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Organic Chemistry

|

UNIT

OVERALL
EXPECTATIONS

e assess the social and environmental
impact of organic compounds used
in everyday life, and propose a
course of action to reduce the use
of compounds that are harmful to
human health and the environment ~ *\%§.

e investigate organic compounds and

organic chemical reactions, and use L
various methods to represent the N e
compounds ‘ 7+ )
e demonstrate an understanding NLs 8.7
A LU
of the structure, properties, and h ¢
= > 2

chemical behaviour of compounds
within each class of organic
compounds

BIG IDEAS

e Organic compounds have
predictable chemical and physical
properties determined by their -
respective structures. Y.

WA A TN
Rt O

¢ Organic chemical reactions and =z ,'; A
their applications have significant ¥ 5 _' -
. . . . wF, ¢ h i
implications for society, human fq.‘ - : =

health, and the environment.

UNIT TASK PREVIEW

In the Unit Task, you will explore organic solvents. You will
research their properties and their health and environmental
implications; then you will consider alternatives. Taking the role of
a delegate at a conference on green alternatives, you will suggest

less harmful solvents that could replace the toxic organic options.
The Unit Task is described in detail on page 116. As you

work through the unit, look for Unit Task Bookmarks to see how

information in the section relates to the Unit Task.

2 Unit 1 e Organic Chemistry NEL



FOCUS ON STSE

THE MEDICINE HUNTER

The world’s forests are not only beautiful, but they also contain natural and complex
treasures. Plants, like all living things, contain carbon-based compounds. Plants and
plant extracts have been used to treat human ailments since prehistoric times. Ancient
Egyptians chewed willow bark to cure fever and headaches. Atropine, derived from the
nightshade plant, is a drug used today to treat heart conditions. Plant sources provide a
significant amount of all prescription medications, which are typically carbon-based com-
pounds. In addition, one in five of today’s pharmaceutical drugs comes from the world’s
rainforests. These rainforests flourish in temperate areas, such as the Pacific Rim National
Park Reserve of Canada, and tropical regions.

One of the most exciting areas of plant-based pharmaceutical research is the search
for a cancer cure. Vinblastine and vincristine, which are derived from periwinkle plants
from Madagascar, are used in chemotherapy to treat certain cancers. Taxol, a drug
derived from the Pacific yew tree, is used in the treatment of breast and ovarian cancers.

The healing power of the Pacific yew was known to the indigenous peoples of the
Pacific Northwest. They made teas and poultices from the tree’s needles to treat many
ailments, including various tumours, cancers, and skin lesions. Scientists have spent
years isolating, studying, and testing compounds from the Pacific yew. Once a compound
that exhibited anti-cancer activity was isolated, scientists began to study the mechanism
by which the compound worked.

Harvesting Pacific yew bark to produce Taxol for cancer patients threatens the bal-
ance in the ecosystem. The promise of plant-based pharmaceuticals is accompanied
by environmental concerns about the damage to ecosystems. Losing ecosystems may
also mean losing sources of medications—possibly even medications that we do not yet
know about.

When chemists have figured out the chemical structure of an effective chemotherapy
drug, pharmaceutical companies may choose to manufacture it rather than continue
extracting the natural product from harvested plants. This relieves the pressure on the
environment. However, there is some concern that pure, synthetic compounds may not
be as effective as natural extracts.

Questions
1. There are millions of organic compounds that occur naturally, and many more that
can be synthesized. They generally consist of just three or four elements. How can
so few elements form so many compounds?

2. How might unknown organic compounds be relevant to medical researchers?

3. As more plant-based compounds are discovered to have medicinal qualities,
how important is environmental diversity?

4. Tropical rainforests are destroyed by overharvesting and by converting the forests
to farmland. Given that there is a possibility of finding useful compounds in
rainforests, what should we do to save forest ecosystems?

Focus on STSE
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ARE YOU READY?

CONCEPTS

Lewis structures
electronegativity

SKILLS

identify WHMIS symbols and safety instructions
build molecular models

e relationship between intermolecular forces and properties e review molecular shapes
e polar bonds and polar molecules e identify acids and bases
e jonization or dissociation of acids and bases
Concepts Review 8. What are intermolecular forces? Give an example. @@

1.

. (a)

Provide an example of each of the following methods
of representing entities: [ K

(a) molecular formula
(b)
(c)

Lewis structure
structural formula

Explain what is meant by the term
“electronegativity”

(b) Describe the trend of electronegativity in the
periodic table.

(c) Describe the effect that electronegativity has on
bonding.

(d)

Explain how to use electronegativity values to
predict the characteristics of bonds. &

3. What are polar covalent bonds? Give an example.

. (a)

. (a)

Rank the bonds between the following pairs of
elements in order of increasing polarity. Show
calculations to support your answers.

LiF; NH; BO; HH mm

. (a) Do you agree or disagree with the following

statement? “All molecules that contain polar bonds
are polar molecules” Support your answer with an
example.

(b) Give an example of a polar molecule. Explain your

choice.

(0)

Give an example of a non-polar molecule. Explain
your choice.

What are the parts of a solution? Give an example
of each.

(b)
(©)

What is solubility? Give an example.

Most familiar solutions have solid solutes and
liquid solvents. Give three examples of solutions in
everyday life that do not fit this description.

Using your current knowledge, define the terms
“acid” and “base,” giving an example of each.

(b) The general formula of acids is HA(aq). Why is this
formula useful? m

Unit 1 e Organic Chemistry
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12.

13

. Rank the following types of forces and bonds in order

of decreasing strength:
dipole-dipole; covalent; London dispersion; hydrogen;
ionic M

. Which of the following substances form hydrogen
bonds?
NH,; H,O; HF; H,; CH,; O, mm

. Draw Lewis structures for the each of the following
molecules. Show multiple bonds and correct bond
angles where possible. Using a different colour,

highlight any polar bonds. Indicate whether each
molecule is polar or non-polar. & &a

(a) H,0

(b) O,

(c) CHy

(d) CO,

(e) HF

(f) CH,

Carbon atoms generally form four covalent bonds with
other atoms.

(a) Explain the statement above, referring to the
valence electrons of a carbon atom.

(b) Explain how a carbon atom may bond to only
3 other atoms but still fulfill the requirement of
having 4 bonds.

. The fuels that we most commonly use are hydrocarbons.

&

(a) What is a hydrocarbon?

(b) What type of reaction occurs when a hydrocarbon
is used as a fuel?

(c) What other reactant is required for this reaction to
take place?

(d) List four possible products of this reaction.

(e) Identify at least one health concern that may result
from this reaction.



Skills Review

14. Identify the following WHMIS symbols. Give one
precaution associated with using an item or substance
bearing this symbol.

15. List three pieces of personal protective equipment that
you might wear in a chemistry laboratory.

16. Describe the safety precautions you should take before
handling an acid. @m

17. Describe the correct technique for smelling a chemical
in the laboratory.

18. Describe the procedure for cleaning up spilled
solvent. [ ¥

19. What is the procedure to clean up a spilled basic
solution? [ v

20. If you were using soft candies to represent atoms,
and toothpicks to represent bonds, how many of
each would be required to build each of the following
molecules? Draw a diagram illustrating each model
that you would build. =
(a) water, H,O(I)
(b) methane, CH,(g)
(c) carbon dioxide, CO,(g)
(d) oxygen, O,(g)

21. Explain why the boiling point of a pure substance
increases as the strength of intermolecular forces
increases. [0 &l

22. (a) Which substance has a higher boiling point: water
or oxygen?
(b) Justify your answer, using empirical evidence
(observations).
(c) Give a theoretical explanation for your
answer in (a). @
23. You are given samples of three colourless aqueous
solutions. One is a solution of hydrochloric acid, one
is a solution of sodium hydroxide, and the third is a
solution of sodium chloride. [ A ]
(a) Describe how you could safely differentiate
between them.
(b) List the equipment and materials you would need
for your tests.

24. What are van der Waals forces?

25. Write a dissociation or ionization equation (as
appropriate) for each of the following acids or bases.
Identify each as an acid or a base. [

(a) NaOH(aq)
(b) HCl(ag)

(c) H,80,(aq)
(d) HNO(aq)
(e) LiOH(aq)

(@ CAREER PATHWAYS PREVIEW

Throughout this unit you will see Career Links. Go to the Nelson
Science website to find information about careers related to Organic
Chemistry. On the Chapter Summary page at the end of each
chapter you will find a Career Pathways feature that shows you

the educational requirements of the careers. There are also some
career-related questions for you to research.

Are You Ready?
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KEY CONCEPTS

After completing this chapter you will
be able to

describe some impacts of
organic compounds on human
health, society, and the
environment

use appropriate terminology,
including IUPAC nomenclature,
to describe organic compounds
and their reactions

safely perform laboratory
investigations involving organic
compounds

create molecular models to
represent simple organic
compounds and their reactions

compare the structural formulas
and properties of different
classes of organic compounds

explain the changes that occur
during various organic chemical
reactions and predict the
products of those reactions

explain the concept of isomerism
and relate variations in the
properties of isomers to their
structural formulas

STARTING POINTS

Organic Compounds

Why Is Carbon So Ubiquitous?

As far as we know, life exists only on Earth. Why does life exist on Earth at
all? What enables it to exist? The availability of liquid water is essential for life.
Equally important are the elements carbon and nitrogen. Together, these ele-
ments form most of the thousands of compounds that make up living things.
According to Stephen Hawking, “What we normally think of as ‘life’ is based
on chains of carbon atoms, with a few other atoms, such as nitrogen or phos-
phorous. One can speculate that one might have life with some other chemical
basis . . . but carbon seems the most favourable case, because it has the richest
chemistry”

Historically, the distinction between inorganic and organic substances was
based on whether a compound was produced by living things. Until the early
nineteenth century it was believed that organic compounds contained a “life
force” and could only be made by living organisms. In 1828, German chemist
Friedrich Wohler (1800-1882) changed that belief: he successfully prepared
urea, a component of urine, from inorganic ammonium cyanate. This proved
that organic compounds can be made from inorganic materials.

