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Course code: CHM 102 

Course title: General Chemistry II 

Course credit load: 2 Units 

Series 1: Foundations of Organic Chemistry 

Series 2: Carbon Allotropes and Fullerenes 

Series 3: Structure, Nomenclature, and Functional Groups 

Series 4: Mechanisms and Stereochemistry 

Series 5: Comparative and Transition Metal Chemistry 

Proposed Outline Series 1 

 1.1 Historical Development and Importance of Organic Chemistry 
o 1.1.1 Early discoveries and milestones 

o 1.1.2 Modern relevance and applications 

 1.2 Electronic Theory in Organic Chemistry 
o 1.2.1 Concept of electronic theory 

o 1.2.2 Bonding and reactivity explained through electronic theory 

 1.3 Isolation and Purification of Organic Compounds 
o 1.3.1 Common techniques of isolation 

o 1.3.2 Purification methods and their significance 

 1.4 Structural Determination of Organic Compounds 
o 1.4.1 Qualitative analysis of organic compounds 

o 1.4.2 Quantitative analysis of organic compounds 

 

Introduction 

Organic chemistry has long been recognised as a cornerstone of modern science. From the 

early discovery of carbon-based compounds to the synthesis of life-saving medicines and 

advanced materials, its influence is far-reaching. This Series introduces you to the foundations 

of organic chemistry, preparing you for deeper exploration in subsequent Series. 

The aim of this Series is to provide you with an understanding of how organic chemistry 

developed, the theoretical principles that explain its behaviour, and the essential techniques 

used to isolate, purify, and determine the structures of organic compounds. 

We shall commence this Series by examining the historical development and importance of 

organic chemistry. Next, we will explore the electronic theory that explains bonding and 

reactivity. Following that, we will consider the techniques used in the isolation and purification 

of organic compounds. Finally, we will conclude with methods of structural determination, 

including qualitative and quantitative analysis. 
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Series Learning Outcomes 

Upon completing this Series, you should be able to: 

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

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

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

 SLO 1.4 analyse qualitative and quantitative methods for determining the structures of 

organic compounds. 

 

 

1.1 Historical Development and Importance of Organic Chemistry 

1.1.1 Early discoveries and milestones 

Organic chemistry is the branch of chemistry that deals with compounds containing carbon, 

defined as the chemical element that forms the basis of life due to its ability to create diverse 

and stable bonds. The study of organic compounds began with the isolation of substances from 

plants and animals, such as alcohol and urea, which were initially believed to be produced only 

by living organisms. This belief was overturned in 1828 when Friedrich Wöhler synthesised 

urea, defined as an organic compound found in urine, from ammonium cyanate. This 

experiment demonstrated that organic compounds could be created artificially, marking a 

turning point in the history of organic chemistry. 

 

Figure 1.1 Historical milestones in organic chemistry  

Fill in the blank: The synthesis of ______ by Friedrich Wöhler in 1828 disproved the idea that 

organic compounds could only be produced by living organisms. 

1.1.2 Modern relevance and applications 

Today, organic chemistry is central to many fields, including pharmaceuticals, defined as 

chemical substances used to diagnose, treat, or prevent disease, and polymers, defined as large 

molecules composed of repeating structural units that form materials such as plastics and fibres. 
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Organic chemistry also underpins the development of fuels, dyes, agrochemicals, and 

nanomaterials. Its importance lies not only in the creation of new substances but also in 

understanding the mechanisms by which these substances interact and transform. 

 

Plate 1.1 Everyday applications of organic chemistry. 

Fill in the blank: Organic chemistry contributes to fields such as pharmaceuticals, polymers, 

fuels, and ______. 

Pilot questions 1.1 

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

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

versatility? 

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

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

5. Define the term polymer and give one example. 

 

1.2 Electronic Theory in Organic Chemistry 

1.2.1 Concept of electronic theory 

The electronic theory is a principle in chemistry that explains the behaviour of atoms and 

molecules based on the arrangement and movement of electrons, defined as negatively charged 

particles that orbit the nucleus of an atom. In organic chemistry, this theory is vital because it 

helps us understand why certain compounds react in specific ways. For example, the 

distribution of electrons in bonds determines whether a molecule is stable or reactive. 
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Figure 1.2 Electron distribution in a covalent bond.  

Fill in the blank: The electronic theory explains chemical behaviour based on the arrangement 

of ______ in atoms and molecules. 

1.2.2 Bonding and reactivity explained through electronic theory 

Organic compounds are built upon the ability of carbon to form stable covalent bonds, defined 

as chemical bonds created by the sharing of electron pairs between atoms. The electronic theory 

explains how these bonds form and why they break during chemical reactions. When electrons 

are unevenly distributed, molecules may develop polarity, defined as the separation of electric 

charge leading to positive and negative regions within the molecule. This polarity influences 

how molecules interact, making some reactions faster and others slower. 

Summary of Electronic Theory in Organic Chemistry 

Electronic theory acts as the foundation for predicting how organic molecules behave, react, 

and stabilize by analyzing how electrons are arranged and how they move. 

 Electron Distribution: Driven by electronegativity differences, which create bond 

polarity and dictate the reactivity of specific functional groups. 

 Inductive Effect ($I$): The permanent shifting of $\sigma$-electrons along a carbon 

chain, induced by nearby electron-withdrawing or electron-donating atoms or groups. 

 Resonance (Mesomeric) Effect ($M$): The delocalization of $\pi$-electrons or lone 

pairs across conjugated systems, which significantly stabilizes certain molecules and 

intermediates. 

 Electrophiles and Nucleophiles: The classification of reagents based on their affinity 

for electrons—nucleophiles (electron-rich) attack electrophiles (electron-poor). 

 Hyperconjugation: The stabilization resulting from the interaction of $\sigma$-

bonding electrons with adjacent empty or partially filled orbitals (often seen in 

carbocations). 

 Reaction Mechanisms: The use of electron-pushing ("curly arrows") to visualize the 

breaking and forming of bonds during a chemical transformation. 

Box 1.1 Key features of electronic theory in organic chemistry  
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Fill in the blank: When electrons are unevenly distributed in a molecule, ______ occurs, 

influencing reactivity. 

Pilot questions 1.2 

1. What does the electronic theory explain in relation to atoms and molecules? 

2. Define the term electron and state its charge. 

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

4. How does polarity affect the reactivity of organic molecules? 

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

 

1.3 Isolation and Purification of Organic Compounds 

1.3.1 Common techniques of isolation 

Organic compounds are often found mixed with other substances in nature. To study them 

effectively, chemists must first isolate them, which means separating the desired compound 

from its natural source or mixture. Common isolation techniques include extraction from 

plants, fermentation processes, and distillation. For example, essential oils can be isolated from 

plant materials using steam distillation, while alcohol can be obtained through fermentation of 

sugars. 

 

Figure 1.3 Steam distillation apparatus for isolation of organic compounds.  

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

mixture is called ______. 

1.3.2 Purification methods and their significance 

Once isolated, organic compounds often contain impurities. Purification is the process of 

removing these unwanted substances to obtain a pure compound suitable for analysis or 

application. Common purification methods include recrystallisation, chromatography, and 

distillation. For instance, recrystallisation involves dissolving a compound in a suitable solvent 

and then allowing it to crystallise, leaving impurities behind. Chromatography, on the other 

hand, separates compounds based on differences in their movement through a medium. 
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Purification 

Method 
Underlying Principle Best Used For 

Common 

Examples 

Recrystallisation 
Difference in solubility 

at different temperatures. 

Solid 

compounds 

with impurities 

having 

different 

solubility 

profiles. 

Benzoic acid, 

Aspirin 

Simple 

Distillation 

Difference in boiling 

points of miscible liquids 

(typically 

$>25^\circ\text{C}$ 

difference). 

Liquids with 

significantly 

different 

boiling points. 

Ethanol/Water 

(initial 

separation) 

Fractional 

Distillation 

Repeated vaporisation 

and condensation in a 

column; separates 

components with close 

boiling points. 

Liquids with 

boiling points 

relatively close 

to each other. 

Crude oil 

refining, 

Petroleum 

fractions 

Steam 

Distillation 

Co-distillation with 

water; lowers the 

effective boiling point of 

temperature-sensitive 

compounds. 

Heat-sensitive 

organic 

compounds 

that are 

immiscible 

with water. 

Essential oils 

(e.g., Lavender 

oil) 

Chromatography 

Difference in the rate of 

migration through a 

stationary phase based on 

affinity. 

Separating 

complex 

mixtures of 

solids or liquids 

on a small 

scale. 

Plant pigments, 

reaction 

monitoring 

(TLC) 

Solvent 

Extraction 

Difference in solubility 

of a substance between 

two immiscible solvents 

(liquid-liquid 

partitioning). 

Extracting 

organic 

compounds 

from aqueous 

reaction 

mixtures. 

Caffeine 

extraction, 

removal of 

impurities 

Table 1.1 Common purification methods in organic chemistry  

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

medium is called ______. 
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Pilot questions 1.3 

1. Define the term isolation in the context of organic chemistry. 

2. Name one technique used to isolate essential oils from plants. 

3. What is the purpose of purification after isolation? 

4. Which purification method involves dissolving and recrystallising a compound? 

5. State one advantage of chromatography as a purification method. 

 

1.4 Structural Determination of Organic Compounds 

1.4.1 Qualitative analysis of organic compounds 

Qualitative analysis refers to the identification of the types of elements or functional groups 

present in an organic compound. This process does not measure quantity but focuses on 

recognising the presence of specific features. For example, tests such as the bromine water test 

can indicate the presence of unsaturation in hydrocarbons, while the silver nitrate test can detect 

halides. These methods help chemists classify compounds before moving on to more detailed 

studies. 

 

Figure 1.4 Bromine water test for unsaturation.  

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

1.4.2 Quantitative analysis of organic compounds 

Quantitative analysis involves measuring the exact amounts of elements or compounds 

present in a sample. This is crucial for determining molecular formulas and verifying purity. 

Techniques such as combustion analysis can measure the proportions of carbon, hydrogen, and 

oxygen in a compound. Modern methods, including spectroscopy and chromatography, 

provide precise data that allow chemists to construct accurate structural models. 
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Technique 
Underlying 

Principle 
Best Used For 

Key 

Information 

Obtained 

Combustion 

Analysis 

Complete oxidation 

of a sample to 

measure mass of 

$CO_2$ and 

$H_2O$ produced. 

