table. They
display clear periodic trends, which are recurring patterns in properties such as atomic radius,

-
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ionisation energy, and electronegativity. For example, atomic radius increases down a group due
to the addition of electron shells, while ionisation energy generally decreases because outer
electrons are further from the nucleus.

These trends help explain why elements in the same group often have similar chemical
behaviour. For instance, alkali metals are highly reactive because they readily lose their single
valence electron, while halogens are reactive because they readily gain one electron to complete
their outer shell.

Fill in the blank: The tendency of atoms to attract electrons in a chemical bond is called

( B\
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Figure 5.1 Periodic trends.in main group elements.

5.1.2 Comparative reactivity of alkali, alkaline earth, and halogen groups

The alkali metals (Group 1) are highly reactive, especially with water, producing hydrogen gas
and alkaline solutions. Their reactivity increases down the group as the outer electron becomes
easier to remove. The alkaline earth metals (Group 2) are less reactive but still form basic
oxides and hydroxides.

The halogens (Group 17) are réactive non-metals that readily form salts with metals. Their
reactivity decreases down the group because the larger atomic size makes it harder to attract
additional electrons. Comparing these groups highlights how periodic trends influence chemical
behaviour.

Fillidn the blank: When sodium reacts with water, the gas produced is

Alkali Metals (Group |Alkaline Earth Metals
Feature 1) (Group 2) Halogens (Group 17)
Electronic $ns*1$ (1 valence $er-  [$ns”2$ (2 valence $e*-  [$ns"2np”5$ (7
Configuration $) $) valence $e”-$)
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Alkali Metals (Group [Alkaline Earth Metals
Feature 1 (Group 2) Halogens (Group 17)
Primary Chemical | .. o . Highly
Behavior Highly Electropositive |Electropositive Electronegative

Reactivity Loses $1\ e*-$ (forms  [Loses $2\ e"-$ (forms  |Gaing$1\eA-$ (forms
Strategy $+18$ ion) $+28 ion) $-1$ ion)

. Extreme (vigor

. . Extreme (must be Very High (less than .
Overall Reactivity . increases up the
stored under oil) Group 1)
group)

Reactivity Trend [Increases (¢ easier to  [Increases (¢ easier to/, [Decreases (¢ harder
(Down Group) lose) lose) to attract)

Interaction with
Oxygen

Vigorous (forms oxides,
peroxides, superoxides)

Rapid (forms stable
oxides)

Forms various
unstable, acidic

oxides
Interaction with Forms stable alkali Forms St?ble alkaline IN/A (self-reactivity is
. earth halides (e.g., . .
Halogens halides (e.g., NaCl) MoClo) a diatomic state)
2

Table 5.1 Comparative reactivity of alkali metals, alkaline earth metals, and halogens.

5.1.3 Industrial and everyday applications of main group elements

Main group elements are widely used in industry and daily life. Sodium and potassium
compounds are essential in fertilisers, while calcium compounds are used in cement and glass
manufacture. Halogens such as chlorine are used in water purification and disinfectants, while
fluorine compounds are found in toothpaste and refrigerants.
These applications demonstrate how the properties of main group elements are harnessed for
practical purposes. Understanding their chemistry allows us to appreciate their importance in
both natural processes and technological advancements.

Fill in the blank: The halogen commonly used in water purification is

-
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Plate 5.1 Everyday applications of main group elements.

Pilot questions 5.1

What is meant by the term periodic trend?

Which property decreases down Group 1, making alkali metals more reactive?
What gas is produced when sodium reacts with water?

Why does the reactivity of halogens decrease down the group?

Give one industrial application of calecium compounds.

M

5.2 Introduction to Transition\Metals

5.2.1 General characteristics of transition metals

Transition metals are elements found in Groups 3—12 of the periodic table. They are
characterised by having partially filled d-orbitals, which give rise to unique chemical and
physical properties. These include variable oxidation states, the ability to form coloured
compounds, and the presence of magnetic behaviour. Transition metals are also good conductors
of heat and electricity, and many are malleable and ductile.