The definition of organic chemistry has since changed. It is now the study
of carbon-containing compounds and their properties. There are a few carbon
compounds, including carbon oxides and carbonates, that we consider to
be inorganic. The vast majority of carbon-containing compounds, however,
contain chains or rings of carbon atoms and are considered to be organic
compounds. Why can carbon atoms form long chains, rings, and double and
triple bonds when other elements cannot? Each atom of carbon has the ability
to form four stable covalent bonds resulting in molecules with a variety of
unique shapes and sizes. Organic molecules may contain one carbon atom
or tens of thousands of carbon atoms, or any number in between. Many
carbon-based molecules are involved in complex tasks of life. DNA, a large
biological molecule found in plant and animal cells, stores genetic informa-
tion. Organic molecules in plant chloroplasts transform light energy from the
Sun into chemical energy during photosynthesis. Fatty acids are long-chained
carbon molecules that make up cell membranes.

In this chapter we will explore how carbon atoms bond to each other and
to other atoms to form the molecules that enable life to exist on our planet.

Answer the following questions using your current
knowledge. You will have a chance to revisit these questions
later, applying concepts and skills from the chapter.

1. What does the term “organic” mean in everyday language? 4. In addition to carbon, what other elements are
How does this definition relate to “organic chemistry”?
2. Consider the physical and bonding properties of

carbon. What other element(s) on the periodic table
demonstrate(s) similar properties? Justify your answer.

3. Many organic compounds used in everyday applications
are extracted from natural sources. Give two examples of
such compounds.

commonly found in organic compounds? How do these
elements affect the properties of organic compounds?

Chapter 1  Organic Compounds
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Mini Investigation

An Enlightening Organic Compound (Teacher Demonstration)

Skills: Questioning, Observing, Evaluating

In this demonstration you will observe an unusual reaction in
which luminol, an organic compound, reacts to produce a new
substance that emits light. The glow of fireflies at night comes
from a similar reaction.

Equipment and Materials: chemical safety goggles; lab apron;
two 1 L Erlenmeyer flasks; retort stand and ring clamp; funnel;

3 utility clamps; 1 m length of clear plastic tubing; distilled water;
Solution A (2.0 g sodium carbonate, Na,COs(s); 0.1 g luminal,
CgH,0,N5(s); 12.0 g sodium bicarbonate, NaHCO4(s); 0.25 g
ammonium carbonate monohydrate, (NH,),C04+H,0(s); 0.2 g
copper(ll) sulfate pentahydrate, CuS0,-5H,0(s)); Solution B

(25 mL 3 % hydrogen peroxide, H,0,(aq))

@ Copper(ll) sulfate pentahydrate is toxic and an irritant. Avoid
<~/ skin and eye contact. In the case of contact, wash the
affected area with lots of cool water and inform your teacher.

1. Put on your safety goggles and apron.

2. Dissolve the first two ingredients for Solution A in a
1 L flask containing 250 mL of distilled water.

SKILLS | |
HANDBOOK « ' A1, A2.3

. Dissolve the remaining ingredients for Solution A in the flask.
. Dilute Solution A to 500 mL by adding distilled water.
. Prepare Solution B by diluting 25 mL of 3% hydrogen

peroxide to 500 mL with distilled water.

. Attach a 1 m coil of clear plastic tubing to a retort pole

with clamps.

. Place a funnel in a ring clamp attached high on the retort

pole. Place the lower end of the tubing in the second
Erlenmeyer flask.

8. Dim the room lights.
9. Slowly pour Solution A and Solution B into funnel.
A. During this reaction, luminol is changed into an ion called

aminophthalate. Which entity has more chemical energy
associated with its structure: luminol or aminophthalate?
How can you tell?

. Suggest applications for this reaction.

Introduction

7



organic compound a molecular
compound of carbon, not including
CO(g), CO4(g), and HCN(g)

hydrocarbon a compound containing only
carbon and hydrogen atoms

saturated hydrocarbon a hydrocarbon
with only single covalent bonds between
its carbon atoms

alkane a saturated hydrocarbon

H

|
H—(|)—H b

(@ H (b)

Figure 2 Two representations of the
methane molecule: (a) the structural
formula and (b) the ball-and-stick model

8 Chapter 1 ¢ Organic Compounds

Alkanes

Organic chemistry is the study of carbon compounds. As a general definition, an
organic compound is a molecular compound containing carbon with the exception of
carbon monoxide, CO(g), carbon dioxide, CO,(g), and hydrogen cyanide, HCN(g).
Since carbon has 4 valence electrons, its atoms tend to form 4 covalent bonds.
Carbon atoms often bond with one another to form chains. These chain struc-
tures become the backbones of a range of molecules, some of them very complex.
Carbon-based molecules are the building blocks for life on Earth.

Most fuels are hydrocarbons, whose molecules consist only of carbon atoms and
hydrogen atoms connected by covalent bonds. Hydrocarbon fuels include natural
gas, gasoline, fuel oil, and diesel fuel. NASCAR racing cars burn an unleaded fuel
similar to that used in most cars on the street (Figure 1). Natural gas, which is pri-
marily methane, is a major fuel for electric power plants. Butane and propane are
used to heat homes and to fuel tools such as soldering torches.

*
Figure 1 Hydrocarbons are sources of fuel all over the world.

Burning carbon-based fuels is a major contributor to global warming, according
to most scientific models, due to the release of carbon dioxide into the atmosphere.
Other environmental problems have also been associated with the release of carbon-
containing compounds to our atmosphere and oceans. The use of hydrocarbons as
fuel needs to be balanced with the ability of Earth’s carbon cycle to remove carbon
dioxide from the atmosphere.

Alkanes: Saturated Hydrocarbons

A hydrocarbon is a compound that is composed only of carbon and hydrogen atoms.
A saturated hydrocarbon, also known as an alkane, is a hydrocarbon in which all bonds
between the carbon atoms are single bonds. The simplest saturated hydrocarbon (alkane)
is methane, CH,, with just 1 carbon atom bonded to 4 hydrogen atoms. Methane has a
tetrahedral structure (Figure 2).

Ethane, C,Hg, contains 2 carbon atoms. Each carbon atom in ethane is bonded to 4
atoms in a tetrahedral arrangement. Figure 3 shows three ways of depicting ethane. Figure
3(a) is a structural formula that uses chemical symbols to represent atoms, and lines to
represent individual bonds between atoms. Figure 3(b) is a ball-and-stick model that
represents the atoms as spheres and incorporates “sticks” to represent the bonds between
them. Figure 3(c) is a space-filling model in which atoms are depicted as spheres pro-
portional to the actual size of the atoms. Models (b) and (c) show the three-dimensional
arrangement of atoms in the molecule, which is not evident in the structural formula.

NEL
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[
RS 2

@) (b) (c)

Figure 3 Three representations of ethane, C,Hs: (a) the structural formula, (b) the ball-and-stick
model, and (c) the space-filling model

Table 1 shows the first ten alkanes. As you can see, the compound names all have a
prefix, which indicates the number of carbon atoms, and the suffix -ane. The general
chemical formula for an alkane is C,H,,,,. Notice how the subscript indicating the
number of CH, groups increases with the number of carbon atoms in the molecule.

Table 1 The First Ten Alkanes

Number of C atoms | Name Molecular formula | Condensed formula

1 methane | CH,
2 ethane C,Hg CH,CH,4
3 propane | CsHg CH,;CH,CH;
4 butane | C,Hy CHa(CH,),CH,
5 pentane | CgH;, CH4(CH,);CH,
6 hexane CgHy4 CH4(CH,),CHs
7 heptane | C/Hyg CH4(CH,)5CHs
8 octane CgHig CHs(CH,);CH,
9 nonane CoHog CH4(CH,);CH,

10 decane CqoHyp CH4(CH,)3CH,

Alkanes in which the carbon atoms form long chains are called straight-chain alkanes.
Structural formulas of alkanes typically show the carbon atoms lying along a straight
line (Figure 4(a)). Empirical evidence indicates, however, that the angle between any two
carbon bonds in a chain is 109.5°, not 180°. The physical arrangement of carbon atoms in
a straight-chain alkane therefore has a zigzag configuration (Figure 4(b)).

H—C—C—C—C—C—C—C—C—H
T T T 9 9 LS
@ H HHHHHHH (b)

Figure 4 (a) The structural formula, (b) the ball-and-stick model, and (c) the line diagram of octane, CgH;5

Not all alkanes are based on straight chains. Their carbon atoms can also join to
form rings and branches. A cyclic alkane, or cycloalkane, is a hydrocarbon in which
the carbon atoms form a closed loop instead of a chain. Cyclopropane, C;Hg, is the
simplest cyclic alkane. Its carbon atoms form an equilateral triangle with bond angles
of 60° (Figure 5). The general formula of cyclic alkanes is C,H,,. & WEB LINK

NEL
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Line Diagrams

In a line diagram, imagine that there
is a carbon atom at the end of every
line and at the intersection of every
line. Each one is surrounded by

the maximum number of hydrogen
atoms. For example, there are 8
carbon atoms and 18 hydrogen
atoms in Figure 4(c).

P
(©

O"g

Figure 5 Cyclopropane, C;H

cyclic alkane a hydrocarbon in which
the main structure consists of a chain of
carbon atoms joined to form a closed ring

1.1 Alkanes 9



Mini Investigation

Arranging Carbon Atoms

Skills: Performing, Observing, Communicating

SKILLS / ©
HANDBOOK « © A2.4

Each carbon atom can bond with 4 different atoms. Carbon chains 3. Using the same model parts, build another molecule that

form a variety of configurations, such as long chains, branched cannot be twisted into the same shape as the original
chains, and cyclic structures. In this investigation, you will molecule.
construct models of some different carbon compound structures. 4. Draw a structural formula of this molecule.
Equipment and Materials: molecular modelling kit A. How many different molecules of C4H,, are possible?
1. Use the molecular modelling kit to build a model of a molecule B pregict the number of arrangements that are possible for
that contains 5 carbon atoms and 12 hydrogen atoms. C4H,. Test your prediction.