Determining the 

empirical formula 

of unknown 

organic 

compounds. 

Elemental 

composition (C, 

H, N, etc.) 

UV-Vis 

Spectroscopy 

Absorption of light 

based on electronic 

transitions in 

conjugated systems. 

Determining 

concentration of 

analytes in solution 

(Beer-Lambert 

Law). 

Concentration, 

conjugation 

extent 

Gas 

Chromatography 

(GC) 

Separation of 

volatile components 

based on 

partitioning 

between phases. 

Quantifying 

components in 

complex volatile 

mixtures. 

Purity, 

component 

ratios 

NMR 

Spectroscopy 

Interaction of 

nuclear spins with a 

magnetic field 

(integration of 

signals). 

Quantitative 

determination of 

functional group 

ratios or purity. 

Molar ratios of 

protons/nuclei 

Mass 

Spectrometry 

Measurement of 

mass-to-charge 

($m/z$) ratios of 

ionized molecules. 

Identifying and 

quantifying 

isotopes or 

molecular 

fragments. 

Molecular mass, 

structural 

identification 

Titration 

Stoichiometric 

reaction between an 

analyte and a 

standard titrant. 

Determining the 

concentration of 

acidic/basic or 

redox-active 

functional groups. 

Molar 

concentration 

Table 1.2 Common quantitative analysis techniques in organic chemistry  

Fill in the blank: Combustion analysis is a technique used to determine the proportions of 

______, hydrogen, and oxygen in a compound. 

Pilot questions 1.4 

1. Define qualitative analysis in the context of organic chemistry. 
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2. Name one test used to detect halides in organic compounds. 

3. What is the main purpose of quantitative analysis? 

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

compound?  

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

 

 

Series Summary 

This Series has introduced you to the foundations of organic chemistry, highlighting its 

historical development, theoretical principles, and practical techniques. We began by 

examining the early discoveries and milestones that shaped the discipline, followed by its 

modern relevance and applications. Then, we explored the electronic theory, which explains 

bonding and reactivity in organic compounds. Moving forward, we studied the processes of 

isolation and purification, essential for preparing compounds for analysis. Finally, we 

considered structural determination, focusing on both qualitative and quantitative methods. 

By engaging with these topics, you have achieved the Series Learning Outcomes: you can now 

describe the historical development and importance of organic chemistry (SLO 1.1), explain 

the principles of electronic theory (SLO 1.2), demonstrate isolation and purification 

techniques (SLO 1.3), and analyse methods of structural determination (SLO 1.4). These skills 

provide a strong foundation for progressing into more advanced areas of organic chemistry. 

 

Series Glossary 

 Carbon: A chemical element that forms the basis of organic compounds due to its 

ability to create diverse and stable bonds. 

 Covalent bond: A chemical bond formed by the sharing of electron pairs between 

atoms. 

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

 Electronic theory: A principle explaining chemical behaviour based on the 

arrangement and movement of electrons in atoms and molecules. 

 Isolation: The process of separating a desired compound from its natural source or 

mixture. 

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

 Polymer: A large molecule composed of repeating structural units, often used in 

plastics and fibres. 

 Polarity: The separation of electric charge within a molecule, leading to positive and 

negative regions. 

 Purification: The removal of impurities from an isolated compound to obtain a pure 

substance. 

 Qualitative analysis: The identification of the types of elements or functional groups 

present in a compound. 

 Quantitative analysis: The measurement of the exact amounts of elements or 

compounds present in a sample. 

 Urea: An organic compound found in urine, historically significant for being the first 

artificially synthesised organic compound. 
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Concept Check Questions [Series 1] 

Objective questions 

1. (Linked to SLO 1.1) Who synthesised urea in 1828? 

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

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

through a medium? 

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

elements? 

Short-answer questions 

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

chemistry. 

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

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

principle. 

8. (Linked to SLO 1.4) Distinguish between qualitative and quantitative analysis in 

organic chemistry. 

Long-answer questions 

9. (Linked to SLO 1.1) Discuss the historical development of organic chemistry, 

highlighting its early misconceptions and breakthroughs. 

10. (Linked to SLO 1.3 & 1.4) Analyse the importance of isolation, purification, and 

structural determination in preparing organic compounds for study. 

Answers to Concept Check Questions [Series 1] 

Objective answers 

1. Friedrich Wöhler. 

2. Covalent bond. 

3. Chromatography. 

4. Carbon, hydrogen, and oxygen. 

Short-answer answers 

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

organisms. 

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

molecules interact and react. 

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

8. Qualitative analysis identifies elements or groups present, while quantitative analysis 

measures their exact amounts. 

Long-answer answers 
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9. Basic response: Organic chemistry began with the study of compounds from living 

organisms, believed to be unique to life. Wöhler’s synthesis of urea disproved this, 

leading to the recognition that organic compounds could be artificially created. Value-

added response: Beyond Wöhler’s experiment, the development of structural theory, 

electronic theory, and modern analytical techniques further advanced organic 

chemistry, making it central to pharmaceuticals, polymers, and materials science. 

10. Basic response: Isolation separates compounds from mixtures, purification removes 

impurities, and structural determination identifies composition. Together, they prepare 

compounds for accurate study. Value-added response: These processes are essential 

for ensuring reproducibility, enabling industrial applications, and supporting 

innovations in medicine, materials, and nanotechnology. 

Answers to Pilot Questions [Series 1] 

 Part 1.1: Wöhler; carbon; pharmaceuticals and polymers; disproved vitalism; polymer 

is a large molecule, e.g., plastics. 

 Part 1.2: Explains behaviour of atoms; electron is negatively charged; covalent bond; 

polarity affects reactivity; predicts bond behaviour. 

 Part 1.3: Isolation separates compounds; steam distillation; removes impurities; 

recrystallisation; chromatography separates effectively. 

 Part 1.4: Qualitative analysis identifies groups; silver nitrate test; measures exact 

amounts; combustion analysis; spectroscopy. 

 

References and Attributions [Series 1] 

 Standard organic chemistry textbooks (e.g., Morrison & Boyd, Organic Chemistry). 

 Historical accounts of Friedrich Wöhler’s synthesis of urea. 

 Suggested OER sources for illustrations: 

o Figure 1.1 Timeline of organic chemistry milestones (OER diagram). 

o Plate 1.1 Everyday applications of organic chemistry (OER image). 

o Figure 1.2 Covalent bond electron distribution (OER diagram). 

o Box 1.1 Key features of electronic theory (AI-generated summary box). 

o Figure 1.3 Steam distillation apparatus (OER diagram). 

o Table 1.1 Purification methods comparison (AI-generated table). 

o Figure 1.4 Bromine water test (OER diagram). 

o Table 1.2 Quantitative analysis techniques (AI-generated table). 

 AI prompts used for illustration placeholders were noted in each Part. 
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Proposed Outline Series 2 

2.1 Forms of Carbon Allotropes 

o 2.1.1 Diamond: structure and properties 

o 2.1.2 Graphite: structure and properties 

o 2.1.3 Amorphous carbon 

2.2 Discovery and Structure of Fullerenes 

o 2.2.1 Historical background of fullerenes 

o 2.2.2 Molecular structure and bonding 

2.3 Properties and Applications of Fullerenes 

o 2.3.1 Physical and chemical properties 

o 2.3.2 Industrial and medical applications 

2.4 Comparative Analysis of Carbon Allotropes 

o 2.4.1 Structural differences 

o 2.4.2 Functional significance 

 

Introduction 

Carbon is one of the most versatile elements in the periodic table, capable of forming a wide 

range of structures with distinct properties. Its allotropes, such as diamond and graphite, have 

fascinated scientists for centuries, while the discovery of fullerenes in the late twentieth century 

opened new frontiers in nanoscience and materials chemistry. This Series introduces you to the 

diverse forms of carbon and their unique characteristics. 

The aim of this Series is to provide you with a clear understanding of the structures, properties, 

and applications of carbon allotropes and fullerenes, as well as their comparative significance 

in science and technology. 

We shall commence this Series by examining the different forms of carbon allotropes, 

including diamond, graphite, and amorphous carbon. Next, we will explore the discovery and 

molecular structure of fullerenes. Following that, we will consider the properties and 

applications of fullerenes in industry and medicine. Finally, we will conclude with a 

comparative analysis of carbon allotropes, highlighting their structural differences and 

functional importance. 

Series Learning Outcomes 

Upon completing this Series, you should be able to: 

 SLO 2.1 describe the structures and properties of major carbon allotropes, 

 SLO 2.2 explain the historical background and molecular structure of fullerenes, 
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 SLO 2.3 analyse the physical and chemical properties of fullerenes and evaluate their 

applications, 

 SLO 2.4 compare carbon allotropes in terms of structure and functional significance. 

 

2.1 Forms of Carbon Allotropes 

2.1.1 Diamond: structure and properties 

Diamond is a crystalline allotrope of carbon in which each carbon atom is covalently bonded 

to four other carbon atoms in a tetrahedral arrangement. This strong bonding network makes 

diamond extremely hard, transparent, and an excellent conductor of heat but a poor conductor 

of electricity. Diamonds are valued both as gemstones and for industrial applications such as 

cutting and drilling. 

 

Figure 2.1 Structure of diamond  

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

tetrahedral arrangement. 

2.1.2 Graphite: structure and properties 

Graphite is an allotrope of carbon where atoms are arranged in layers of hexagonal rings. Each 

carbon atom is bonded to three others, leaving one electron free to move. This gives graphite 

its electrical conductivity and lubricating properties. Graphite is soft, opaque, and used in 

pencils, electrodes, and as a lubricant. 

 

Figure 2.2 Layered structure of graphite  
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Fill in the blank: Graphite conducts electricity because each carbon atom has one ______ that 

is free to move. 

2.1.3 Amorphous carbon 

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

charcoal, soot, and activated carbon. These forms are less ordered but have important uses, 

such as filtration, fuel, and pigments. Activated carbon, in particular, is highly porous and 

effective in adsorbing impurities, making it valuable in water purification and medical 

treatments. 