Because of these properties, transition metals play a vital role in catalysis, alloy formation, and
biological systems. Their versatility makes them distinct from main group elements.

Fill in the blank: Transition metals are characterised by having partially filled orbitals.
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Figure 5.2 Position of transition metals inthe periodic table.

5.2.2 Electronic configurations and oxidation states

The electronic configuration of transition‘metals‘involves filling the d-orbitals after the s-
orbitals of the preceding period. This arrangement allows them 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 copper can exist as Cu* or Cu?*.

This variability is important in redox reactions and in the formation of coordination compounds.
It also explains why transition metals are widely used in industrial and biological processes.

Fill in the blank: Iron commonly exhibits two oxidation states, and

Metal Symbol Common Oxidation States Examples of Compounds

$Cr 20 383 (Green),

Chromium [$Cr$ $+2; \mathbf{+3}, \mathbf{+6}$ SK 2Cr 20 7§ (Orange)

$\mathbf{+2}, +3, \mathbf{+4}, +6, [$MnO 2$ (Black), $SKMnO 4%

Manganese $MnS | . o +71$ (Purple)

$FeO$ (Black), $Fe 20 3$

Iron SFe$  [$\mathbf{+2}, \mathbf{+3}$ (Rust/Red)

$Cu 20$ (Red), $CuSO 4%

Copper $Cu$  [$+1, \mathbf{+2}$ (Blue)
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Table 5.2 Common oxidation states of selected transition metals.

5.2.3 Magnetic properties and colouration in compounds

Transition metals often exhibit magnetic properties due to unpaired electrons in their d-orbitals.
For example, iron, cobalt, and nickel are ferromagnetic, meaning they can be permanently
magnetised. Other transition metals may show paramagnetism or diamagnetism depending on
their electron arrangements.

Another distinctive feature is the colouration of compounds. Transition metal ions absorb
specific wavelengths of light due to d—d electron transitions, and the remaining light gives the
compound its colour. For instance, copper(Il) compounds are typically blue, while chromium
compounds can be green or orange.

Fill in the blank: The blue colour of copper(Il) compounds is due to transitions in the d-
orbitals.

DIAGRAM OF d-d ELECTRON TRANSITIONS IN TRANSITION METAL COMPLEXES LEADING TO COLORED COMPOUNDS
1.ISOLATED GASEOUSION 2. EFFECT OF LIGANDS OCTAHEDRAL FIELD TETRAHEDRAL FIELD

(DEGENERATE ORBITALS) (CRYSTALFIELDSPLITTING) (e Ti(H,0)¢*, ) (e, [CoCLT, )
eg igherenergy) t (higher energy)
Ty e RS A L e
& d‘Y' Oy dﬂ’ d"z'YZ‘ o 5 ty (lower energy) 5 (ower energy) =
(AT 36 (0.9, V¥, ) 9 iy b O 427, &2
3, d-d ELECTRON TRANSITION & COMPLEMENTARY COLOR 4. SUMMARY & FACTORS
ABSORPTION OF VISBLE LIGHT OBSERVEDCOLOR. | couptEviamait oL WHEEL

Energy
Energy

1" Purle o) EXCITED STATE (¢
gi(mf’)%?) mreson, o —4-— T || N
urpie, ~
i.‘-_"> (dA:a r)msnnn j solution
L y I . A "

oD <TaTe ) ABSORBED WAVELENGTH
GROVNDSTATE ) “ ™ si0m, Guer) o s + d-d TRANSITION: Ectron promoton between

[Cu(H,0)?* (Blue, d) GROUND STATE t'e;) spltd-oritals.
e, =@, —_ » COLOR CAUSE: Absorption of specific visible light
5 1 Y § Cu(aq) photon (AE = hv = hefh), resulting in complementary
F7: e d ECHE
-ﬁ- s -ﬁ- — 1. Metal & Oridation State
Oy O, Oy (1) ABSORBED WAVELENGTH  ABSORBED WAVELENGTH 2. Ligand Strength (Specrochemical Series
(Mnsx=510nm, Green)  (Any > 800 nm, Orange-Red) 3, Complex Geometry (e.g., Octahedral vs. Tetrahedral),

Figure 5.3 Colouration in transition metal compounds due to d—d transitions.