2. Draw a structural formula of your molecule.

alkyl group one or more carbon atoms
that form a branch off the main chain of a
hydrocarbon

substituent group an atom or group that
replaces a hydrogen atom in an organic
compound

structural isomer a compound that has
the same molecular formula as another
compound, but a different structure

10 Chapter 1 e Organic Compounds

Structural Isomerism

In all of the examples we have examined so far, the molecules form chains or rings
in which each carbon atom is bonded to 2 other carbon atoms. The only exceptions
are the carbon atoms at the ends of the chains, which are bonded to only 1 other
carbon atom. Some hydrocarbons, however, contain one or more hydrocarbon
branches attached to the main structure of the molecule. The branch is called an
alkyl group. Alkyl groups are named with the prefix indicating the number of carbon
atoms in the branch (as in Table 1) and a -y suffix. An alkyl group consisting of a single
carbon atom and 3 hydrogen atoms (-CHj) is called a methyl group. A group with a
2-carbon chain (-CH,CHj) is an ethyl group. An alkyl group is a type of substituent group,
which is any atom or group that replaces hydrogen in an organic molecule.

Most hydrocarbons with 4 or more carbon atoms exhibit structural isomerism.
Structural isomerism occurs when 2 molecules each have the same numbers and
types of atoms but these atoms are bonded in different ways. Each molecule is a
structural isomer of the other. For example, there are 2 alkanes that have the molecular
formula C,H,, (Figure 6). Butane is a straight-chain molecule, while methyl-propane
has a branched structure. Both have the formula C,H,, but because of their different
structures, these compounds exhibit different properties. For example, the boiling
point of butane is —0.5 °C, whereas that of methylpropane is —12 °C.

H
I

H—C—H Q

H H H

| ¢ @ | ‘ | o
e e e e g @
(a) butane (b) methylpropane

Figure 6 (a) Butane (b) The branched isomer of butane: methylpropane. In this structure, one of
the C—C bonds appears to be longer than the others. This is only to make the structure easier to
interpret. The bonds are actually the same length.

Naming Alkanes

There are millions of organic compounds, so it would be impossible to have—or to
remember—simple common names for all of them. The International Union of Pure
and Applied Chemistry (IUPAC) has established a system for naming chemicals that
is used worldwide. Other naming systems are still used frequently, though, so you
may see compounds named differently in contexts outside this course.

The names of the alkanes beyond butane are obtained by adding the suffix
-ane to the Greek root for the number of carbon atoms (Table 1). For a branched

NEL



hydrocarbon, we use the longest continuous chain of carbon atoms to determine the
root name for the hydrocarbon. We indicate the length of a branch by the name of the
alkyl group, and its location by numbering from the shortest end of the parent chain.
Cyclic hydrocarbons are named in a similar way. The name is based on the number
of carbon atoms in the ring, with the prefix cyclo- added.
In the following tutorial, you will practise drawing and naming several different
types of alkanes. & WEB LINK

Tutorial 1

This tutorial outlines a systematic way of naming an organic compound or drawing its
structure. In either case, you need to first recognize the longest carbon chain in the
compound and then identify any substituent groups that may be present.

1. Identify the longest carbon chain, called the parent chain.
2. ldentify all of the groups (substituents) attached to the parent chain (Figure 7).

3. Number the parent chain from the end so that the substituents are attached to the
carbon atom with the lowest possible number. If there are two or more groups and the
numbering is a tie, the group that comes first alphabetically gets the lowest number.

4. If the same substituent is present more than once, use a prefix to indicate this (di-,
tri-, tetra-) and include a number to indicate each substituent’s location.

5. When writing the final name, list substituents in alphabetical order, ignoring any
prefixes. Separate words by hyphens; separate numbers by commas. If there are two
possible ways to arrange a parent chain, use the simplest possible arrangement.

Sample Problem 1: Naming Unbranched Alkanes from Structural Formulas
Determine the correct name for the following compound:

H—C—C—C—C—C—C—H

Solution

Step 1. Identify the parent chain.
There are 6 carbon atoms in the chain, so it is hexane.

Step 2. Identify all of the groups (substituents) attached to the parent chain.
This is an unbranched alkane. It has no substituent groups.
The compound is named hexane.

Sample Problem 2: Naming Branched Alkanes from Structural Formulas
Determine the correct name for each of the following compounds:

@) T H H H H H (b) f|3H3
H—C—C—C—C—C— —H CHa CH  CHs

H
|
s
H H CH,H H H
H CH,CHCH,CHCH,CH,CHCH,CH,
H

JC=—=(Cp=—=2C

Solution (a)

Step 1. Identify the parent chain.
The longest carbon chain has 8 carbon atoms. Its root name is octane.

NEL

Structure’ Name?
—CH, methyl
—CH,CH, ethyl
— CH,CH,CH,4 propyl

| propan-2-yl, or
CH;CHCH, isopropyl

_CH2CH2CHQCH3 butyl
butan-2-yl, or

|
CH,CHCH,CH;  sec-butyl

* The bond with one end open shows the point of
attachment of the substituent to the carbon chain.

T The first name for each group is the IUPAC name.
You may see the other names in other contexts.

Figure 7 Alkyl groups through C,

_LearninG Tip

Memory Aid: Table of Terms

You might find it helpful to create
a 3-column table summarizing the
naming of alkanes with 1 to 10
carbon atoms. List the unbranched
straight-chain alkanes, the
unbranched cyclo alkanes, and the
alkyl groups.

1.1 Alkanes 11



1 2 3 4
CH3(|)H—(’|JHCH3
CH; CH,
2,3-dimethylbutane
CH,
1 2| 3 4
CH3_(|:_CH20H3
CH,
2,2-dimethylbutane
Figure 8 Notice how the two methyl

groups are numbered in these structural
isomers.

12 Chapter 1 e Organic Compounds

Step 2. Identify all of the groups (substituents) attached to the parent chain.

H—(‘:—H
H—(|3—H
CH,

Step 3. Number the parent chain from the end so that the substituent is attached to the
carbon atom with the lowest possible number. If there are two or more groups and the
numbering is a tie, the group that comes first alphabetically gets the lowest number.

Numbering from the left gives the lowest numbers: 3 for the methyl group and
5 for the propyl group.

Step 4. If the same substituent is present more than once, use a prefix to indicate this
(di-, tri-, tetra-) and include a number to indicate each substituent’s location.

Methyl groups are attached to carbon atoms 3 and 6, so the prefix is di-.

Step 5. When writing the final name, list substituents in alphabetical order, ignoring any
prefixes. Separate words by hyphens; separate numbers by commas.

“Methyl” comes before “propyl” in the alphabet, so the name begins with
3-methyl-5-propyl. The compound’s name is 3-methyl-5-propyloctane.

Notice that structural formulas are sometimes condensed, eliminating the bonds around
the carbon atoms that do not have substituent groups. This arrangement takes less space
and makes it easier to see the substituent groups (Figure 8).

Solution (b)
Step 1. Identify the parent chain. (|;H3
The parent chain has 10 carbon atoms, so its 1f|3H3 CH, CH,

root name is decane. z?HZ H(|}—CH3 (|3Hz
CH;CHCH,CHCH,CH,CHCH,CH,
3 4 5 6 7 8 9 10
Step 2. Identify all of the groups (substituents) attached to the parent chain.

This compound has a 1-carbon group, a 4-carbon group, and a 2-carbon group.
According to Figure 7, the substituent groups are methyl, butan-2-yl, and ethyl.

Step 3. Number the parent chain from the end so that CH,
the substituent is attached to the carbon atom |
with the lowest possible number. If there are CHs  CH, CH,
two or more groups and the numbering is a tie,

. ) CH2 HC_CH3 CH2
the group that comes first alphabetically gets 2|9 | |
the lowest number. CH;CHCH,CHCH,CH,CHCH,CH,
3 4 5 6 7 8 9 10
8 7 6 5 4 3 2 1
Numbering from either end places the first group on carbon atom 3. However,
“ethyl” comes before “methyl” in the alphabet, so number from the “ethyl” end of
the molecules, using the blue numbers. This places the ethyl group on carbon 3,
the butan-2-yl group on carbon 6, and the methyl group on carbon 8.

Step 4. If the same substituent is present more than once, use a prefix to indicate this
(di-, tri-, tetra-) and include a number to indicate each substituent’s location.

The same substituent does not appear more than once.

NEL



Step 5. When writing the name, list substituents in alphabetical order, ignoring prefixes.
Separate words by hyphens; separate numbers by commas.

The substituents will be listed in the order butan-2-yl, ethane, and methane. This
compound is 6-butan-2-yl-3-ethyl-8-methyldecane.

Sample Problem 3: Naming Cyclic Alkanes from Structural Formulas

Determine the correct name for the compound on the right. CH,4
Follow the same steps as for naming a branched alkane, except |
that you are naming the parent carbon ring in Step 1. ACH
Hz(lJ CH,
Solution HZC\CH /CH\CH
Step 1. Identify the parent carbon ring. 2 B
The ring contains 6 carbon atoms, so it is a cyclohexane.
Step 2. Identify all of the groups (substituents) attached to the parent chain.
The ring has two alkyl groups bonded to it: both methyl
groups. CH
Step 3. Number the carbon atoms in the ring to give the two | ’
groups the lowest numbers. If there are two or more /()3H\
groups and the numbering is a tie, the group that H,C; .CH;
mes first alphabetically gets the | t number. 5 1
comes first alphabetically gets the lowest numbe HZC\CaH/CH\CH
Both groups are “methyl,” so the numbering can start 2 3

with either group and give the same answer: 1 and 3.
Note that you do not have to include the number “1” if
only one substituent is present on the ring.

Step 4. If the same substituent is present more than once, use a prefix to indicate this
(di-, tri-, tetra-) and include a number to indicate each substituent’s location.

There are two methyl groups, so the name includes “dimethyl.”
Step 5. When writing the name, list substituents in alphabetical order, ignoring prefixes.
The name of the compound is 1,3-dimethylcyclohexane.

When you are given the name of an alkane and asked to draw its structure, follow these steps:
1. Draw the parent chain or carbon ring from the last part of the compound name.
2. ldentify the carbon atoms where each of the substituents is attached.
3. Draw the substituents attached to the parent chain or ring.