 

Plate 2.1 Examples of amorphous carbon  

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

Pilot questions 2.1 

1. How many carbon atoms is each atom bonded to in diamond? 

2. Why is graphite able to conduct electricity? 

3. Give two industrial uses of diamond. 

4. Name one example of amorphous carbon. 

5. What property makes activated carbon useful in water purification? 

 

2.2 Discovery and Structure of Fullerenes 

2.2.1 Historical background of fullerenes 

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

Kroto, Robert Curl, and Richard Smalley. They consist of carbon atoms arranged in hollow, 

cage-like structures resembling spheres or tubes. The most famous fullerene is C₆₀, also called 

buckminsterfullerene, named after architect Buckminster Fuller because its shape resembles 

the geodesic domes he designed. This discovery was groundbreaking, as it revealed a new form 
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of carbon beyond diamond, graphite, and amorphous carbon, opening up possibilities in 

nanotechnology and materials science. 

 

Figure 2.3 Structure of buckminsterfullerene (C₆₀) 

Fill in the blank: The most famous fullerene, C₆₀, is also called ______ because its shape 

resembles a geodesic dome. 

2.2.2 Molecular structure and bonding 

Fullerenes are composed entirely of carbon atoms, defined as the chemical element that forms 

the basis of organic compounds. In C₆₀, the atoms are arranged in a pattern of 12 pentagons and 

20 hexagons, similar to a football. Each carbon atom forms three covalent bonds, creating a 

stable yet flexible structure. This bonding pattern gives fullerenes unique properties, such as 

high strength, electrical conductivity, and the ability to act as electron acceptors. These features 

make them useful in electronics, medicine, and materials engineering. 

Structural Characteristics of Fullerenes 

 Geometry: Fullerenes are closed-cage molecules consisting of carbon atoms arranged 

in spheres, ellipsoids, or tubes. 

 Ring Arrangement: A closed spherical fullerene must contain exactly 12 pentagonal 

rings, along with a varying number of hexagonal rings. This configuration follows 

Euler’s polyhedron formula. 

 Bonding: Carbon atoms are $sp^2$ hybridized. The curvature of the cage leads to a 

distribution of single bonds ($C-C$) at the edges of pentagons and double bonds 

($C=C$) within hexagonal rings to accommodate structural strain. 

 Stability: The Isolated Pentagon Rule (IPR) states that fullerenes are most stable when 

pentagons are surrounded by hexagons and do not share edges. 

Box 2.1 Key structural features of fullerenes  

Fill in the blank: In C₆₀, carbon atoms are arranged in a pattern of 12 ______ and 20 hexagons. 
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Pilot questions 2.2 

1. Who discovered fullerenes in 1985? 

2. What is the most famous fullerene called? 

3. Why was the discovery of fullerenes considered groundbreaking? 

4. How are carbon atoms arranged in C₆₀? 

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

 

2.3 Properties and Applications of Fullerenes 

2.3.1 Physical and chemical properties 

Fullerenes possess remarkable physical properties, defined as characteristics that can be 

observed without changing the substance’s chemical identity. They are stable, lightweight, and 

capable of withstanding high pressures. Their spherical structure allows them to roll like tiny 

ball bearings, and they can dissolve in organic solvents such as benzene. 

In terms of chemical properties, defined as characteristics that describe how a substance 

interacts with other substances, fullerenes can act as electron acceptors, making them useful in 

electronic devices. They can also undergo reactions such as hydrogenation and halogenation, 

which modify their properties for specific applications. 

 

Figure 2.4 Physical and chemical properties of fullerenes.  

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

devices. 

2.3.2 Industrial and medical applications 

The unique properties of fullerenes have led to diverse applications. In industry, they are used 

in lubricants, superconductors, and solar cells. Their ability to conduct electricity and withstand 

stress makes them valuable in advanced materials engineering. 

In medicine, fullerenes are being researched for drug delivery, as their hollow structure can 

encapsulate molecules. They also show potential as antioxidants, neutralising harmful free 
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radicals in the body. These applications highlight the versatility of fullerenes in improving 

technology and healthcare. 

 

Plate 2.2 Applications of fullerenes in industry and medicine.  

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

hollow structure. 

Pilot questions 2.3 

1. State one physical property of fullerenes. 

2. What chemical role can fullerenes play in electronic devices? 

3. Name two industrial applications of fullerenes. 

4. How can fullerenes be used in medicine? 

5. Why are fullerenes considered versatile materials? 

 

2.4 Comparative Analysis of Carbon Allotropes 

2.4.1 Structural differences 

Carbon allotropes differ significantly in their structure, defined as the arrangement of atoms 

within a substance. In diamond, each carbon atom is bonded to four others in a tetrahedral 

pattern, forming a rigid three-dimensional lattice. In graphite, carbon atoms are bonded in 

layers of hexagonal rings, with weak forces between the layers allowing them to slide over one 

another. Amorphous carbon lacks a regular crystalline structure, appearing as irregular 

arrangements of carbon atoms. Fullerenes, on the other hand, consist of carbon atoms arranged 

in hollow cages of pentagons and hexagons. 

Allotrope Structure Bonding Key Properties 

Diamond 

Giant covalent 

network 

(tetrahedral) 

$sp^3$ hybridization; 

each carbon bonded to 

4 others 

Extremely hard, high 

melting point, 

electrical insulator 
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Allotrope Structure Bonding Key Properties 

Graphite 

Layered 

hexagonal sheets 

(graphene) 

$sp^2$ hybridization; 

3 bonds per carbon; 

delocalized $\pi$-

electrons 

Soft/slippery, high 

melting point, good 

electrical conductor 

Amorphous 

Carbon 

Disordered, non-

crystalline 

arrangement 

Mixture of $sp^2$ 

and $sp^3$ bonding 

Opaque, chemically 

reactive, high surface 

area (e.g., carbon 

black) 

Fullerenes 

Closed cage or 

spherical 

structures 

($C_{60}$) 

$sp^2$ hybridization; 

curved sheets of 

pentagons and 

hexagons 

Molecular, soluble in 

some organic 

solvents, unique 

electronic properties 

Table 2.1 Structural comparison of carbon allotropes  

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

2.4.2 Functional significance 

The differences in structure lead to distinct functional significance, defined as the practical 

uses and behaviours of a material based on its properties. Diamond’s hardness makes it ideal 

for cutting tools and jewellery. Graphite’s conductivity and lubricating ability make it useful 

in electrodes and pencils. Amorphous carbon, such as charcoal, is used in filtration and fuels. 

Fullerenes, with their unique cage-like structures, are applied in nanotechnology, medicine, 

and advanced materials. 

 

Figure 2.5 Functional significance of carbon allotropes. 

Fill in the blank: Diamond’s extreme hardness makes it ideal for ______ tools and jewellery. 
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Pilot questions 2.4 

1. How are carbon atoms arranged in diamond compared to graphite? 

2. What structural feature makes graphite a good conductor of electricity? 

3. Name one use of amorphous carbon. 

4. Why are fullerenes considered significant in nanotechnology? 

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

 

Series Summary 

This Series has introduced you to the diverse forms of carbon and the remarkable discovery of 

fullerenes. We began by examining the structures and properties of diamond, graphite, and 

amorphous carbon. Then, we explored the historical background and molecular structure of 

fullerenes, highlighting their unique cage-like arrangement. Following that, we considered the 

physical and chemical properties of fullerenes and their wide-ranging applications in industry 

and medicine. Finally, we concluded with a comparative analysis of carbon allotropes, linking 

their structures to their functional significance. 

By engaging with these topics, you have achieved the Series Learning Outcomes: you can now 

describe the structures and properties of carbon allotropes (SLO 2.1), explain the discovery 

and molecular structure of fullerenes (SLO 2.2), analyse their properties and evaluate their 

applications (SLO 2.3), and compare allotropes in terms of structure and functional importance 

(SLO 2.4). These skills provide a solid foundation for understanding carbon’s versatility in 

science and technology. 

 

Series Glossary 

 Activated carbon: A porous form of carbon used for adsorption in purification 

processes. 

 Allotrope: Different structural forms of the same element. 

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

 Buckminsterfullerene (C₆₀): A spherical fullerene molecule composed of 60 carbon 

atoms arranged in pentagons and hexagons. 

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

 Diamond: A crystalline allotrope of carbon with tetrahedral bonding, known for its 

hardness. 

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

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

 Graphite: An allotrope of carbon with layered hexagonal structures, conductive and 

lubricating. 

 Pentagon and hexagon arrangement: The structural pattern in fullerenes that creates 

their cage-like shape. 

 Physical properties: Observable characteristics of a substance without changing its 

identity. 

 Polarity: Uneven distribution of electrons within a molecule. 

 Superconductors: Materials that conduct electricity without resistance under certain 

conditions. 
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Concept Check Questions [Series 2] 

Objective questions 

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

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

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

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

rings? 

Short-answer questions 

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

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

Buckminster Fuller. 

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

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

Long-answer questions 

9. (Linked to SLO 2.2) Discuss the historical significance of the discovery of fullerenes 

and its impact on materials science. 

10. (Linked to SLO 2.4) Analyse how the structural differences among carbon allotropes 

determine their functional significance in industry and medicine. 

Answers to Concept Check Questions [Series 2] 

Objective answers 

1. Four. 

2. Harold Kroto, Robert Curl, and Richard Smalley. 

3. Electron acceptors. 

4. Hexagonal rings. 

Short-answer answers 

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

move between layers. 

6. Buckminsterfullerene (C₆₀) is a spherical molecule of 60 carbon atoms arranged in 

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

resembles his geodesic domes. 

7. Lubricants and solar cells. 

8. Diamond has a tetrahedral three-dimensional lattice, while graphite has layered 

hexagonal structures with weak forces between layers. 

Long-answer answers 

9. Basic response: The discovery of fullerenes in 1985 revealed a new form of carbon 

beyond diamond, graphite, and amorphous carbon. Value-added response: This 
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breakthrough opened up nanotechnology and advanced materials research, leading to 

applications in electronics, medicine, and energy. 

10. Basic response: Diamond’s hardness makes it useful in cutting tools, graphite’s 

conductivity suits electrodes, amorphous carbon is used in filtration, and fullerenes are 

applied in nanotechnology. Value-added response: These differences illustrate how 

atomic arrangements directly influence practical uses, from jewellery to drug delivery 

systems, highlighting carbon’s versatility. 

Answers to Pilot Questions [Series 2] 

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

 Part 2.2: Kroto, Curl, Smalley; buckminsterfullerene; new carbon form; pentagons and 

hexagons; conductivity. 