Pilot questions'S.2

N iy M

-

What is the defining characteristic of transition metals in terms of their orbitals?
Give two common oxidation states of iron.

Why do transition metals exhibit variable oxidation states?

Name one transition metal that is ferromagnetic.

What causes the colouration of transition metal compounds?
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5.3 Coordination Chemistry

5.3.1 Definition of coordination compounds and ligands

A coordination compound is a chemical substance in which a central metal atom or ion is
bonded to surrounding molecules or ions, known as ligands. Ligands are species that donate a
pair of electrons to the metal centre, forming coordinate covalent bonds. They can be neutral
(such as water or ammonia) or negatively charged (such as chloride or cyanide).

Coordination compounds are important because they explain the behaviour of transition metals
in biological systems, industrial catalysts, and coloured materials.

Fill in the blank: The molecules or ions that donate electron pairs to a central metal atom in a
coordination compound are called

DIAGRAM OF COORDINATION COMPOUND STRUCTURE AND BONDING

A. COMPONENT PARTS OF A COORDINATION COMPOUND B. 3D GEOMETRY AND C. COORDINATION BOND
7~ COUNTERIONS COORDINATION NUMBER (CN.) | FORMATION (Lewis Acid-Base)
[CO( N H 3)6] CI3 (e.g., Chloride, CI) [ Emptymetal  Lone pair orbital
d-orbitals from Ligand

Cl
Hexaamminecobalt{lll) chloride o x (eg.fromCo™)  [eg, fromNof NH;)
Coordinate 4 a a

Covalent Bond: ]-COUNTERIONS Square Planar  Tetrahedral O
(lconai \Oéo leg. Chorde0) | 8. POF  (eg. NP &

dati
(dative) N T . \Coevdinale
N TPA

Covalent Bond
COORDINATION s Octahedral
SPHERE (e.g. [Fe(CNP

Ligand lone pair orbitals will the empty
empty metal d-orbitals with the overlap
with alion empty metal d-orbitals.

D

CENTRAL
METAL ION
(electron

poneccep) D. IMPACT ON PROPERTIES (Example: Colour and Magnetism)
Coordinate Colour ; Magnetism
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Lewis Base L N P
(electron pair donor) Lewis Base !
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Figure 5.4 Structure of a coordination compound.

5.3.2 Nomenclature of coordination complexes

The nomenclatureof coordination complexes follows specific rules set by [IUPAC. The name
begins with the ligands, listed in alphabetical order, followed by the central metal. If the complex
is an anion, the metal name ends with the suffix —ate. Oxidation states of the metal are indicated
in Roman numerals.

For example, [Cu(NHs)4]** is named tetraamminecopper(I]) ion, while [Fe(CN)s]*>~ is named
hexacyanoferrate(IIT) 1on.

Fill in the blank: In naming coordination complexes, the oxidation state of the central metal is
shown using numerals.

Formula IUPAC Systematic Name Key Note

"Ammine" refers to

$[Co(NH_3) 6]Cl1 3% [Hexaamminecobalt(III) chloride SNH._ 3$ ligands,

-
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Formula IUPAC Systematic Name Key Note

Neutral complex; ligands
$[Pt(NH_3) 2CI 2]$ |Diamminedichloroplatinum(II) are alphabetical ($a$
before $c$).

Metal ends‘in "-ate"
$K 4[Fe(CN) 6]% Potassium hexacyanoferrate(Il) because it's in an anionic
complex.

"Aqua' refers to water

. .
$[Cu(H 20) 6]*{2+}$ [Hexaaquacopper(Il) ion ligands.

Nickel has an oxidation

$[Ni(CO) 4]$ Tetracarbonylnickel(0) state of zero here

Uses "tris" because the
ligand name already
contains a prefix (di).