Sample Problem 4: Drawing Alkanes

Draw structural formulas for each of the following compounds:
(@) 4-ethyl-3,5-dimethylnonane

(b) 7-ethyl-2-methyl-4-(propan-2-yl)decane

(c) 1-ethyl-2-propylcyclobutane

Solution (a)
Step 1. Draw the parent chain from the last part of the compound name.

The root name nonane indicates that the compound has a 9-carbon backbone.
Step 2. Identify the carbon atoms where each of the substituents is attached.

The numbers 4, 3, and 5 indicate that substituents are attached at these carbon
atoms.

NEL
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Numbering Carbon Atoms
Always use the lowest possible
numbers. For example, the methyl
groups in Sample Problem 3 are on
carbon atoms 1 and 3, not 1 and 5.

1.1 Alkanes
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Step 3. Draw the substituents attached to the parent chain.

It has an ethyl group bonded to the (1)H3(23H2(3)H—éH—éH&HZéHZéHQéHS
fourth carbon atom, and methyl | |

groups bonded to the third and fifth CH, (I:HZ CH,

carbon atoms. Therefore, the structure CH,

of 4-ethyl-3,5-dimethylnonane is as shown:

Notice that, in this and later structures, the condensed notation is used.

Solution (b)

Step 1. Draw the parent chain from the last part of the compound name.
The decane chain has 10 carbon atoms.

Step 2. Identify the carbon atoms where each of the substituents is attached.
There are substituents on carbon atoms 7, 2, and 4.

Step 3. Draw the substituents attached to the parent chain.

The molecule has 3 substituents: a
methyl group on carbon 2, a propan-2-yl

group (which is a 3-carbon chain bonded CH CH
at the second carbon atom) on carbon 4, ’ |
and an ethyl group on carbon 7. 7-ethyl- CH,4 H(|:—CH3 (|3H2

2-methyl-4-(propan-2-yl)decane therefore
has the following structure:

CH;CHCH,CHCH,CH,CHCH,CH,CH,

1 2 3 45 6 7 8 9 10

Solution (c)

Step 1. Draw the carbon ring from the last part of the compound name.
Cyclobutane is a ring of 4 carbon atoms.

Step 2. Identify the carbon atoms where each of the substituents is attached.
The substituents are attached at carbon atoms 1 and 2.

Step 3. Draw the substituents attached to the ring.
This compound has an ethyl group and a propyl

group bonded to adjacent carbon atoms on the ring. Bk
Because ethyl comes first alphabetically, it is placed ;
on carbon atom 1. Therefore 1-ethyl-2-propylcyclobutane
has the following structure: CH,CH,CH;
Practice
1. Write the name of each of the following compounds:
(a) CH3CHQCHQCHQCHQCHQCHQCH3 (d) CH3 CH3
() CH,CH,CHCH,CH, I I
| CH;— CH,—CH—CH, — CH— CH,
CH,

©) H,C  CH,
CH,

2. Draw a structural formula for each of the following compounds:
(@) decane (c) 2,3-dimethylpentane
(b) 3-ethyl-5-methylheptane (d) 1,3-diethylcyclopentane
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Properties of Alkanes

The two elements that make up hydrocarbons are carbon and hydrogen. These two ele-
ments have similar electronegativities. This means that the bonds between carbon and
hydrogen are close to being non-polar. Coupled with the fairly even arrangement of
hydrogen atoms within alkane molecules, this causes the molecules to be non-polar. Van
der Waals forces are the main intermolecular force in hydrocarbon compounds. These
forces are very weak, so alkanes exhibit relatively low boiling and melting points (Table 2).

Table 2 Selected Properties of the First Ten Straight-Chain Alkanes

Molar Number of

mass Melting Boiling structural
Name Formula (g/mol) point (°C) point (°C) isomers
methane CH, 16 —182 —162 1
ethane C,Hg 30 —183 -89 1
propane CsHg 44 —187 —42 1
butane C4Hyg 58 —138 0 2
pentane CsHy, 72 —130 36 3
hexane CgH14 86 —95 68 5
heptane C/Hqg 100 —91 98 9
octane CgHqg 114 —57 126 18
nonane CoHayg 128 —54 151 35
decane CyoHpe 142 -30 174 75

The boiling points of alkanes are related to the length of the carbon chain: as
the chain gets longer, the boiling point gets higher. Chemists take advantage of this
pattern to separate mixtures of alkanes using a process called fractional distillation.
During fractional distillation, the temperature of a mixture of hydrocarbons is slowly
increased. As the boiling point of each alkane is reached, the alkane boils out of the
mixture. Chemists can collect the vapour and condense it to obtain mixtures of
alkanes with similar boiling points and carbon chain lengths.

Fractional distillation (or fractionation) is used on an industrial scale in oil refin-
eries (Figure 9). It enables oil and gas companies to separate the crude oil extracted
from the ground. Fractional distillation separates the lighter fractions of the crude,
such as natural gas and other fuel gases, from the heavier fractions that are used to
make waxes, asphalt, and so on. & WEBLINK

Reactions of Alkanes

In general, alkanes are fairly unreactive. For example, at 25 °C, alkanes do not react with
acids, bases, or strong oxidizing agents. This chemical inertness makes them valuable
as lubricating materials and as the backbone for structural materials such as plastics.

Alkanes are used as fuels because their complete combustion releases a lot of energy,
along with carbon dioxide and oxygen. For example, the complete combustion of
butane with oxygen is represented by the equation

2 C,H,o(g) + 13 0,(g) = 8 CO,(g) + 10 H,0(g) + thermal energy

Although all alkanes burn, some are much more combustible than others. Smaller,
gaseous alkanes, such as methane and ethane, are highly flammable. Longer-chain
alkanes are difficult to ignite until heated to a temperature at which they vaporize.
In addition, different hydrocarbons release different quantities of energy per unit of
mass when they burn. These and other properties affect how we use alkanes.

NEL

Figure 9 In a fractionation tower,
fractional distillation separates the
lighter components of crude oil from
the heavier fractions.

complete combustion a chemical
reaction in which a compound reacts
with oxygen, O,; if the compound is a
hydrocarbon, the products of the reaction
are carbon dioxide, water, and thermal
energy

1.1 Alkanes 15



UNIT TASK BOOKMARK

Mixtures of alkanes, such as gasoline,
are sometimes used as solvents.
Consider their effectiveness and their
safety as you work on the Unit Task
outlined on page 116.

Figure 10 A soldering torch burns
propane to produce a flame hot enough
to melt some metals.

alkyl halide an alkane in which one or
more hydrogen atoms have been substituted
with one or more halogen atoms

H H H H

\_/ \_/
NN
O\ /N /C\H

H H Br pr

1,3-dibromopentane

Figure 11 The name of this alkyl
halide includes numbers to indicate the
position of the 2 bromine atoms.
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The combustion of fuels to provide energy for transportation and electricity also
produces carbon dioxide and water. Carbon dioxide is a naturally occurring green-
house gas that helps keep Earth warm by reducing the proportion of the Sun’s heat
that is reflected back into space. While this greenhouse effect is necessary for life on
Earth, too much carbon dioxide contributes to climate change. As a result, many
countries are investigating alternative energy sources to reduce the consumption of
hydrocarbons for energy.

Table 3 lists some common uses of alkanes.

Table 3 Selected Uses of Alkanes

Length of carbon chain | Uses

1-4 Fuels such as natural gas for heating and cooking, propane for
barbecues and soldering torches (Figure 10), and butane for lighters

5-12 Fuels such as gasoline

12-18 Fuels such as jet fuel

18-20 Fuels such as home heating oil

20-30 Lubricating oils such as engine oil

30-40 Fuel oils such as ship fuel

40-50 Waxes and thick oils such as paraffin wax and petroleum jelly

More than 50 Tars used in road surfacing

Alkyl Halides

Sometimes alkanes include substituent groups that are halogens, such as chlorine or
fluorine. An alkane that contains a halogen is called an alkyl halide. Alkyl halides may be
formed by substitution reactions:

CH, + Cl, — CH,CI + HCl
CH,Cl + Cl, — CH,Cl, + HCl
CH,Cl, + Cl, — CHCL, + HCl
CHCL, + Cl, — CCl, + HCl

Alkyl halides may include more than one halogen element. For example, substi-
tuted methanes containing both chlorine and fluorine are called chlorofluorocarbons
(CECs) or Freons. Their general formula is CF,Cl,. These compounds are non-toxic
and mostly unreactive. They have been extensively used as coolant fluids in refrig-
erators and air conditioners. Unfortunately, their chemical inertness allows Freons
to remain in the atmosphere for so long that they eventually reach the stratosphere,
where they react with ozone and damage Earth’s protective ozone layer. Therefore, the
use of these compounds is being rapidly phased out.

Alkyl halides are named by writing the root of the halogen name first, with the
suffix -o, followed by the name of the parent alkane. If necessary to avoid ambiguity,
the position of the halogen is specified with a number (Figure 11). As usual, the sub-
stituent groups are written in alphabetical order.

The halogens are much more electronegative than are carbon and hydrogen. When
halogens bond to a hydrocarbon chain or ring, they attract electrons, pulling them
away from the carbon atoms. This makes the molecule polar. The resulting polarity
increases the strength of the intermolecular forces. Since more energy is needed to
overcome these forces, the boiling and melting points of alkyl halides are higher than
those of the corresponding alkanes.
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m Review

Summary

o Hydrocarbons contain hydrogen and carbon. In a saturated hydrocarbon, the

atoms of carbon are bonded to each other by single bonds.

o Structural isomers are compounds that have the same molecular formula but

different molecular geometry.

o Alkanes may have a straight-chain structure or a ring structure. Substituent

groups may be attached to the parent structure.

o Alkyl halides are alkanes in which halogen atoms have substituted for one or

more hydrogen atoms.