 Part 2.3: Stable and lightweight; electron acceptors; lubricants and solar cells; drug 

delivery; versatility. 

 Part 2.4: Diamond vs graphite bonding; free electrons in graphite; charcoal; 

nanotechnology; structure determines function. 

 

References and Attributions [Series 2] 

 Standard inorganic chemistry and materials science textbooks (e.g., Atkins & Jones, 

Chemical Principles). 

 Historical accounts of the discovery of fullerenes (1985 Nobel Prize-winning research). 

 Suggested OER sources for illustrations: 

o Figure 2.1 Diamond structure (OER diagram). 

o Figure 2.2 Graphite layered structure (OER diagram). 

o Plate 2.1 Amorphous carbon examples (OER image). 

o Figure 2.3 Buckminsterfullerene structure (OER diagram). 

o Box 2.1 Fullerene structural features (AI-generated summary box). 

o Figure 2.4 Fullerene properties (OER diagram). 

o Plate 2.2 Fullerene applications (OER image). 

o Table 2.1 Structural comparison of allotropes (AI-generated table). 

o Figure 2.5 Functional significance of allotropes (OER diagram). 

 AI prompts used for illustration placeholders were noted in each Part. 
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Proposed Outline Series 3 

3.1 Structure of Organic Compounds 

o 3.1.1 Structural formulae and representations 

o 3.1.2 Isomerism (structural and stereoisomerism) 

3.2 Principles of Nomenclature 

o 3.2.1 IUPAC rules for naming organic compounds 

o 3.2.2 Common names versus systematic names 

3.3 Functional Groups in Organic Chemistry 

o 3.3.1 Hydrocarbons (alkanes, alkenes, alkynes, aromatics) 

o 3.3.2 Oxygen-containing groups (alcohols, ethers, carbonyls, carboxylic acids, 

esters) 

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

3.4 Applications of Nomenclature and Functional Groups 

o 3.4.1 Importance in chemical communication and industry 

o 3.4.2 Role in predicting reactivity and properties 

 

Introduction 

In the last Series, we explored the diverse forms of carbon, including diamond, graphite, and 

fullerenes. Building on that foundation, this Series focuses on how organic compounds are 

represented, named, and classified according to their functional groups. These skills are 

essential for clear communication in chemistry and for predicting the behaviour of molecules 

in reactions. 

The aim of this Series is to equip you with the ability to interpret structural formulae, apply 

systematic nomenclature rules, and identify functional groups in organic compounds. 

We shall commence this Series by examining the different ways organic compounds are 

represented and the concept of isomerism. Next, we will explore the principles of 

nomenclature, including IUPAC rules and the distinction between common and systematic 

names. Following that, we will study the major functional groups in organic chemistry, such 

as hydrocarbons, oxygen-containing groups, and nitrogen-containing groups. Finally, we will 

conclude with applications of nomenclature and functional groups, highlighting their 

importance in industry and in predicting chemical reactivity. 

Series Learning Outcomes 

Upon completing this Series, you should be able to: 
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 SLO 3.1 demonstrate how to represent organic compounds using structural formulae 

and identify types of isomerism, 

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

 SLO 3.3 distinguish between common names and systematic names of organic 

compounds, 

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

 SLO 3.5 analyse the importance of nomenclature and functional groups in chemical 

communication, industry, and predicting reactivity. 

 

3.1 Structure of Organic Compounds 

3.1.1 Structural formulae and representations 

Organic compounds can be represented in several ways to show how atoms are arranged and 

bonded. A structural formula is a diagrammatic representation that shows the exact 

arrangement of atoms and bonds in a molecule. Common representations include condensed 

formulae, which simplify the structure by grouping atoms, and line structures, where carbon 

atoms are implied at the ends and intersections of lines. These representations help chemists 

visualise molecules and predict their behaviour. 

 

Figure 3.1 Different representations of ethane. 

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

molecule. 

3.1.2 Isomerism (structural and stereoisomerism) 

Isomerism refers to the phenomenon where compounds have the same molecular formula but 

different arrangements of atoms. Structural isomers differ in the connectivity of atoms, such 

as butane and isobutane. Stereoisomers have the same connectivity but differ in spatial 

arrangement. A key type of stereoisomerism is geometrical isomerism, defined as the 

difference in arrangement around a double bond, such as cis- and trans-forms. Another type is 

optical isomerism, where molecules are mirror images of each other but not superimposable, 

often referred to as enantiomers. 
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Figure 3.2 Geometrical isomerism in 2-butene. 

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

atoms are called ______. 

Pilot questions 3.1 

1. Define structural formula and give one example. 

2. What is the difference between condensed and line formulae? 

3. Explain the term isomerism. 

4. Distinguish between structural isomers and stereoisomers. 

5. Name one example of geometrical isomerism. 

 

3.2 Principles of Nomenclature 

3.2.1 IUPAC rules for naming organic compounds 

The International Union of Pure and Applied Chemistry (IUPAC) developed a systematic 

set of rules for naming organic compounds. These rules ensure that every compound has a 

unique and universally recognised name. The process involves identifying the parent chain, 

defined as the longest continuous chain of carbon atoms, and then numbering the chain to give 

substituents the lowest possible numbers. Substituents are named and placed before the parent 

name, while functional groups are indicated by suffixes or prefixes. For example, CH₃–CH₂–

OH is named ethanol, where “eth-” refers to the two-carbon chain and “-ol” indicates the 

alcohol group. 
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Figure 3.3 Steps in IUPAC nomenclature.  

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

______ chain. 

3.2.2 Common names versus systematic names 

Many organic compounds also have common names, defined as traditional names often based 

on source or historical usage. For instance, acetic acid is the common name for ethanoic acid. 

While common names are widely used in everyday contexts, systematic names follow IUPAC 

rules and are preferred in scientific communication because they are precise and unambiguous. 

Understanding both naming systems is important, as learners will encounter both in textbooks, 

laboratories, and industry. 

Common Name IUPAC Systematic Name Molecular Formula 

Acetone Propan-2-one $CH_3COCH_3$ 

Acetic Acid Ethanoic acid $CH_3COOH$ 

Formic Acid Methanoic acid $HCOOH$ 

Ethyl Alcohol Ethanol $CH_3CH_2OH$ 

Acetylene Ethyne $C_2H_2$ 

Propylene Propene $CH_3CH=CH_2$ 

Glycerine Propane-1,2,3-triol $C_3H_8O_3$ 

Phenol Hydroxybenzene $C_6H_5OH$ 

Box 3.1 Examples of common and systematic names  
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Fill in the blank: The compound commonly called acetic acid is systematically named ______ 

acid. 

Pilot questions 3.2 

1. What organisation developed the systematic rules for naming organic compounds? 

2. Define the term parent chain. 

3. Give the systematic name for CH₃–CH₂–OH. 

4. What is the difference between common names and systematic names? 

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

 

3.3 Functional Groups in Organic Chemistry 

3.3.1 Hydrocarbons (alkanes, alkenes, alkynes, aromatics) 

Hydrocarbons are organic compounds composed only of carbon and hydrogen atoms. They 

form the backbone of organic chemistry and are classified into different types. Alkanes are 

saturated hydrocarbons with single bonds only, such as methane. Alkenes contain at least one 

double bond, while alkynes contain at least one triple bond. Aromatic hydrocarbons, such as 

benzene, have ring structures with alternating double bonds that give them unique stability. 

 

Figure 3.4 Types of hydrocarbons  

Fill in the blank: Hydrocarbons composed only of single bonds are called ______. 

3.3.2 Oxygen-containing groups (alcohols, ethers, carbonyls, carboxylic acids, esters) 

Oxygen-containing functional groups are central to organic chemistry. Alcohols contain an –

OH group attached to a carbon atom. Ethers have an oxygen atom linking two carbon chains. 

Carbonyl groups (C=O) are found in aldehydes and ketones. Carboxylic acids contain a –

COOH group, while esters are formed from the reaction between an acid and an alcohol, often 

responsible for pleasant fragrances. These groups influence solubility, reactivity, and 

biological activity. 
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Functional 

Group 

General 

Structure 

Distinguishing 

Feature 
Representative Example 

Alcohol $R-OH$ 

Hydroxyl group ($-

OH$) bonded to an 

$sp^3$ carbon. 

Ethanol ($CH_3CH_2OH$) 

Ether $R-O-R'$ 

Oxygen atom 

bonded to two 

carbon groups. 

Diethyl ether 

($CH_3CH_2OCH_2CH_3$) 

Carbonyl 

(Aldehyde) 
$R-CHO$ 

Carbonyl group 

($C=O$) bonded to 

at least one 

hydrogen. 

Ethanal ($CH_3CHO$) 

Carbonyl 

(Ketone) 

$R-CO-

R'$ 

Carbonyl group 

($C=O$) bonded to 

two carbon groups. 

Acetone ($CH_3COCH_3$) 

Carboxylic 

Acid 

$R-

COOH$ 

Carbonyl group 

bonded to a 

hydroxyl group. 

Acetic acid ($CH_3COOH$) 

Ester 
$R-

COOR'$ 

Carbonyl group 

bonded to an alkoxy 

group ($-OR$). 

Ethyl acetate 

($CH_3COOCH_2CH_3$) 

Table 3.1 Oxygen-containing functional groups and examples  

Fill in the blank: The functional group –OH is characteristic of ______. 

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

Nitrogen-containing groups are also highly significant. Amines contain nitrogen bonded to 

carbon and hydrogen atoms, resembling ammonia derivatives. Amides have a carbonyl group 

attached to nitrogen, common in proteins. Nitriles contain a –C≡N group, giving them 

distinctive chemical properties. These groups are important in pharmaceuticals, polymers, and 

biological systems. 
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Plate 3.2 Nitrogen-containing functional groups in applications. 

Fill in the blank: The functional group –C≡N is characteristic of ______. 

Pilot questions 3.3 

1. Define hydrocarbons and name the four main types. 

2. What type of bond is present in alkenes? 

3. State the functional group present in alcohols. 

4. Give one example of an oxygen-containing functional group used in fragrances. 

5. Name the nitrogen-containing group that is common in proteins. 

 

3.4 Applications of Nomenclature and Functional Groups 

3.4.1 Importance in chemical communication and industry 

The use of systematic nomenclature, defined as the set of rules for naming chemical 

compounds, ensures clarity and precision in scientific communication. Chemists across the 

world can identify a compound unambiguously, regardless of language or context. This is 

particularly important in industry, where accurate naming prevents costly errors in production, 

storage, and transport. For example, distinguishing between ethanol and methanol is critical, 

as one is safe for consumption in small amounts while the other is highly toxic. 