Tris(ethylenediamine)chromium (I1I)

$[Cr(en)_3]C1_38 chloride

Table 5.3 Examples of coordination complex nomenclature.

5.3.3 Bonding theories: Valence Bond Theory (VBT) and Crystal Field Theory
(CFT)

Valence Bond Theory (VBT) explains bonding in coordination compounds by considering
hybridisation /of the metal’s orbitals. For example, in [Ni(CN)4]*", the nickel ion undergoes dsp?
hybridisation to form square planar geometry.

Crystal Field Theory (CFT) focuses on the splitting of d-orbitals when ligands approach the
central metal ion. The arrangement of ligands causes some d-orbitals to have higher energy than
others, leading to characteristic colours and magnetic properties. For example, in an octahedral
complex, the d-orbitals split into two sets: t2g (lower energy) and e g (higher energy).

Fill in the blank: In an octahedral complex, the d-orbitals split into two sets known as

and

-
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DIAGRAM OF d-d ELECTRON TRANSITIONS AND COORDINATION COMPOUND
STRUCTURE IN AN OCTAHEDRAL CRYSTAL FIELD
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Figure 5.5 Crystal field splitting in an octahedral complex.

Pilot questions 5.3

1. What is a coordination compound?

What are ligands, and how do they bond to metals?

How is the oxidation state of the central metal indicated in the nomenclature of

coordination complexes?

4. What type of hybridisation oceurs in [N1(€N)4]*" according to Valence Bond Theory?

5. In an octahedral complex, into which two sets do the d-orbitals split according to Crystal
Field Theory?

bl

5.4 Applications, ofiTransition Metal Chemistry

5.4.1 Catalysis inindustrial processes

Catalysis refers to the acceleration of chemical reactions by substances called catalysts, which
are not consumed in the process. Transition metals are widely used as catalysts because of their
ability to adopt variable oxidation states and form complexes with reactants. For example, iron is
used in the Haber process for ammonia production, while platinum and palladium are employed
in catalytic converters to reduce harmful emissions from vehicles.

These applications highlight the economic and environmental importance of transition metals in
industry.

Fill in the blank: The transition metal commonly used in the Haber process for ammonia
production is

-
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THE HABER PROCESS: SYNTHESIS OF AMMONIA
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Figure 5.6 Catalytic role of iron in the Haber process.

5.4.2 Biological roles of transition metals

Transition metals also play crucial roles in biological systems. For instance, iron in haemoglobin
enables oxygen transport in blood, while magnesium is central to chlorophyll, allowing plants to
carry out photosynthesis. Copper and zinc are essential cofactors in many enzymes, supporting
vital metabolic processes.

These examples demonstrate how transition metals are indispensable for life, linking chemistry
directly to biology.

Fill in the blank: The transition.metal present in haemoglobin that allows oxygen transport is

‘COMPARISON OF METALLOPORPHYRINS: HAEMOGLOBIN AND CHLOROPHYLL'

HAEMOGLOBIN (Hb) with IRON (Fe) (NN TR0 [ CHLOROPHYLL (Chl) with MAGNESIUM (Mg)
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5.4.3 Transition metals in materials science and technology

Transition metals are essential in materials science due to their strength, durability, and
electronic properties. Alloys such as steel (iron and carbon) and stainless steel (iron, chromium,
and nickel) are widely used in construction and manufacturing. Transition metals also contribute
to advanced technologies: titanium is used in aerospace materials, while copper is vital in
electrical wiring.

In addition, transition metals are central to emerging technologies such as superconductors and
nanomaterials, which promise new applications in energy and electronics.

Fill in the blank: Stainless steel is an alloy of iron, carbon, and

Industry Key Metals Biological & Technical Roles
Alloys & [ron, Chromium, Stainless Steel: Cr and Ni pre;vent mstl_ng in medical
. . tools. Brass: Cu and Zn provide low friction for gears
Construction INickel, Copper
and valves.
Electronics & Copper, Silver, Conductlylty: Cq qnd Ag are the gold sfandayds fqr
Energy Cobalt. Gold hlgh—'efﬁmencjy wiring. Energy Storage: Co is critical
’ for high-density Li-ion battery cathodes.
Titanium, Superalloys: Ni-based alloys withstand the extreme
Aerospace & . : . C
Defense Scandium, heat of jet turbines. Strength-to-Weight: Ti and Sc
INickel create lightweight, ultra-strong airframes.