Questions

NEL

1. Define each of the following terms: [z
(a) organic compound
(b) alkane
(c) structural isomer
(d) substituent group
(e) alkyl group
(f) alkyl halide

2. Name the following compounds: & &=

(a) (|3H3
H3C_(|:_CH2_CH3

CH,
(b) CH,

I
H3C—(|)H—CH—CH2—(|2H—CH2—CH3
CH3 CHZ_ CH3
(c) CH;

I
H,C—CH,— CH— ?H— CH2—$H— CH,—CH,

H,C—CH—CH,; CH;
(d) Cl

|
H3C - CH_ CHZ_ (|:H_ CH3

Br
(e) HsC CH,

(f) H,C—CH—CH;,

(g) /\)\/

. Draw and name five structural isomers that all have

the molecular formula C;H,,. = &m k=

. Draw the structural formula and write the molecular

formula for each of the following alkanes: & k=
(a) 3,4-dimethylheptane

(b) 2,2-dimethylpentane

(c) 4-propyl-3,5-diethyloctane

(d) 1-ethyl-3-propylcyclohexane

. Draw the structural formula for each of the following

compounds: &l K=

(a) 1,3-dibromocyclopentane
(b) 4-chloro-1-fluorobutane
(c) 3-iodo-4-methylnonane

. (a) Why does water not mix with liquid

hydrocarbons?

(b) Most hydrocarbons are less dense than water.
How does this difference in density affect the
cleanup of an oil spill on a still lake?

(c) Some liquid organic halides are denser than water.
How might this difference affect the cleanup of an
organic halide spill in a river? e

. 2,2,4-trimethylpentane (isooctane) is used as a

reference for octane ratings for gasoline. Draw the
structural formula for isooctane. &

. A methane leak can pose an extreme fire and

explosion hazard, especially in an enclosed area.

In contrast, a leak of parafhin is typically not a
significant hazard. Use your knowledge of the
properties of different types of alkanes (including
the information in Tables 2 and 3) to explain the
differences in danger of these two substances. & s

. A chemist burns samples of ethane, pentane, nonane,

and dodecane (which contains 12 carbon atoms

per molecule) and measures the volume of carbon
dioxide produced during each reaction. If the chemist
starts with the same amount (in moles) of each
compound, which will produce the largest volume

of carbon dioxide? Explain your answer. & %
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unsaturated hydrocarbon an organic
compound, consisting of carbon and
hydrogen, with one or more double or
triple bonds joining pairs of carbon atoms
within the molecules

(b) H—C=C—H

Figure 1 (a) An oxyacetylene torch
burns ethyne (acetylene) in oxygen.
(b) Ethyne contains a triple bond.

H H
it Q@

Figure 2 The 2 carbon atoms in ethene
are joined by a double bond.

alkene a hydrocarbon that contains at
least one carbon—carbon double bond

alkyne a hydrocarbon that contains at
least one carbon—carbon triple bond

CH
HC™ ““CH,

l | or
HC\CH 2/CH2

cyclohexane

(|:H3 CH,

CH

N
H,C /CHZ or
HC==CH

4-methyl cyclopentene

Figure 3 Structural formulas for two
cyclic alkenes

aliphatic hydrocarbon a compound
that has a structure based on straight or
branched chains or rings of carbon atoms
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Alkenes and Alkynes

As you learned in Section 1.1, all of the carbon-carbon bonds in an alkane are single
bonds. In other organic compounds, however, double or triple covalent bonds con-
nect some of the pairs of carbon atoms. A hydrocarbon containing carbon-carbon
double or triple bonds is called an unsaturated hydrocarbon because each molecule
contains fewer than the maximum number of hydrogen atoms. Unsaturated hydro-
carbons have a variety of uses in industry and everyday life. For example, ethyne
(commonly known as acetylene) is the fuel used in welding and cutting torches. This
molecule contains a triple bond between its 2 carbon atoms (Figure 1).

Ethene, another unsaturated hydrocarbon, is used in agriculture to help ripen fruit
more quickly. Ethene contains a carbon-carbon double bond (Figure 2). Note that
each carbon atom always has four bonds. In an ethene molecule each carbon bonds
to 3 atoms (1 carbon and 2 hydrogen atoms), but the carbon-carbon bond is a double
bond. In ethyne (Figure 1), each carbon atom is bonded to only 1 hydrogen atom;
the remaining three bonds connect to the other carbon atom. In this section, you will
learn about hydrocarbons that contain multiple bonds.

Alkenes and Alkynes: Unsaturated Hydrocarbons

A hydrocarbon that contains at least one carbon-carbon double bond is called an
alkene. Alkenes with one double bond have the general formula C H,,. The simplest
alkene is ethene, C,H, (Figure 2).

An unsaturated hydrocarbon that contains at least one triple bond between 2
carbon atoms is called an alkyne. Alkynes with one triple bond have the formula
C,H,,_,. The simplest alkyne is ethyne (Figure 1).

Longer unsaturated compounds can include both single and multiple bonds. Like
alkanes, alkenes and alkynes can form ring structures (Figure 3).

Scientists use the general term aliphatic hydrocarbon to refer to a compound that has
a structure based on straight or branched chains or rings of carbon atoms. Alkanes,
alkenes, and alkynes are all aliphatic hydrocarbons.

Naming Alkenes and Alkynes

Like alkanes, unsaturated hydrocarbon names are based on the longest hydrocarbon
chain. The name of an alkene ends in -ene and the name of an alkyne ends in -yne.
For example, the alkane C;Hj is propane, the alkene C;Hy is propene, and the alkyne
C;H, is propyne. Tutorial 1 describes in detail the process for naming and drawing
unsaturated hydrocarbons using the [UPAC convention. & WEB LINK

Tutorial 1

The rules for naming alkenes and alkynes are similar to those for alkanes.
1. Identify the parent chain or ring that contains the multiple bond.

2. ldentify whether the chain or ring contains a double bond (in which case it is an
alkene) or a triple bond (in which case it is an alkyne). If the hydrocarbon chain has
more than one double or triple bond, add a suffix to show the number of multiple
bonds (such as -diene or -triene).

3. Number the parent chain or ring so that the first carbon atom involved in a multiple
bond has the lowest possible number. Write this number before the suffix. (This is
only necessary if there are more than 3 carbon atoms.)

4. Number and name any substituents using the same rules as were used for alkanes.
If the double or triple bond is in the middle of a chain, start the numbering from the
end nearer the substituent group.

NEL



Following these rules, CH, = CHCH,CHj is called but-1-ene and CH;CH = CHCH,
is called but-2-ene. You may encounter an older naming method in which the number of
the first carbon to include the multiple bond is written at the beginning of the name. For
example, but-2-ene would be called 2-butene.

As another example, a chain of 8 carbon atoms with double bonds at the second,
fourth, and sixth carbon atoms is named octa-2,4,6-triene. An 8-carbon chain with triple
bonds at the second, fourth, and sixth carbon atoms is octa-2,4,6-triyne.

CH;CH=CHCH=CHCH=CHCH, CH;,C=CC=CC=CCH,
octa-2,4,6-triene octa-2,4,6-triyne

In the following sample problem, you will learn how to name unsaturated
hydrocarbons by examining their structural formulas. Next, you will learn how to draw
their structural formulas from their names.

Sample Problem 1: Naming Alkenes and Alkynes
Determine the correct name for each of the following compounds:

(@ CHSCHZCEC(llHCHzCHS (d) (|;|.|3
CH CH
[ He~ CH
CH3 2 \ 2
(b) CH,CH=CHCH=_CH, HC=—CH

() CH, = CHCHCICH,CH,

Solution (a)

Step 1. Identify the parent chain or ring that contains the multiple bond.

In this compound, the longest chain is 7 carbon atoms with one triple bond, so
the root name contains hept-.

Step 2. Identify whether the chain contains a double bond (in which case it is an alkene)
or a triple bond (in which case it is an alkyne).

The molecule contains a triple bond, so it is an alkyne. Its name contains -yne.
The root name is therefore heptyne.

Step 3. Number the parent chain so that the first carbon atom involved in a multiple
bond has the lowest possible number. Write this number before the suffix.

The triple bond is attached to the third carbon atom: hept-3-yne.
1 2 3 45 6 7
CH,CH,C= CCHCH,CH,

Step 4. Number and name any substituents using the same rules as were used for
alkanes. If the double or triple bond is in the middle of a chain, start the
numbering from the end nearer the substituent.

The ethyl group is bonded to the fifth carbon atom in the chain: 5-ethyl.
This compound is 5-ethylhept-3-yne.

Solution (b)

Step 1. Identify the parent chain or ring that contains the multiple bond.
The unbranched chain has 5 carbon atoms: pent-.

NEL 1.2 Alkenes and Alkynes

19



20

Chapter 1 e Organic Compounds

Step 2. Identify whether the chain contains a double bond or a triple bond.
There are two double bonds, so it is a pentadiene.

Step 3. Number the parent chain so that the first carbon atom involved in a multiple
bond has the lowest possible number.

The double bonds are on the first and third carbon atoms so this compound is
penta-1,3-diene.

Solution (c)

Step 1. Identify the parent chain or ring that contains the multiple bond.
There are 5 carbon atoms in the chain: pent-.

Step 2. Identify whether the chain contains a double bond or a triple bond.
There is one double bond, so the compound is a pentene.

Step 3. Number the parent chain so that the first carbon atom involved in a multiple
bond has the lowest possible number.

The double bond is between the first and second carbon atoms: pent-1-ene.

Step 4. Number and name any substituents using the same rules as were used for
alkanes. If the double or triple bond is in the middle of a chain, start the
numbering from the end nearer the substituent.

This compound contains a chlorine atom bonded to atom 3.
Therefore, this compound is 3-chloropent-1-ene.

Solution (d)

Step 1. Identify the parent chain or ring that contains the multiple bond.
The ring contains 5 carbon atoms: cyclopent-.

Step 2. Identify whether the ring contains a double bond or a triple bond.
There is one double bond, so it is a cyclopentene.

Step 3. Number the parent ring so that the first carbon atom involved in a multiple bond
has the lowest possible number.

In a ring, the carbon atoms are always numbered so that the multiple bond is
between carbon atoms 1 and 2: cyclopent-1-ene.

Step 4. Number and name any substituents using the same rules as were used for alkanes.

Whichever way you count around the ring, the methyl group is attached to
carbon atom 4.