The Importance of Nomenclature in Chemical Communication and Industry 

In both scientific research and global industry, precise chemical nomenclature is not merely a 

formality; it is the essential language that ensures safety, consistency, and innovation. 

 Universal Understanding: IUPAC nomenclature provides a standardized "global 

language" for chemists, ensuring that a specific name corresponds to exactly one unique 

molecular structure, regardless of geographic location or language. 
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 Safety and Regulatory Compliance: In industrial sectors—such as pharmaceuticals, 

food science, and chemical manufacturing—the correct identification of substances is 

critical for safety data sheets (SDS), regulatory labeling, and preventing hazardous mix-

ups. 

 Information Retrieval and Databases: Digital chemical databases (e.g., PubChem, 

ChemSpider) rely on systematic naming and identifiers (like InChI or SMILES) to 

allow researchers to retrieve properties, synthesis protocols, and toxicity data for 

millions of compounds. 

 Legal and Patent Precision: Patent law requires absolute clarity in describing 

chemical entities. Systematic names ensure that the intellectual property of a new drug 

or material is clearly defined, preventing ambiguity in legal ownership. 

 Eliminating Trivial Ambiguity: Unlike common names (which may be historical or 

regional), systematic names remove ambiguity, helping researchers distinguish 

between closely related structural isomers that may have wildly different biological or 

chemical activities. 

Box 3.2 Importance of nomenclature in industry  

Fill in the blank: Systematic nomenclature ensures clarity and precision in ______ 

communication. 

3.4.2 Role in predicting reactivity and properties 

Functional groups play a vital role in determining how organic compounds behave. A 

functional group is a specific group of atoms within a molecule that is responsible for 

characteristic chemical reactions. For instance, alcohols with –OH groups are generally soluble 

in water, while carboxylic acids with –COOH groups are acidic. By recognising functional 

groups, chemists can predict reactivity, design new compounds, and understand biological 

processes. This predictive power makes functional groups central to both academic study and 

practical applications such as drug design and materials development. 

 

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

for characteristic ______ reactions. 

Pilot questions 3.4 

1. Why is systematic nomenclature important in industry? 

2. Give one example of a situation where accurate naming prevents errors. 

3. Define the term functional group. 

4. How does the –OH group affect the properties of alcohols? 

5. Why are functional groups important in predicting reactivity? 

 

Series Summary 

This Series has guided you through the essential skills of representing, naming, and classifying 

organic compounds. We began by examining structural formulae and different representations, 

followed by the concept of isomerism. Then, we explored the principles of nomenclature, 

focusing on IUPAC rules and the distinction between common and systematic names. 

Afterwards, we studied the major functional groups, including hydrocarbons, oxygen-

containing groups, and nitrogen-containing groups. Finally, we considered the applications of 

nomenclature and functional groups, highlighting their importance in chemical 

communication, industry, and predicting reactivity. 

By engaging with these topics, you have achieved the Series Learning Outcomes: you can now 

demonstrate structural representations and identify isomerism (SLO 3.1), apply IUPAC rules 

to name compounds (SLO 3.2), distinguish between common and systematic names (SLO 

3.3), identify major functional groups (SLO 3.4), and analyse their importance in 

communication, industry, and reactivity (SLO 3.5). These skills are fundamental for 

progressing in organic chemistry and for practical applications in science and technology. 

 

Series Glossary 

 Alcohol: An organic compound containing an –OH group attached to carbon. 

 Alkane: A saturated hydrocarbon with single bonds only. 

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

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

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

 Amine: A compound derived from ammonia, containing nitrogen bonded to carbon and 

hydrogen. 

 Aromatic hydrocarbon: A hydrocarbon with ring structures and alternating double 

bonds, such as benzene. 

 Carboxylic acid: An organic compound containing the –COOH group. 

 Condensed formula: A simplified representation of a molecule grouping atoms 

together. 

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

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

 Functional group: A specific group of atoms responsible for characteristic chemical 

reactions. 
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 Geometrical isomerism: Isomerism due to different arrangements around a double 

bond (cis/trans). 

 IUPAC nomenclature: Systematic rules for naming organic compounds. 

 Isomerism: Compounds with the same molecular formula but different arrangements 

of atoms. 

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

 Nitrile: A compound containing the –C≡N group. 

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

 Structural formula: A representation showing the exact arrangement of atoms and 

bonds. 

 Systematic name: A precise name following IUPAC rules. 

 

Concept Check Questions [Series 3] 

Objective questions 

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

bonds? 

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

compounds? 

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

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

Short-answer questions 

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

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

7. (Linked to SLO 3.3) Give one example of a compound with both a common and 

systematic name. 

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

Long-answer questions 

9. (Linked to SLO 3.1) Discuss the concept of isomerism, distinguishing between 

structural and stereoisomers with examples. 

10. (Linked to SLO 3.5) Analyse the importance of nomenclature and functional groups in 

chemical communication, industry, and predicting reactivity. 

Answers to Concept Check Questions [Series 3] 

Objective answers 

1. Structural formula. 

2. IUPAC. 

3. Ethanoic acid. 

4. –OH group. 

Short-answer answers 
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5. Structural formula shows all atoms and bonds explicitly, while line formula implies 

carbon atoms at intersections. 

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

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

8. Amide. 

Long-answer answers 

9. Basic response: Isomerism occurs when compounds share the same molecular formula 

but differ in arrangement. Structural isomers differ in connectivity, while stereoisomers 

differ in spatial arrangement. Value-added response: Geometrical isomers (cis/trans) 

differ around double bonds, while optical isomers (enantiomers) are mirror images. 

These variations influence physical and chemical properties significantly. 

10. Basic response: Nomenclature ensures clarity in naming, while functional groups 

determine reactivity and properties. Value-added response: In industry, accurate 

naming prevents errors, and functional groups guide drug design, materials 

development, and understanding biological processes. 

Answers to Pilot Questions [Series 3] 

 Part 3.1: Structural formula; condensed vs line; same formula, different arrangement; 

connectivity vs spatial arrangement; cis/trans 2-butene. 

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

acid. 

 Part 3.3: Hydrocarbons: alkanes, alkenes, alkynes, aromatics; double bond; –OH; ester; 

amide. 

 Part 3.4: Clarity in communication; ethanol vs methanol; functional group; solubility; 

predictive importance. 

 

References and Attributions [Series 3] 

 Standard organic chemistry textbooks (e.g., Morrison & Boyd, Organic Chemistry). 

 IUPAC official guidelines on nomenclature. 

 Suggested OER sources for illustrations: 

o Figure 3.1 Representations of ethane (OER diagram). 

o Figure 3.2 Cis/trans isomerism in 2-butene (OER diagram). 

o Figure 3.3 Steps in IUPAC nomenclature (OER diagram). 

o Box 3.1 Common vs systematic names (AI-generated summary box). 

o Figure 3.4 Types of hydrocarbons (OER diagram). 

o Table 3.1 Oxygen-containing functional groups (AI-generated table). 

o Plate 3.2 Nitrogen-containing groups in applications (OER image). 

o Box 3.2 Importance of nomenclature (AI-generated summary box). 

o Figure 3.5 Functional groups and reactivity (OER diagram). 

 AI prompts used for illustration placeholders were noted in each Part. 
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Proposed Outline Series 4 

4.1 Reaction mechanisms 

o 4.1.1 Definition and importance of mechanisms 

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

o 4.1.3 Energy profiles and transition states 

4.2 Nucleophilic substitution reactions 

o 4.2.1 SN1 mechanism 

o 4.2.2 SN2 mechanism 

o 4.2.3 Factors affecting substitution reactions 

4.3 Stereochemistry of organic compounds 

o 4.3.1 Chirality and optical activity 

o 4.3.2 Enantiomers and diastereomers 

o 4.3.3 Geometrical isomerism (cis/trans, E/Z notation) 

4.4 Applications of stereochemistry and mechanisms 

o 4.4.1 Importance in pharmaceuticals and drug design 

o 4.4.2 Industrial and biological relevance 

 

Introduction 

In the previous Series, we studied how organic compounds are represented, named, and 

classified according to their functional groups. Building on that foundation, this Series 

introduces you to the dynamic processes of organic reactions and the spatial arrangements of 

molecules. Understanding mechanisms and stereochemistry is essential for predicting how 

reactions occur and for appreciating the role of molecular structure in determining chemical 

behaviour. 

The aim of this Series is to equip you with the ability to explain reaction mechanisms, 

distinguish between different substitution pathways, and analyse stereochemical concepts such 

as chirality, enantiomers, and geometrical isomerism. 

We shall commence this Series by examining reaction mechanisms, their importance, and the 

types commonly encountered in organic chemistry. Next, we will explore nucleophilic 

substitution reactions, focusing on SN1 and SN2 pathways and the factors that influence them. 

Following that, we will study stereochemistry, including chirality, optical activity, and 

isomerism. Finally, we will conclude with applications of stereochemistry and mechanisms, 

highlighting their importance in pharmaceuticals, industry, and biological systems. 

Series Learning Outcomes 

Upon completing this Series, you should be able to: 
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 SLO 4.1 define reaction mechanisms and explain their importance in organic 

chemistry, 

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

 SLO 4.3 demonstrate the SN1 and SN2 mechanisms and evaluate the factors affecting 

them, 

 SLO 4.4 describe stereochemical concepts such as chirality, enantiomers, 

diastereomers, and geometrical isomerism, 

 SLO 4.5 analyse the applications of mechanisms and stereochemistry in 

pharmaceuticals, industry, and biological systems. 

 

4.1 Reaction Mechanisms 

4.1.1 Definition and importance of mechanisms 

A reaction mechanism is a step-by-step description of how a chemical reaction occurs at the 

molecular level. It explains the sequence of bond-breaking and bond-forming events, showing 

how reactants are converted into products. Mechanisms are important because they allow 

chemists to predict reaction outcomes, design new reactions, and understand why certain 

conditions favour one pathway over another. 