-
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Industry Key Metals Biological & Technical Roles

Gold, Platinum, Medicine: Au nanoparticles enable targeted drug

Nanotechnology . delivery. Electronics: Ag nanowires are used in
Silver .
flexible, transparent touchscreens.
Platinum, Environmental: Used in catalytic converters to reduce
Catalysis Palladium, toxic exhaust emissions. Synthesis: Essential for
Rhodium industrial chemical production.

Box 5.4 Applications of transition metals in materials science and technology.

Pilot questions 5.4

Which transition metal is used as a catalyst in the Haber process?
What role does iron play in haemoglobin?

Which transition metal is central to chlorophyll in plants?

Name one transition metal used in aerospace materials.

Which transition metals are present in stainless steel?

vRhWh =

Series Summary

This Series has introduced you to the comparative chemistry of main group elements and the
distinctive features of transition metals. We began by examining periodic trends and reactivity
patterns in the main group, then moved on to the general characteristics of transition metals,
including their electronic configurations, oxidation states, magnetic behaviour, and colouration.
Following that, we explored coordination chemistry, focusing on the definition of coordination
compounds, the role of ligands, systematic nomenclature, and bonding theories such as Valence
Bond Theory/and Crystal Field Theory. Finally, we considered the wide-ranging applications of
transition metals in catalysis, biological systems, and materials science.

By engaging with these topics, you should now be able to define periodic trends and explain
reactivity patterns (SLO 5.1 and SLO 5.2), describe the properties of transition metals (SLO 5.3
and SLO 5.4), identify and name coordination compounds (SLO 5.5 and SLO 5.6), apply
bonding theories to explain their behaviour (SLO 5.7), and evaluate their applications in
industry, biology, and technology (SLO 5.8). This Series has therefore equipped you with both
conceptual understanding and practical insights into the chemistry of main group and transition
elements.

-
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Glossary of Terms

o Catalysis: The process of speeding up a chemical reaction using a substance called a
catalyst, which is not consumed in the reaction.

e Coordination compound: A chemical substance in which a central metal atom or ion is
bonded to surrounding molecules or ions called ligands.

e Crystal Field Theory (CFT): A bonding theory that explains the splitting of d-orbitals in
transition metal complexes when ligands approach the central metal ion.

o Ferromagnetism: A property of certain metals, such as iron, cobalt, and nickel, that allows
them to be permanently magnetised.

o Ligand: A molecule or ion that donates a pair of electrons to a central metal atom or ion in a
coordination compound.

e Oxidation state: The number that represents how many electrons an atom has lost, gained, or
shared in a chemical compound.

e Periodic trend: A recurring pattern in the properties of elements across the periodic table,
such as atomic radius or electronegativity.

e Transition metal: An element found in Groups 3—12 of the periodic table, characterised by
partially filled d-orbitals and properties such as variable oxidation states and coloured
compounds.

e Valence Bond Theory (VBT): A bonding theory that explains how orbitals of a central
metal atom hybridise to form bonds with ligands in coordination compounds.

Concept Check Questions 5: Comparative and Transition Metal Chemistry
Objective Questions

1. Which group of elements is characterised by partially filled d-orbitals? (Linked to SLO 5.3)
a) Alkali metals
b) Alkaline earth metals
¢) Transition metals
d) Halogens
2. Which property generally increases down Group 1, making alkali metals more reactive?
(Linked to SLO'5.2)
a) lonisation energy
b)/Atomic radius
¢) Electronegativity
d) Melting point
3. In naming coordination complexes, the oxidation state of the central metal is indicated using:
(Linked to SLO 5.6)
a) Arabic numerals
b) Roman numerals
c¢) Greek letters
d) Superscripts
4. Which transition metal is used as a catalyst in the Haber process? (Linked to SLO 5.8)
a) Copper
b) Iron