This compound is therefore 4-methylcyclopent-1-ene.

When you are given the name of an alkene or alkyne and asked to draw its structure, the
steps are similar to those for drawing an alkane:

1. Draw the parent chain or carbon ring from the last part of the compound name.
2. ldentify the carbon atom where each of the multiple bonds (and substituents) is attached.
3. Draw the multiple bonds (and substituents) at the appropriate locations.

Sample Problem 2: Drawing Structures of Alkenes and Alkynes
Draw the structural formula of each of the following compounds:

(@ 2-methylpenta-1,4-diene

(b) 4,5-dimethylhept-2-yne

Solution (a)
Step 1. Draw the parent chain or carbon ring from the last part of the compound name.
The name penta-1,4-diene tells us that the longest carbon chain is 5 carbon atoms.
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Step 2. Identify the carbon atom where each of the multiple bonds (and substituents) is
attached.

The name diene indicates that the compound contains two double bonds. The
number 1,4 tells us that these double bonds are between the first and second
and fourth and fifth carbon atoms. The 2-methyl/ part of the name indicates that
the molecule also contains a methyl group bonded to the second carbon atom.

Step 3. Draw the multiple bonds (and substituents) at the appropriate locations.
CH,

I
HQC=C_CH2_CH=CH2

Solution (b)
Step 1. Draw the parent chain or carbon ring from the last part of the compound name.
The longest carbon chain is 7 carbon atoms.

Step 2. Identify the carbon atom where each of the multiple bonds (and substituents) is
attached.

It contains one triple bond between the second and third carbon atoms. It also
contains two methyl groups, bonded to the fourth and fifth carbon atoms.

Step 3. Draw the multiple bonds and substituents at the appropriate locations.

CH,4
H3C—CEC—(|3H—CH—CH2—CH3
O

Practice
1. Name each of the following compounds:

(@) CH,—=CH—CH,—CH, () (|3H3 (|3Hs

(b) (|3HZCH3 C=C—CH—CH,—CH,

CH;—CH=CH—CHCH, (d) CH, Br

2. Draw the structural formula for each of the following compounds:
(@) hex-3-ene (c) 7-bromooct-3-yne
(b) 6-methylhepta-2,4-diene (d) 3-ethylcyclopent-1-ene

Mini Investigation

Isomers of Pentene

Skills: Performing, Observing, Communicating

SKILLS / ©
HANDBOOK « ° A2.4

Equipment and Materials: molecular modelling kit A. How many isomers of pentene are there?
1. Use the molecular modelling kit to build all the possible B. Are there more isomers of pentene than pentane? Explain
isomers of pentene. your answer.
2. After building each isomer, draw its structural formula and C. Look for a predictive pattern based on the number of
write its molecular formula. multiple bonds in a hydrocarbon and the number of possible

isomers. Explain your conclusion.

NEL
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\—double bond

Figure 4 These two pentene structures
represent two different compounds
because the molecule cannot rotate
around the double bond.

©
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stereoisomers molecules that have
the same chemical formula and
structural backbone, but with a different
arrangement of atoms in space

cis isomer a stereoisomer in which the
groups of interest are located on the same
side of a double bond

trans isomer a stereoisomer in which the
groups of interest are located on opposite
sides of a double bond

(a) cis-but-2-ene  (b) trans-but-2-ene

Figure 5 Two stereoisomers of but-
2-ene. In cis-but-2-ene, the methyl
groups are on the same side of the
double bond. In trans-but-2-ene, the
methyl groups are on opposite sides of
the double bond.

22 Chapter 1 e Organic Compounds

Cis-Trans Isomerism

If you used a molecular modelling kit in Section 1.1 to build isomers of pentane, you
probably noticed that you can rotate the carbon “atoms” around the single bonds con-
necting each atom. As a result, you could create many three-dimensional models that
look different but are actually identical, having 5 carbon atoms in a chain. However,
when you made the models of pentene, you may have noticed that you cannot rotate
the carbon atoms around the double bond. Therefore, the groups on different sides of
a double bond are in a fixed position relative to each other (Figure 4).

The two pentene structures in Figure 4 are stereoisomers. Stereoisomers have
the same kind and number of atoms bonded in the same order but have different
arrangements in space. Stereoisomers cannot be changed from one to another by
simple rotation. Bonds would have to be broken and re-formed. Stereoisomers are
distinct compounds with different properties, such as different melting points.

In this textbook we use the terms cis and trans to describe the positions of the parts
of a molecule around a double bond. A cisisomer has matching alkyl groups located on
the same side of the double bond. The trans isomer has the groups located on opposite
sides of the double bond (Figure 5). When we refer to the “sides” of the double bond,
we mean the two sides of the molecule divided by a line running along the double
bond. We use the cis/trans naming system only when two of the substituents are the
same (methyl groups in this case), and only for alkenes. IUPAC conventions use a dif-
ferent system, incorporating the letters E and Z, which you may see in other contexts.

Tutorial 2

In this tutorial, you will practise naming and drawing cis and frans isomers of alkenes.

Sample Problem 1: Naming Stereoisomers
Figure 6 shows two stereoisomers of pent-2-ene. Name each stereoisomer.

ch\ /CHZ_CH:; H3C\ /H
/C=C\ /C=C\
H H H CH,— CH,
(a (b)
Figure 6

Solution

In Figure 6(a), the substituent groups are bonded to the same sides of the pair of double-bonded
carbon atoms. Therefore, Figure 6(a) shows cis-pent-2-ene. In Figure 6(b), the two substituent
groups are on opposite sides of the double bond, so Figure 6(b) shows trans-pent-2-ene.

When drawing structural formulas for compounds that are stereoisomers, follow the same
steps that you have already practised for drawing structural formulas. The only difference
is the position of the parts of the molecule on either side of the double bond.

1. Draw the parent chain or carbon ring from the last part of the compound name.
Leave the bonds on either side of the double bond empty for now.

2. ldentify the carbon atom where each of the multiple bonds (and substituents) is attached.

3. Draw the substituent groups on either side of the double bond according to whether
the name includes cis or trans.

4. Add any substituents at the appropriate locations.

Sample Problem 2: Drawing Stereoisomers
Draw structural formulas for cis-1,2-dichloroethene and frans-1,2,-dichloroethene.
Solution

Step 1. Draw the parent chain or carbon ring from the last part of the compound name.
Leave the bonds on either side of the double bond empty for now.

Ethene contains 2 carbon atoms with a double bond between them: C=C

NEL



Step 2. Identify the carbon atom where each of the multiple bonds (and substituents) is
attached.

For ethene, the double bond can only be in one place: between the 2 carbon atoms.

Step 3. Draw the substituent groups on either side of the double bond according to
whether the name includes cis or frans.

From the name of the compound, you know that it contains 2 chlorine atoms.
You also know that each chlorine atom is bonded to a different carbon atom.
Therefore, add 2 chlorine atoms: 1 on each of the carbon atoms. The

cis isomer will have the chlorine atoms on the same side of the double bond;
the trans isomer will have the chlorine atoms on opposite sides:

CI\ /CI CI\ /H
/C=C\ /C=C\
H H H Cl
cis-1,2-dichloroethene trans-1,2-dichloroethene

Step 4. Add any substituents at the appropriate locations.
In this case, there are no other substituents to add.

Practice
1. Draw the cis and frans isomers of the following compounds:
(@) hex-3-ene (b) 1-bromoprop-1-ene
2. Name each of the following compounds:
a H b H
@) I ()H H\C=C/H c//"'
AN R
Ho 0=C 0o N »\. H
\C/ \ "/ H H H H H
anN H H
H H

3. Draw the structural formulas and write the names of the two stereoisomers of
2,4-dimethylhex-3-ene.

Reactions of Alkenes and Alkynes

A functional group is a specific group of atoms within a molecule that affects the prop-
erties of the compound, such as solubility, melting point, boiling point, and chemical
reactivity with other elements or compounds. Multiple bonds are considered to be
functional groups because they affect the properties of the molecules that contain
them. For example, alkenes and alkynes are more reactive than alkanes. The double-
bonded and triple-bonded carbon atoms are more likely to take part in reactions
because the multiple bonds are less stable than single bonds between carbon atoms.

One common type of reaction that alkenes and alkynes undergo is an addition
reaction. In an addition reaction two molecules react to form one. The multiple bonds
in alkenes and alkynes enable the organic molecules to react with hydrogen. The
addition of hydrogen is a type of addition reaction known as hydrogenation, and
results in the hydrocarbon becoming saturated (Figure 7).

N T
C=C + H, — H—C—C—H
H/ N H | |
H H
ethene ethane
(unsaturated) (saturated)

Figure 7 An unsaturated molecule of ethene becomes saturated by the addition of a hydrogen
atom on either side of the double bond. A molecule of ethane is formed.

NEL
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Remembering Cis and Trans

To use cis and trans correctly, you
could think of cis as being like
sisters: side by side. And frans means
“across,” as in transatlantic.

functional group a group of atoms within
a molecule that determines the properties
of the molecule

addition reaction a reaction in which
the atoms from one molecule are added
to another molecule to form a single
molecule
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Hydrogenation reactions, in which hydrogen atoms are added on either side of a
multiple bond, can occur with alkenes, alkynes, or cyclic alkenes (Figure 8).

'
HSC—(|3=(|)—H + H, S ch—(l;—(lz—H
H H H H
(a) propene hydrogen propane
T
HC—C=C—H + 2H, St H3C—(|)—(|3—H
H H
(b) propyne hydrogen propane
H H H
H H
talyst
+ 2H, e
H H
H H H
(c) cyclohexa-1,3-diene  hydrogen cyclohexane

Figure 8 Hydrogenation reactions for alkenes and alkynes in the presence of heat and a catalyst.
(a) Propene reacts with hydrogen to form propane. (b) Propyne reacts with two moles of hydrogen
per mole of propyne to form propane. (c) Cyclohexa-1,3-diene reacts with hydrogen to form
cyclohexane.

The alkene (or alkyne) gains atoms from the reacting molecule but does not lose
any atoms. Addition reactions may also occur with halogens, hydrogen halides such
as hydrogen chloride, and water.