Fill in the blank: A reaction mechanism describes how a chemical ______ occurs at the 

molecular level. 

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

Organic reactions can be classified into several types of mechanisms. Substitution reactions 

involve replacing one atom or group with another, such as halogen exchange. Addition 

reactions occur when atoms or groups are added across a double or triple bond, increasing 

saturation. Elimination reactions involve the removal of atoms or groups, often forming 

double or triple bonds. Each type of mechanism follows a distinct pathway, influenced by the 

structure of the reactants and reaction conditions. 

 

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

4.1.3 Energy profiles and transition states 

Every reaction mechanism can be represented by an energy profile, defined as a graph showing 

the energy changes during a reaction. The highest point on the curve corresponds to the 

transition state, which is the unstable arrangement of atoms at the moment of bond-breaking 

and bond-forming. The difference in energy between reactants and products determines 

whether the reaction is exothermic or endothermic. Understanding energy profiles helps 

chemists control reaction rates and optimise conditions. 

 

Figure 4.2 Energy profile of a chemical reaction.  

Fill in the blank: The highest point on an energy profile corresponds to the ______ state. 

Pilot questions 4.1 

1. Define a reaction mechanism. 

2. Name the three main types of organic reaction mechanisms. 

3. What happens in a substitution reaction? 

4. What does the transition state represent in an energy profile? 

5. Why are reaction mechanisms important in organic chemistry? 

 

4.2 Nucleophilic Substitution Reactions 

4.2.1 SN1 mechanism 

The SN1 mechanism (Substitution Nucleophilic Unimolecular) is a two-step process where 

the rate-determining step involves the formation of a carbocation, defined as a positively 

charged carbon species. First, the leaving group departs, creating the carbocation. Then, the 

nucleophile attacks the carbocation to form the product. SN1 reactions are favoured when the 

carbocation formed is stable, such as in tertiary carbons. 
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Figure 4.3 SN1 mechanism.  

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

______. 

4.2.2 SN2 mechanism 

The SN2 mechanism (Substitution Nucleophilic Bimolecular) is a one-step process where the 

nucleophile attacks the substrate at the same time as the leaving group departs. This leads to an 

inversion of configuration at the carbon centre, often referred to as the Walden inversion. SN2 

reactions are favoured in primary carbons where steric hindrance is minimal, allowing the 

nucleophile to attack directly. 

 

Figure 4.4 SN2 mechanism.  

Fill in the blank: The SN2 mechanism involves a one-step process with simultaneous attack 

and ______. 
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4.2.3 Factors affecting substitution reactions 

Several factors influence whether a reaction follows the SN1 or SN2 pathway. Substrate 

structure is crucial: tertiary carbons favour SN1 due to carbocation stability, while primary 

carbons favour SN2 due to reduced steric hindrance. Nucleophile strength also matters: strong 

nucleophiles promote SN2, while weak nucleophiles are more compatible with SN1. Solvent 

effects play a role too: polar protic solvents stabilise carbocations and favour SN1, while polar 

aprotic solvents enhance nucleophile strength and favour SN2. 

Factor SN1 Mechanism SN2 Mechanism 

Substrate 

Structure 

Tertiary > 

Secondary (stable 

carbocation 

intermediate). 

Primary and methyl 

are virtually 

unreactive. 

Methyl > Primary > Secondary (steric 

hindrance slows/stops tertiary). 

Nucleophile 

Strength 

Weak nucleophile 
(e.g., $H_2O$, 

$ROH$). The 

nucleophile does not 

play a role in the rate-

determining step. 

Strong nucleophile (e.g., $CN^-$, $I^-$, 

$OH^-$) is required to drive the 

concerted attack. 

Solvent Effects 

Polar protic 

solvents (e.g., water, 

alcohols) stabilize the 

carbocation 

intermediate and 

leaving group 

through hydrogen 

bonding. 

Polar aprotic solvents (e.g., DMSO, 

Acetone, DMF) increase the reactivity of 

the nucleophile without solvating it too 

tightly. 

Stereochemistry 

Results in 

racemization 
(mixture of retention 

and inversion) due to 

the planar 

carbocation 

intermediate. 

Results in inversion of configuration 

(Walden inversion) due to backside 

attack. 

Rate Law 

Unimolecular: 

$\text{Rate} = 

k[\text{substrate}]$ 

Bimolecular: $\text{Rate} = 

k[\text{substrate}][\text{nucleophile}]$ 

Table 4.1 Factors influencing SN1 and SN2 mechanisms  
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Fill in the blank: Polar protic solvents stabilise carbocations and favour the ______ mechanism. 

Pilot questions 4.2 

1. Define the SN1 mechanism and state its key intermediate. 

2. What happens to the configuration of the carbon centre in SN2 reactions? 

3. Which type of carbon favours the SN1 pathway? 

4. How does nucleophile strength affect substitution reactions? 

5. Why do polar aprotic solvents favour SN2 reactions? 

 

4.3 Stereochemistry of Organic Compounds 

4.3.1 Chirality and optical activity 

Chirality refers to the property of a molecule that cannot be superimposed on its mirror image. 

A carbon atom bonded to four different groups is called a chiral centre. Such molecules exist 

in two forms, known as enantiomers, which are mirror images of each other. These 

enantiomers often exhibit optical activity, defined as the ability to rotate plane-polarised light 

either to the right (dextrorotatory) or to the left (levorotatory). 

 

Figure 4.5 Chirality and enantiomers.  

Fill in the blank: A carbon atom bonded to four different groups is called a ______ centre. 

4.3.2 Enantiomers and diastereomers 

Enantiomers are stereoisomers that are non-superimposable mirror images of each other. They 

share identical physical properties except for the direction in which they rotate plane-polarised 



 

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

light and their behaviour in chiral environments, such as biological systems. Diastereomers, 

on the other hand, are stereoisomers that are not mirror images. They often differ in physical 

properties such as melting point, solubility, and reactivity. 

[Insert table placeholder here] Caption: Table 4.2 Comparison between enantiomers and 

diastereomers Short description: A comparative table highlighting differences in symmetry, 

physical properties, and optical activity. Sample AI prompt: “Generate a table comparing 

enantiomers and diastereomers in terms of symmetry, physical properties, and optical activity.” 

Search string: “enantiomers vs diastereomers organic chemistry OER table” 

Fill in the blank: Stereoisomers that are not mirror images are called ______. 

4.3.3 Geometrical isomerism (cis/trans, E/Z notation) 

Geometrical isomerism arises due to restricted rotation around double bonds or within ring 

structures. The simplest form is cis/trans isomerism, where substituents are on the same side 

(cis) or opposite sides (trans) of a double bond. A more precise system is the E/Z notation, 

which uses the Cahn–Ingold–Prelog priority rules to assign substituents. Geometrical isomers 

often differ in physical properties such as boiling points and in chemical reactivity. 

 

Figure 4.6 Geometrical isomerism in 2-butene.  

Fill in the blank: The cis/trans system is a simple form of ______ isomerism. 

Pilot questions 4.3 

1. Define chirality and give an example of a chiral centre. 

2. What property distinguishes enantiomers from diastereomers? 

3. How do enantiomers interact with plane-polarised light? 

4. What is the difference between cis and trans isomers? 

5. Why is the E/Z notation considered more precise than cis/trans notation? 
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4.4 Applications of Stereochemistry and Mechanisms 

4.4.1 Importance in pharmaceuticals and drug design 

Stereochemistry plays a crucial role in the development of medicines. Many drugs contain 

chiral centres, and the two enantiomers of a compound can have very different biological 

effects. For example, one enantiomer may be therapeutic, while the other could be inactive or 

even harmful. Understanding reaction mechanisms, defined as the step-by-step pathways of 

chemical reactions, allows chemists to design synthetic routes that produce the desired 

stereoisomer selectively. This precision is vital in drug design, where safety and efficacy 

depend on controlling stereochemistry. 

 

Plate 4.1 Importance of stereochemistry in pharmaceuticals.  

Fill in the blank: In pharmaceuticals, the two ______ of a compound can have very different 

biological effects. 

4.4.2 Industrial and biological relevance 

Beyond medicine, stereochemistry and mechanisms are equally important in industry and 

biology. In industrial chemistry, stereoselective reactions are used to produce polymers and 

fine chemicals with specific properties. In biological systems, enzymes act as catalysts that 

recognise and react with specific stereoisomers, ensuring precise biochemical processes. 

Reaction mechanisms explain how these transformations occur, helping scientists replicate or 

modify them for practical applications. 
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Figure 4.7 Applications of stereochemistry in industry and biology. 

Fill in the blank: Enzymes act as catalysts that recognise and react with specific ______. 

Pilot questions 4.4 

1. Why is stereochemistry important in drug design? 

2. What is the role of mechanisms in producing desired stereoisomers? 

3. Give one example of how stereochemistry is applied in industry. 

4. How do enzymes demonstrate stereospecificity in biological systems? 

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

 

Series Summary 

This Series has introduced you to the dynamic processes of organic reactions and the spatial 

arrangements of molecules. We began by defining reaction mechanisms and exploring their 

importance, followed by the main types of mechanisms such as substitution, addition, and 

elimination. Then, we studied nucleophilic substitution reactions, focusing on the SN1 and SN2 

pathways and the factors that influence them. Afterwards, we examined stereochemistry, 

including chirality, enantiomers, diastereomers, and geometrical isomerism. Finally, we 

considered the applications of mechanisms and stereochemistry in pharmaceuticals, industry, 

and biological systems. 
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By engaging with these topics, you have achieved the Series Learning Outcomes: you can now 

define reaction mechanisms (SLO 4.1), distinguish between different types of mechanisms 

(SLO 4.2), demonstrate SN1 and SN2 pathways (SLO 4.3), describe stereochemical concepts 

(SLO 4.4), and analyse their applications in real-world contexts (SLO 4.5). These skills are 

essential for understanding organic chemistry at a deeper level and for appreciating its 

relevance in science and technology. 

 

Series Glossary 

 Addition reaction: A reaction where atoms or groups are added across a double or 

triple bond. 

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

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

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

 Elimination reaction: A reaction where atoms or groups are removed, often forming 

double or triple bonds. 

 Enantiomers: Non-superimposable mirror-image stereoisomers. 

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

 Geometrical isomerism: Isomerism due to restricted rotation around double bonds or 

rings. 