-
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¢) Nickel
d) Platinum
5. In an octahedral complex, the d-orbitals split into two sets known as: (Linked to SLO 5.7)
a)sand p
b)tgande g
c)ocandn
d) a and B

Short-Answer Questions

Define a periodic trend and give one example. (Linked to SLO 5.1)

Explain why halogen reactivity decreases down Group 17. (Linked to' SLO 5.2)

State two general characteristics of transition metals. (Linked to SLO 5.3)
Differentiate between Valence Bond Theory and Crystal Field Theory in coordination
chemistry. (Linked to SLO 5.7)

5. Give one biological role of a transition metal. (Linked to SLO 5.8)

=

Long-Answer Questions

1. Analyse the comparative reactivity of alkali metals, alkaline earth metals, and halogens,
linking their behaviour to periodic trends. (Linked to SLO 5.2)

2. Demonstrate how to name a coordination complex containing both neutral and anionic
ligands, explaining the rules of nomenclature. (Linked to SLO 5.6)

3. Evaluate the importance of transition.metals in industrial and biological systems, with
examples from catalysis and enzyme function. (Linked to SLO 5.8)

Answers to Concept Check Questions [Series 5: Comparative and Transition
Metal Chemistry]
Objective Questions

¢) Transition metals
b) Atomic radius

b) Reman numerals
b) Iron

b) t.gande g

MRS

Short-Answer Questions

1. A periodic trend is a recurring pattern in element properties across the periodic table.
Example: atomic radius increases down a group.

2. Halogen reactivity decreases down Group 17 because larger atoms have reduced ability to
attract additional electrons.

3. Transition metals commonly show variable oxidation states and form coloured compounds.

4. Valence Bond Theory explains bonding through orbital hybridisation, while Crystal Field
Theory explains bonding by d-orbital splitting due to ligand interactions.

-
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5. TIron in haemoglobin enables oxygen transport in blood.
Long-Answer Questions

1. Basic response: Alkali metals become more reactive down the group due to decreasing
ionisation energy, alkaline earth metals are less reactive but form basic oxides, and halogens
become less reactive down the group due to reduced electronegativity.

Value-added response: These reactivity patterns are explained by periodic trends in atomic
radius, ionisation energy, and electron affinity, which influence how easily atoems lose or gain
electrons.

2. Basic response: In naming coordination complexes, ligands are listed alphabetically,
followed by the metal with its oxidation state in Roman numerals.

Value-added response: For example, [Co(NH3)4«Cl2]" is named tetraammine
dichlorocobalt(IIl) ion. This demonstrates the systematic application of IUPAC rules for both
neutral and anionic ligands.

3. Basic response: Transition metals are important in catalysis, such as iron in the Haber
process, and in biology, such as iron in haemoglobin.

Value-added response: Beyond these, transition metals are central to advanced
technologies, including platinum in catalytic converters, magnesium in chlorophyll for
photosynthesis, and copper in electrical wiring, showing their wide-ranging impact on
industry, health, and technology.

Answers to Pilot Questions [Series S: Comparative and Transition Metal
Chemistry]
Part 5.1 Comparative Chemistry of Main Group Elements

1. A recurring pattern in properties of elements across the periodic table.

2. lonisation energy.

3. Hydrogen gas.

4. Because larger atoms have reduced ability to attract additional electrons.
5. Cement manufacture:

Part 5.2 Introduction to Transition Metals

1. Partially filled d-orbitals.

2. 42 and +3.

3. Because they can lose different numbers of electrons depending on the reaction.
4. Iron.

5.

d—d electron transitions.
Part 5.3 Coordination Chemistry
1. A compound with a central metal atom or ion bonded to surrounding ligands.

2. Molecules or ions that donate electron pairs to a central metal atom or ion.
3. Roman numerals.

-
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4. dsp? hybridisation.
5. bgande g.