In a halogenation reaction, a halogen such as bromine or chlorine reacts with an
alkene or alkyne (Figure 9). The halogenation of an alkene produces an alkyl halide.
The halogenation of an alkyne produces a halogenated alkene or, if excess halogen is
present, an alkyl halide. A hydrogen halide such as hydrogen chloride or hydrogen
bromide may also react with an alkene or alkyne. This reaction is called a hydro-
halogenation reaction. The resulting compound includes both the halogen and the
hydrogen atoms and may be a halogenated alkene or an alkyl halide.

Cl Gl
[
H30—(|J=/(|3—H\+CI—CI — ch—(lz—(lz—H

H H H H
(a) propene chlorine 1,2-dichloropropane
v N L?r ?r
H,C—C=C—H + Br—Br —> H,C—C=C—H
(b) propyne bromine cis-1,2-dibromopropene
Br Br Br Br

|
H,C—C=C—H + Br—Br —> H,C—C—C—H
Br Br
(c) cis-1,2-dibromopropene  bromine 1,1,2,2-tetrabromopropane
Figure 9 Halogenation reactions for alkenes and alkynes.
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In a hydration reaction (Figure 10), water reacts with an unsaturated hydro-
carbon. This reaction produces a type of organic compound that contains a hydroxyl
group (—OH). This compound is called an alcohol.

L
H—(|)=(|J—H + HO0 55 H—(ll—(li—H
H H H H

Figure 10 In this hydration reaction, ethene reacts with water in the presence of a catalyst and
acid to form ethanol.

Look again at Figures 8 and 9. In all of these reactions, the substance that is added
to the hydrocarbon (H,, Cl,, or Br,) is made up of 2 identical atoms. Therefore, only
one possible product can form in each case. For example, you could switch the posi-
tions of the 2 chlorine atoms in 1,2-dichloropropane (Figure 9(a)), but the product
would be the same substance. In contrast, hydration reactions (Figure 10) and hydro-
halogenation reactions add 2 non-identical atoms to the multiple bond. Therefore,
more than one product is possible (Figure 11).

T il

H—(|)=(|I—CH3 + HBr —> H—(li—(lJ—CH3 or H—(li—(lJ—CH3
H H H H H H

prop-1-ene hydrogen bromide  2-bromobutane 1-bromobutane

Figure 11 When a hydrogen halide reacts with an alkene, two different products are possible.

How can we predict which product will be formed? Markovnikov’s rule provides
guidance on how the atoms will be added to the double bond. Markovnikov’s rule is
as follows:

When a hydrogen halide or water molecule reacts with an alkene, the
hydrogen atom will generally bond to the carbon atom in the multiple
bond that has the most hydrogen atoms already bonded to it.

Markovnikov’s rule applies to hydrohalogenation of both straight-chain and cyclic
hydrocarbons (Figure 12). It also applies to hydration reactions.

'
H—(|3=(|3—CH2—CH3 + HCl — H—(ll—(li—CHz—CHg
H H H H
but-1-ene hydrogen chloride 2-chlorobutane

Figure 12 According to Markovnikov’s rule, the hydrogen atom from the hydrogen chloride
molecule bonds to the carbon atom that has the most hydrogen atoms already attached to it.

Despite Markovnikov’s rule, small quantities of the other product will be pro-
duced. If both of the carbon atoms have the same number of hydrogen atoms, an
equal mixture of products will result.

Sometimes a chemist may need to perform a hydrohalogenation or hydration
reaction in which the hydrogen atom is added to the carbon atom that has the fewest
hydrogen atoms already bonded to it. Therefore, chemists have developed strategies
to overcome Markovnikov’s rule. They can use catalysts or other reaction conditions
to change the expected outcome of a reaction. & CAREER LINK

NEL

Markovnikov’s rule the rule for predicting

the products of addition reactions: when

a hydrogen halide or water is added to an
alkene, the hydrogen atom generally bonds
to the carbon atom within the double bond

that already has more hydrogen atoms
bonded to it

1.2 Alkenes and Alkynes
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Tutorial 3

You can use the familiar skills of writing and balancing chemical equations, along with
strategies for naming organic compounds, to predict the main products of addition reactions.
Remember to look carefully at the multiple bonds in the organic reactant, and consider
Markovnikov’s rule to establish where each atom will be placed in the product molecule.

Sample Problem 1: Applying Markovnikov’s Rule
Predict the major product of a hydration reaction of 2-methylpent-1-ene.

Solution
Step 1. Draw the substances involved in the reaction.

You will likely find it helpful to draw the structural formula for the organic
reactant. Recall that a hydration reaction involves the addition of water to an
unsaturated hydrocarbon.

CHSCHZCH2(|)=(|‘,—H + H,0

CH, H

2-methylpent-1-ene water
Step 2. Determine where the added entities will attach.

During the reaction, the water molecule splits into a hydrogen atom and a hydroxyl
group (— OH). These two entities will be added to the carbon atoms on either
side of the double bond in the organic molecule. According to Markovnikov’s rule,
the hydrogen atom will be added to the carbon atom that already has the most
hydrogen atoms bonded to it. (“The rich get richer!”) Therefore, the hydrogen atom
will bond to carbon 1, and the hydroxyl group will bond to carbon 2.

OH H
CH4CH,CH,C=C—H + H,0 % CHSCHZCHZ(ll —(ll— H
O o 1
2-methylpent-1-ene water 2-hydroxy-2-methylpentane

Step 3. Name the product.
The major product of the reaction is 2-hydroxy-2-methylpentane.

Practice

1. Draw the structural formula and write the name of the major product in the reaction
of 3-methylbut-1-ene and hydrogen chloride.

2. Predict the major product of the reaction involving the following reactants. (You can
ignore the fact that a catalyst is required for this reaction.)

aF Hzoﬁ

CH,
CH,

26 Chapter 1 e Organic Compounds NEL



m Review

Summary

An alkene is a hydrocarbon that has at least one double bond between 2
carbon atoms. The carbon chain is numbered using the lowest number for the

double bond. The root name ends in -ene.

An alkyne is a hydrocarbon that has at least one triple bond between 2 carbon
atoms. Naming alkynes is similar to naming alkenes. The root name ends in -yne.

Cis and trans isomers are compounds that are identical except for the position
of groups on either side of a double bond. In cis isomers, the groups are
located on the same side of the double bond. In trans isomers, the groups are

located on opposite sides of the double bond.

Hydrocarbons with multiple bonds are more reactive than alkanes and
participate in addition reactions in which atoms from one molecule are added
to another molecule. Addition reactions include hydrogenation, halogenation,

hydrohalogenation, and hydration.

Markovnikov’s rule states that, when two non-identical entities are added
at a double bond, the major product will be formed by the hydrogen atom
bonding to the carbon atom with more hydrogen atoms attached.

Questions
1. Create a flow chart to summarize the naming of 6. Describe how you would identify whether a
alkenes and alkynes. @ K= compound is a cis isomer or a trans isomer.
2. Classify each of the following compounds as an 7. Name each of the following compounds. Use
alkane, an alkene, or an alkyne. Explain your cis—trans conventions. [
reasoning. [ (a) H3C\ /CHZCHZCH3
(a) CH,CH,CHCHCH, /C=C\
(b) CH,CHCH,CH, H H
(c) CHCCH,CCH (b) Br\ /H
3. Name each of the following alkenes. (Ignore /C=C\
cis—trans isomerism for now.) @ H CH,CH,
(a) CH,=CH—CH,—CH, 8. There is only one compound that is named
(b) (|3H2CH3 1,2-dichloroethane, but there are two distinct
CH,— CH=CH—CHCHj i;r}:lgounds that can be named 1,2-dichloroethene.
© cl ye
9. Write chemical equations, using condensed
CH,CH,CH;, structural formulas, to represent the addition
reactions that produce the following compounds.
4. Draw the structure of each of the following Include the names of the reactants. &m Ew
compounds: = (a) 2,3-dichlorobutane
(a) 2,5-dimethylhept-3-ene (b) 3-bromohexane
(b) 3-bromopropyne 10. Predict the product(s) of the reaction that occurs
5. Name each of the following alkynes: when the following reactants are combined: & 3

NEL

(a) Blr
H;C—C=C—CH,

® ¢y o,

(a) pent-1-ene reacts with water and a catalyst.
(b) Chlorine gas is bubbled through
3-methylcyclohexene.
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Figure 1 Michael Faraday (left) working
in his chemistry lab

aromatic hydrocarbon an unsaturated
cyclic hydrocarbon with a pattern of
bonding that makes it chemically stable
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1-ethyl-4-methylbenzene
Figure 3 Substituted benzenes

phenyl group a benzene ring (minus
1 hydrogen atom) that behaves as a
substituent in an organic compound
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Figure 4 Benzene as a substituent
group in 4-phenylpent-1-ene
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Aromatic Hydrocarbons

Michael Faraday (1791-1867) was the first person to isolate and identify benzene
from a mixture of oils in 1825 (Figure 1). Since then, benzene has been used in many
commercial products. One of its first uses was as an aftershave in the nineteenth and
early twentieth centuries. In 1903, benzene was used to decaffeinate coffee. It was
also used as an anti-knock additive in gasoline to control the ignition of the fuel until
the 1950s, when it was replaced by tetraethyl lead. Benzene is also widely used in
industry as a solvent in chemical reactions. Testing has identified benzene as a car-
cinogen and implicated it in other health problems. As the hazards of benzene have
become known, many of its commercial uses have been discontinued.

What Is an Aromatic Hydrocarbon?