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

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

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

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

 SN2 mechanism: A one-step substitution reaction with simultaneous attack and 

departure. 

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

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

 Transition state: The unstable arrangement of atoms at the highest energy point in a 

reaction. 

 

Concept Check Questions [Series 4] 

Objective questions 

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

2. (Linked to SLO 4.2) Name the three main types of organic reaction mechanisms. 

3. (Linked to SLO 4.3) What is the key intermediate in the SN1 mechanism? 

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

Short-answer questions 

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

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

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

reactions? 

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

9. (Linked to SLO 4.3) Compare and contrast the SN1 and SN2 mechanisms, including 

factors that influence each pathway. 

10. (Linked to SLO 4.5) Analyse the importance of stereochemistry and mechanisms in 

pharmaceuticals, industry, and biological systems. 

Answers to Concept Check Questions [Series 4] 

Objective answers 

1. The step-by-step process of how a chemical reaction occurs. 

2. Substitution, addition, and elimination. 

3. Carbocation. 

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

Short-answer answers 

5. The transition state is the unstable arrangement of atoms at the highest energy point in 

a reaction. 

6. In an addition reaction, atoms or groups are added across a double or triple bond. 

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

8. Cis/trans isomerism in 2-butene. 

Long-answer answers 

9. Basic response: SN1 is a two-step mechanism involving carbocation formation, while 

SN2 is a one-step mechanism with simultaneous attack and departure. Value-added 

response: SN1 is favoured by tertiary carbons and polar protic solvents, while SN2 is 

favoured by primary carbons, strong nucleophiles, and polar aprotic solvents. 

10. Basic response: Stereochemistry ensures correct drug activity, while mechanisms 

explain reaction pathways. Value-added response: In pharmaceuticals, 

stereochemistry determines therapeutic effects; in industry, stereoselective reactions 

produce specific polymers; in biology, enzymes act stereospecifically to control 

biochemical processes. 

Answers to Pilot Questions [Series 4] 

 Part 4.1: Step-by-step process; substitution, addition, elimination; replacement of one 

group; unstable arrangement of atoms; prediction and design. 

 Part 4.2: SN1 involves carbocation; inversion of configuration; tertiary carbons; strong 

nucleophiles favour SN2; polar aprotic solvents favour SN2. 

 Part 4.3: Chirality; enantiomers vs diastereomers; rotation of plane-polarised light; cis 

vs trans; E/Z notation precision. 

 Part 4.4: Different enantiomeric effects; selective synthesis; polymers; enzyme 

stereospecificity; safety and efficacy. 
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References and Attributions [Series 4] 

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

Chemistry). 

 IUPAC guidelines on stereochemistry and reaction mechanisms. 

 Suggested OER sources for illustrations: 

o Figure 4.1 Types of reaction mechanisms (OER diagram). 

o Figure 4.2 Energy profile (OER diagram). 

o Figure 4.3 SN1 mechanism (OER diagram). 

o Figure 4.4 SN2 mechanism (OER diagram). 

o Table 4.1 Factors influencing SN1 and SN2 (AI-generated table). 

o Figure 4.5 Chirality and enantiomers (OER diagram). 

o Table 4.2 Enantiomers vs diastereomers (AI-generated table). 

o Figure 4.6 Geometrical isomerism (OER diagram). 

o Plate 4.1 Chiral drugs (OER image). 

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

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

5.1 Comparative chemistry of main group elements 

o 5.1.1 Trends across periods and groups 

o 5.1.2 Chemical reactivity and similarities/differences 

o 5.1.3 Industrial and environmental relevance 

5.2 General properties of transition metals 

o 5.2.1 Electronic configuration and variable oxidation states 

o 5.2.2 Formation of coloured compounds 

o 5.2.3 Magnetic properties 

5.3 Coordination chemistry 

o 5.3.1 Ligands and coordination number 

o 5.3.2 Shapes of complexes 

o 5.3.3 Applications of coordination compounds 

5.4 Applications of transition metal chemistry 

o 5.4.1 Catalysis in industry 

o 5.4.2 Biological roles of transition metals 

o 5.4.3 Environmental and technological importance 

 

Introduction 

In the last Series, we explored mechanisms and stereochemistry, focusing on how reactions 

occur and how molecular structures influence chemical behaviour. This Series shifts attention 

to the periodic table, comparing trends among main group elements and examining the unique 

chemistry of transition metals. These topics are central to inorganic chemistry and provide 

insight into both theoretical principles and practical applications. 

The aim of this Series is to enable you to analyse periodic trends, explain the distinctive 

properties of transition metals, and apply knowledge of coordination chemistry to real-world 

contexts in industry, biology, and the environment. 

We shall commence this Series by studying comparative chemistry of main group elements, 

focusing on periodic trends and reactivity. Next, we will explore the general properties of 

transition metals, including their electronic configurations, oxidation states, and characteristic 

colours. Following that, we will examine coordination chemistry, considering ligands, complex 

shapes, and applications. Finally, we will conclude with the practical importance of transition 

metal chemistry, highlighting its roles in catalysis, biological systems, and environmental 

technology. 

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

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

 SLO 5.2 explain the general properties of transition metals, including oxidation states, 

colours, and magnetism, 

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

 SLO 5.4 evaluate the applications of transition metal chemistry in industry, biology, 

and environmental contexts. 

 

5.1 Comparative Chemistry of Main Group Elements 

5.1.1 Trends across periods and groups 

The main group elements are those found in Groups 1, 2, and 13–18 of the periodic table. 

Their properties show clear periodic trends, defined as predictable variations across periods 

(rows) and down groups (columns). For example, atomic radius decreases across a period due 

to increasing nuclear charge, while it increases down a group as new electron shells are added. 

Similarly, ionisation energy increases across a period but decreases down a group. These 

trends help chemists predict reactivity and bonding behaviour. 

 

Figure 5.1 Periodic trends in main group elements.  

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

5.1.2 Chemical reactivity and similarities/differences 

The chemical reactivity of main group elements is strongly influenced by their position in the 

periodic table. Alkali metals (Group 1) are highly reactive, readily losing one electron to form 

cations. Halogens (Group 17) are also highly reactive, but they gain electrons to form anions. 

Noble gases (Group 18) are largely inert due to their stable electronic configurations. 

Comparing across groups reveals similarities, such as the reactivity of alkali metals increasing 

down the group, and differences, such as the contrasting behaviours of metals and non-metals. 
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Group 
Group 

Name 

Valence 

Electrons 

Reactivity 

Trend 
Principle 

1 
Alkali 

Metals 
1 

Increases 
down the 

group 

Easier to lose the single 

valence electron due to 

increased shielding and 

distance from the nucleus. 

17 Halogens 7 
Decreases 
down the 

group 

Harder to attract an 

additional electron due to 

increased shielding and 

distance from the nucleus. 

18 
Noble 

Gases 
8 (Full) 

Extremely 

Low/Inert 

Stable octet configuration 

makes them chemically 

unreactive under standard 

conditions. 

Table 5.1 Reactivity trends of selected main group elements  

Fill in the blank: Halogens are highly reactive because they readily ______ electrons to form 

anions. 

5.1.3 Industrial and environmental relevance 

Main group elements have wide-ranging industrial and environmental importance. Aluminium 

(Group 13) is used extensively in construction and packaging due to its strength and lightness. 

Silicon (Group 14) is vital in electronics and solar panels. Nitrogen and oxygen (Group 15 and 

16) are essential for life and industrial processes, while chlorine (Group 17) is used in water 

treatment. Understanding comparative chemistry allows us to appreciate how these elements 

contribute to technology, health, and the environment. 

Element Primary Industrial Applications 
Key Environmental 

Applications 

Aluminium 

Lightweight alloys for aerospace, 

automotive, and construction; 

food packaging. 

Energy-efficient recycling 

(requires 95% less energy than 

primary production). 

Silicon 

Semiconductor chips for 

electronics; solar cells 

(photovoltaics); glass and 

ceramics. 

Essential for renewable energy 

infrastructure via efficient solar 

energy conversion. 

Nitrogen 

Ammonia synthesis for fertilizers; 

cryogenics (liquid nitrogen); food 

preservation. 

Crucial in wastewater treatment 

to control nutrient levels 

(denitrification). 
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Element Primary Industrial Applications 
Key Environmental 

Applications 

Oxygen 

Steelmaking and metal 

fabrication; medical life support 

systems. 

Water purification and oxidation 

processes for breaking down 

organic pollutants. 

Chlorine 

Manufacturing of PVC plastics; 

precursor for disinfectants and 

pharmaceuticals. 

Water disinfection and pathogen 

control in public water treatment 

systems. 

Box 5.1 Industrial and environmental uses of main group elements 

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

devices. 

Pilot questions 5.1 

1. Define periodic trends and give one example. 

2. How does atomic radius change across a period? 

3. Why are alkali metals highly reactive? 

4. What makes noble gases largely inert? 

5. Name one industrial use of aluminium. 

 

5.2 General Properties of Transition Metals 

5.2.1 Electronic configuration and variable oxidation states 

Transition metals are elements found in Groups 3–12 of the periodic table. Their defining 

feature is the presence of partially filled d-orbitals, which give rise to unique chemical 

properties. One of the most important characteristics is their ability to exhibit variable 

oxidation states, meaning they can lose different numbers of electrons depending on the 

reaction. For example, iron can exist as Fe²⁺ or Fe³⁺, while manganese can show oxidation 

states ranging from +2 to +7. This versatility makes transition metals highly useful in catalysis 

and redox reactions. 
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Figure 5.2 Electronic configuration and oxidation states of iron. 

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

5.2.2 Formation of coloured compounds 

A distinctive property of transition metals is their ability to form coloured compounds. This 

arises from d–d electronic transitions, where electrons move between different d-orbitals 

when light is absorbed. The specific colour depends on the energy difference between orbitals, 

which is influenced by the type of ligands attached to the metal. For example, copper(II) 

sulphate appears blue, while potassium dichromate is orange. These colours are widely used in 

analytical  

 

Plate 5.1 Coloured compounds of transition metals. 

Fill in the blank: The colours of transition metal compounds arise from ______ transitions. 
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5.2.3 Magnetic properties 

Transition metals also exhibit interesting magnetic properties, defined as their ability to 

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

Compounds with unpaired electrons are paramagnetic, meaning they are attracted to magnetic 

fields, while those with all electrons paired are diamagnetic, meaning they are weakly repelled. 