Part 5.4 Applications of Transition Metal Chemistry

1. Iron.

2. It enables oxygen transport in blood.
3. Magnesium.

4. Titanium.

5. Chromium and nickel.

References and Attributions [Series S: Comparative and Transition Metal
Chemistry]
General References

e International Union of Pure and Applied Chemistry (IUPAC). (2014). Nomenclature of
Inorganic Chemistry: IUPAC Recommendations-2013. Cambridge: Royal Society of
Chemistry.

e Housecroft, C. E., & Sharpe, A. G. (2018). Inorganic Chemistry (5th ed.). Harlow:
Pearson Education.

e Miessler, G. L., Fischer, P. J., & Tarr, D. A.(2014). Inorganic Chemistry (5th ed.).
Boston: Pearson.

e OpenStax. (2016). Chemistry: Houston: Rice University. Available under Creative
Commons licence at https://openstax.org/books/chemistry

Ilustrations and OER Sources
e Figure 5.1 Periodic trends in main group elements

o Suggested Al prompt: “Generate a labelled diagram of the periodic table highlighting trends
in atomic radius, ionisation energy, and electronegativity.”

o Attribution: Adapted from OpenStax Chemistry (2016), Chapter 8.

o Table 5.1 Comparative reactivity of alkali metals, alkaline earth metals, and halogens

o Suggested Al prompt: “Create a table comparing the reactivity of alkali metals, alkaline earth
metals, and halogens with examples of reactions.”

o  Attribution: Adapted from Housecroft & Sharpe (2018).

o Plate 5.1 Everyday applications of main group elements

o Suggested Al prompt: “Generate an image showing fertiliser, toothpaste, disinfectant, and
cement, labelled with the main group elements they contain.”

e Attribution: OpenStax Chemistry (2016), Chapter 8.

o Figure 5.2 Position of transition metals in the periodic table

o
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e Suggested Al prompt: “Generate a periodic table diagram highlighting transition metals in
Groups 3—12.”
o Attribution: Adapted from Miessler et al. (2014).

o Table 5.2 Common oxidation states of selected transition metals

e Suggested Al prompt: “Create a table showing common oxidation states of transition metals
such as iron, copper, manganese, and chromium.”

e Attribution: Adapted from Housecroft & Sharpe (2018).

e Figure 5.3 Colouration in transition metal compounds due to d—d transitions

e Suggested Al prompt: “Generate a diagram showing d—d electron transitions in transition
metals leading to coloured compounds.”

o Attribution: Adapted from Miessler et al. (2014).

o Figure 5.4 Structure of a coordination compound

o Suggested Al prompt: “Generate a diagram of a coordination compound showing a central
metal ion surrounded by ligands.”

e Attribution: OpenStax Chemistry (2016), Chapter 24.

o Table 5.3 Examples of coordination complex nomenclature

e Suggested Al prompt: “Create a table showing examples of coordination complexes and their
systematic names according to IUPAC rules.”

e Attribution: [IUPAC (2014).

o Figure 5.5 Crystal field splitting in an octahedral complex

o Suggested Al prompt: “Generate a diagram showing crystal field splitting of d-orbitals in an
octahedral complex.”

o Attribution: Adapted from Housecroft & Sharpe (2018).

o Figure 5.6 Catalytic role of iron in the Haber process

o Suggested Al prompt: “Generate a diagram of the Haber process showing nitrogen and
hydrogen reacting with iron catalyst to produce ammonia.”

e  Attribution: OpenStax Chemistry (2016), Chapter 12.

o Plate 5.2 Biological roles of transition metals in haemoglobin and chlorophyll

o Suggested Al prompt: “Generate an image showing haemoglobin with iron and chlorophyll

with magnesium, labelled to highlight their biological roles.”
o Attribution: Adapted from OpenStax Chemistry (2016), Chapter 24.

-
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o Box 5.4 Applications of transition metals in materials science and technology

o Suggested Al prompt: “Generate a text box listing applications of transition metals in alloys,
electronics, aerospace, and nanotechnology.”
e Attribution: Adapted from Miessler et al. (2014).
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