For example, manganese(II) compounds are paramagnetic, while zinc compounds are 

diamagnetic. These properties are important in materials science and technology. 

 

Figure 5.3 Magnetic properties of transition metals. 

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

Pilot questions 5.2 

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

2. Define variable oxidation states and give one example. 

3. Why do transition metals form coloured compounds? 

4. Distinguish between paramagnetic and diamagnetic compounds. 

5. Name one industrial application of coloured transition metal compounds. 

 

5.3 Coordination Chemistry 

5.3.1 Ligands and coordination number 

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

form a coordination complex. Ligands can be simple, such as water or ammonia, or more 

complex, such as ethylenediamine. The coordination number refers to the number of ligand 

donor atoms directly bonded to the central metal ion. For example, in [Cu(NH₃)₄]²⁺, the 

coordination number is 4 because four ammonia molecules are bonded to copper. 
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Figure 5.4 Ligands and coordination number.  

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

______ number. 

5.3.2 Shapes of complexes 

The shape of a coordination complex depends on its coordination number and the arrangement 

of ligands. Common shapes include octahedral (coordination number 6), tetrahedral 

(coordination number 4), and square planar (coordination number 4, but with ligands arranged 

differently). These shapes influence the physical and chemical properties of the complexes, 

including colour, reactivity, and magnetic behaviour. 

 

Figure 5.5 Shapes of coordination complexes. 

Fill in the blank: A coordination complex with six ligands arranged symmetrically around the 

central ion is called ______. 
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5.3.3 Applications of coordination compounds 

Coordination compounds have wide-ranging applications. In medicine, cisplatin is used as an 

anti-cancer drug. In industry, complexes of transition metals act as catalysts, such as 

Wilkinson’s catalyst in hydrogenation reactions. In biology, haemoglobin is a coordination 

compound where iron binds to oxygen through ligands. These examples highlight the 

importance of coordination chemistry in everyday life and advanced technology. 

Field Application Key Example 

Medicine 

Cancer 

chemotherapy and 

diagnostics. 

Cisplatin $[Pt(NH_3)_2Cl_2]$ is a potent anti-

cancer drug that binds to DNA. 

Industry 

Homogeneous and 

heterogeneous 

catalysis. 

Ziegler-Natta catalysts (Ti/Al complexes) are 

essential for polymerizing ethylene and 

propylene into plastics. 

Biology 
Oxygen transport and 

electron transfer. 

Hemoglobin (iron-porphyrin complex) 

transports $O_2$ in blood; Chlorophyll 

(magnesium complex) enables photosynthesis. 

Analytical 
Metal extraction and 

detection. 

EDTA (a polydentate ligand) is used in water 

softening and heavy metal chelation therapy. 

Box 5.2 Applications of coordination compounds  

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

Pilot questions 5.3 

1. Define a ligand and give one example. 

2. What does the coordination number represent? 

3. Name three common shapes of coordination complexes. 

4. Give one example of a coordination compound used in medicine. 

5. Why are coordination compounds important in biology? 

 

5.4 Applications of Transition Metal Chemistry 

5.4.1 Catalysis in industry 

Transition metals are widely used as catalysts, defined as substances that increase the rate of 

a chemical reaction without being consumed. Their ability to adopt variable oxidation states 

and form complexes makes them ideal for industrial processes. For example, iron is used in the 

Haber process for ammonia production, while platinum and palladium are employed in 

catalytic converters to reduce vehicle emissions. These applications highlight the economic and 

environmental importance of transition metal catalysis. 
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Figure 5.6 Industrial catalysis using transition metals. 

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

 

5.4.2 Biological roles of transition metals 

Transition metals also play essential roles in biological systems. Iron in haemoglobin binds 

oxygen for transport in the blood. Magnesium is central to chlorophyll, enabling 

photosynthesis in plants. Zinc is a cofactor in many enzymes, while copper is involved in 

electron transport in respiration. These biological roles demonstrate how transition metals are 

indispensable for life processes. 

 

Plate 5.2 Biological roles of transition metals.  

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

Transition metals contribute significantly to environmental and technological advancements. 

In environmental chemistry, they are used in water purification and pollution control. In 

technology, transition metals such as titanium and nickel are used in aerospace materials due 

to their strength and resistance to corrosion. Additionally, transition metal oxides are employed 

in batteries and electronic devices, supporting renewable energy and modern electronics. 

Application 

Area 
Role of Transition Metals Key Examples 

Water 

Purification 

Act as catalysts or 

adsorbents to remove 

contaminants, heavy metals, 

and organic pollutants. 

Iron (Fe) and Aluminum (Al) 

electrodes in electrocoagulation; 

Titanium (Ti) and Zinc (Zn) in 

photocatalysis. 

Aerospace 

Materials 

Provide high strength-to-

weight ratios, heat 

resistance, and corrosion 

stability required for 

extreme conditions. 

Titanium (Ti) alloys for airframes; 

Cobalt (Co) and Nickel (Ni) in 

superalloys for turbine blades and jet 

engines. 

Batteries & 

Energy 

Function as active materials 

in cathodes, anodes, and 

catalysts for high-capacity, 

rechargeable energy storage. 

Cobalt (Co), Nickel (Ni), and 

Manganese (Mn) in Lithium-ion 

battery cathodes; Nickel (Ni) and 

Copper (Cu) in current collectors and 

catalysts. 

Box 5.3 Environmental and technological applications of transition metals  

Fill in the blank: Transition metal oxides are widely used in ______ and electronic devices. 

Pilot questions 5.4 

1. Why are transition metals effective catalysts in industry? 

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

3. What role does magnesium play in plants? 

4. Name one technological application of titanium. 

5. Why are transition metal oxides important in renewable energy 

 

Series Summary 

This Series has explored the comparative chemistry of main group elements and the distinctive 

properties of transition metals. We began by examining periodic trends such as atomic radius 

and ionisation energy, followed by the reactivity of alkali metals, halogens, and noble gases, 

and their industrial and environmental relevance. Next, we studied the general properties of 
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transition metals, including variable oxidation states, coloured compounds, and magnetic 

behaviour. Afterwards, we focused on coordination chemistry, introducing ligands, 

coordination numbers, shapes of complexes, and their applications in medicine, industry, and 

biology. Finally, we considered the broader applications of transition metal chemistry, 

highlighting their roles in catalysis, biological systems, and environmental and technological 

contexts. 

By engaging with these topics, you have achieved the Series Learning Outcomes: you can now 

analyse periodic trends (SLO 5.1), explain the general properties of transition metals (SLO 

5.2), define ligands and coordination numbers and describe complex shapes (SLO 5.3), and 

evaluate applications of transition metal chemistry in real-world contexts (SLO 5.4). 

 

Series Glossary 

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

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

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

 Coordination number: The number of ligand donor atoms bonded to a central metal 

ion. 

 Diasmagnetic: Compounds with all electrons paired, weakly repelled by magnetic 

fields. 

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

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

 Ionisation energy: Energy required to remove an electron from an atom. 

 Ligand: An ion or molecule donating electron pairs to a central metal ion. 

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

 Octahedral complex: A coordination complex with six ligands arranged 

symmetrically. 

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

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

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

 Transition metals: Elements in Groups 3–12 with partially filled d-orbitals. 

 

Concept Check Questions [Series 5] 

Objective questions 

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

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

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

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

Short-answer questions 

5. (Linked to SLO 5.1) Why are noble gases largely inert? 

6. (Linked to SLO 5.2) Explain why transition metals form coloured compounds. 

7. (Linked to SLO 5.3) Give one example of a coordination compound used in medicine. 
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8. (Linked to SLO 5.4) State one technological application of titanium. 

Long-answer questions 

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

metals, giving examples. 

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

and environmental technology. 

Answers to Concept Check Questions [Series 5] 

Objective answers 

1. Atomic radius decreases across a period. 

2. d-orbitals. 

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

4. The Haber process. 

Short-answer answers 

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

6. Coloured compounds arise from d–d electronic transitions when light is absorbed. 

7. Cisplatin, used as an anti-cancer drug. 

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

Long-answer answers 

9. Basic response: Transition metals can adopt multiple oxidation states, allowing them 

to participate in diverse reactions. Value-added response: For example, iron exists as 

Fe²⁺ and Fe³⁺, while manganese ranges from +2 to +7. This versatility underpins their 

role in redox reactions and catalysis. 

10. Basic response: Transition metals are used in catalysis, biological systems, and 

environmental technology. Value-added response: Catalysts such as platinum reduce 

emissions, iron in haemoglobin transports oxygen, and transition metal oxides are vital 

in batteries and renewable energy devices. 

Answers to Pilot Questions [Series 5] 

 Part 5.1: Predictable variations; decreases across a period; alkali metals lose electrons; 

noble gases stable; aluminium used in packaging. 

 Part 5.2: Partially filled d-orbitals; iron Fe²⁺/Fe³⁺; d–d transitions; paramagnetic vs 

diamagnetic; copper sulphate in analysis. 

 Part 5.3: Ligand donates electrons; coordination number; octahedral, tetrahedral, 

square planar; cisplatin; haemoglobin. 

 Part 5.4: Catalysts increase rate; iron in haemoglobin; magnesium in chlorophyll; 

titanium in aerospace; oxides in batteries. 
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References and Attributions [Series 5] 

 Standard inorganic chemistry textbooks (e.g., Shriver & Atkins, Inorganic Chemistry). 

 IUPAC guidelines on coordination chemistry and transition metals. 

 Suggested OER sources for illustrations: 

o Figure 5.1 Periodic trends (OER diagram). 

o Table 5.1 Reactivity trends (AI-generated table). 

o Figure 5.2 Electronic configuration of iron (OER diagram). 

o Plate 5.1 Coloured compounds (OER image). 

o Figure 5.3 Magnetic properties (OER diagram). 

o Figure 5.4 Ligands and coordination number (OER diagram). 

o Figure 5.5 Shapes of complexes (OER diagram). 

o Box 5.2 Applications of coordination compounds (AI-generated summary). 

o Figure 5.6 Industrial catalysis (OER diagram). 

o Plate 5.2 Biological roles (OER image). 

o Box 5.3 Environmental and technological applications (AI-generated 

summary). 

 AI prompts used for illustration placeholders were noted in each Part. 

 

 

 

 

 

 