An aromatic hydrocarbon is an unsaturated hydrocarbon that has a ring structure and a
bonding arrangement that causes it to be chemically stable. Benzene, CiHy, is a flat 6-carbon
ring with a hydrogen atom bonded to each carbon atom (Figure 2). It is the simplest aro-
matic hydrocarbon. The structural diagram often shows benzene as having three double
bonds alternating with three single bonds. Measurements of the bond length between
carbon atoms, however, have shown that all six bond lengths are equal. If benzene actu-
ally had three double bonds, then those bonds would be shorter than the other three. To
indicate that all six bonds are identical, the structure is shown as alternating between two
arrangements of double bonds (Figure 2(b)) or as a hexagon with a circle inside (Figure
2(c)). The hexagon with the circle indicates that the electrons in the bonds are shared

equally between all 6 carbon atoms.
)

Figure 2 (a) The structure of benzene, a planar ring system in which all bond angles are 120°
(b) Two structural formulas implying that the structure of benzene is a combination of them both
together (c) The common representation of benzene

H
120°-1~120°

I 120" | PN
OO
(b) (

(a) H c

Naming Aromatic Compounds

There are two conventions for naming compounds that include a benzene ring.
Which one we use depends on the structure of the other part of the compound.

We use the first convention when naming aromatic compounds that have non-
carbon substituents or a small alkyl group. In this case, the benzene ring is generally
considered to be the parent molecule. The attached functional groups are named as
substituents to benzene. If a single group is attached to a benzene ring, we put the name
of the group before the root -benzene. For example, chlorobenzene, C;H;Cl, has one
chlorine atom replacing a hydrogen atom on the benzene ring. Compounds made up
of a benzene ring with one or more halogen atoms attached are called aromatic halides.

If two or more substituents are bonded to the benzene ring, we number the carbon
atoms of the benzene ring starting with the first substituent (alphabetically) and
continue numbering in the direction of the next closest substituent. Figure 3 shows
some examples.

In the second naming convention, the benzene ring is considered to be a substituent
on a hydrocarbon chain. A benzene ring that has lost 1 hydrogen atom is called a phenyl
group, just as a methyl group is like a methane molecule that has lost 1 hydrogen atom.
The compound is named using “phenyl” as the substituent (Figure 4). @ WEB LINK
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Tutorial 1

Aromatic hydrocarbons with one or more simple substituents are named by adding

the substituent name(s) to the root “benzene.” If the substituent is complex, such as a
hydrocarbon chain with a multiple bond, consider this the parent group and the benzene
ring the substituent. In this tutorial, you will recognize when to use each convention, and
practise naming and drawing compounds using both conventions.

Sample Problem 1: Naming Aromatic Compounds
Name the compounds represented by the following structural formulas:

(@  CHyCHs (b) HsC— CH,—CH— CH,— CH,— CH,
CH,
CHs CH,CH,
Solution (a) CH,

The structure has three simple substituents, so can be named as a m

substituted benzene. Number the carbon atoms to give the substituents
the lowest numbers. Traditional Names for Aromatic
] . i Hydrocarbons
This compound is 1-ethyl-2,4-dimethylbenzene. CH; An older naming convention for
. substituted aromatic compounds used
Solution (b) the Greek prefixes ortho-, meta-,
Treat the benzene ring as the substituent. The alkane chain is a hexane and the benzene and para- to indicate the positions
ring is bonded to the third carbon atom in the chain. Therefore, this compound is of substituents. Ortho substituents
3-phenylhexane. are on adjacent carbon atoms in
1,2 positions. Meta substituents
Sample Problem 2: Drawing Aromatic Compounds are separated by 1 carbon atom in
Draw the structural formula for each of the following compounds: 1,3 positions. Para substituents are
located on opposite sides of the
(@) 1-bromo-2-chloro-4-ethylbenzene 6-carbon ring in 1,4 positions.
(b) 4,6-diphenyloct-2-ene

Solution (a) B:

First, draw the benzene ring and number the carbon atoms. " cl
Next, add the substituents as indicated in the name: a bromine 2

atom on carbon 1, a chlorine atom on carbon 2, and an ethyl 5 3

group on carbon 4. 4

Solution (b) CHCH;

First, draw the parent alkene, oct-2-ene. Next, add the benzene rings to the fourth and
sixth carbon atoms.

1 2 3 4 5 6 7 8
H,C— CH=CH— CH— CH,— CH— CH,— CH
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CH,

toluene

Figure 5 Toluene (methylbenzene) is a
substituted benzene compound with one
methyl group substituted for a hydrogen
atom.

UNIT TASK BOOKMARK

Aromatic compounds tend to be quite
volatile, which means that they easily
evaporate and disperse in the air. You
may consider the properties of aromatic
compounds as you work on the Unit
Task, described on page 116.

@ + C|2 catalyst
(a)

NO,
@ + HNg, s @ .
(b)

@ + CH Cl catalyst
3
()

Figure 6 Substitution reactions of benzene. (
chlorine, Cl,, produces chlorobenzene (an aromatlc halide) and
hydrogen chloride. (b) Reaction with nitric acid, HNOs, produces
nitrobenzene and water. (c) Reaction with chloromethane, CHCl,

produces toluene and hydrogen chloride.
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Practice

1. Name each of the following compounds: cm
(@ CH,CH, (b) (|3H3

CH,CH,CHCHCH,
CH,

2. Draw the structural formulas of the following compounds: [ C |
(@) 1-fluoro-3-methylbenzene (b) 2-phenylbut-2-ene

Properties of Aromatic Hydrocarbons

Many aromatic hydrocarbons are liquids at room temperature, while others are crys-
talline solids. Their symmetrical structure causes them to be non-polar unless they
contain an electronegative substituent, so they are generally insoluble in water. From
its discovery and well into the second half of the twentieth century, benzene was
widely used as a solvent in industrial processes and for dry cleaning clothes. Since the
discovery that benzene is carcinogenic, other chemicals have replaced benzene in
the workplace. One replacement compound is methylbenzene, commonly known as
toluene, C;H;CH, (Figure 5).

Reactions of Aromatic Compounds

Its unusual bonding makes the benzene ring behave quite differently from an unsatu-
rated hydrocarbon. Unsaturated hydrocarbons easily undergo addition reactions.
However, benzene does not because its bonds are not really alternating double and
single bonds. Each bond in benzene is identical and they are much more stable than
a carbon-carbon double bond. Bond strength is between that of a single and that of a
double bond. In general, therefore, aromatic compounds are much less reactive than
alkenes. The hydrogenation of benzene to form cyclohexane requires high tempera-
tures and a catalyst. Benzene does undergo substitution reactions in which hydrogen
atoms are replaced by other atoms, such as halogens (Figure 6).

Substitution reactions are characteristic of saturated hydrocarbons, and addition
reactions are characteristic of unsaturated ones. Benzene reacts more like a saturated
| hydrocarbon because of the specialized bonding in the benzene ring (Figure 7).

Cl
O + Cl, —> O/ + Hel
@
Cl
@ + Clz catalyst ©/ + Hal
(b)
Cl
@ ‘o, (;[
B] cl

Figure 7 Reactions of cyclohexane, benzene, and cyclohexene with chlorine.
(a) Cyclohexane reacts with chlorine in a substitution reaction. A hydrogen
atom is lost as the chlorine atom is gained. (b) Benzene reacts with chlorine
in a substitution reaction, like cyclohexane. (c) Cyclohexene reacts with chlorine
in an addition reaction: no atoms are lost from the organic compound.

+ HCI

+ HCI

a) Reaction with
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m Review

Summary

Aromatic hydrocarbons are a class of cyclic unsaturated hydrocarbons that
have a ring structure and bonding that causes them to be chemically stable.

Measurements show that the bonds in a benzene ring are all equal in length.

Naming aromatic compounds with one or more simple substituents requires
just the addition of the substituent group name. Naming aromatic compounds
with a more complex substituent requires treating the benzene ring, named

“phenyl,” as a substituent on a carbon chain.

Benzene is less reactive than alkenes. Since it participates in substitution

reactions, benzene behaves more like an alkane.

Questions

NEL

1. Name the compounds represented by the following

structural formulas: Em
() Cl

(b)

() CH=CH,

O-

(d) CH;

CH,
(e)

Qe

(CH2)4CH3

. Draw the structural formula for each of the

following compounds: [ K=

(a) 1,3-dichloro-4-ethylbenzene

(b) 1-bromo-3-phenylhept-5-yne

(a) Draw the chemical equation for the reaction
between benzene and bromine, Br,. Is this
reaction likely to occur? Explain why or why not.

(b) How would your answer to (a) be different if
the organic reactant were cyclohexene instead
of benzene?

Draw structural formulas representing the reaction that

produces iodobenzene. Label the reactants and classify

the reaction as addition or substitution. [ & k=

. Mothballs are small lumps of pesticide that

discourage moths from damaging woollen

clothing. The main component of mothballs is

paradichlorobenzene. & k= v

(a) What is the proper IUPAC name for this
compound? (See the Learning Tip on page 29.)

(b) Draw the structure of paradichlorobenzene.

(c) When you order this chemical from a company,
the label says “paradichlorobenzene” even
though that is not the correct IUPAC name.
Why do you think the compound is labelled
this way? Do you think it is a good idea, or
should all products be labelled with their
IUPAC name? Explain your reasoning.

. (a) Predict the products of reactions involving the

following reactants:
(i) cyclohexene and hydrogen bromide
(ii) benzene and chloroethane

(b) Explain how these two reactions are different,
and the reason for the differences. @m

. One aromatic compound that has been the subject

of many studies is bisphenol-A. This chemical was
used as a hardener in many plastics, but studies have
uncovered a possible link to adverse health effects.
As a result, Canada has now banned some products,
including baby bottles, containing bisphenol-A. Find
out more about this substance and the decision to
restrict its use. Create a graphic organizer showing
the pros and cons of banning products containing
bisphenol-A. & &m e xw

. Benzene has, in the past, been used as a solvent in

the dry-cleaning industry. Research this use, discover
why its use is being phased out, and find out what
“greener” alternatives are now used for dry cleaning.
Present your findings in an attention-grabbing format
for your stated target audience. &3 wn iy
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Figure 1 Michael Faraday (left) working
in his chemistry lab

aromatic hydrocarbon an unsaturated
cyclic hydrocarbon with a pattern of
bonding that makes it chemically stable
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1-ethyl-4-methylbenzene
Figure 3 Substituted benzenes
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Figure 4 Benzene as a substituent
group in 4-phenylpent-1-ene
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Aromatic Hydrocarbons

Michael Faraday (1791-1867) was the first person to isolate and identify benzene
from a mixture of oils in 1825 (Figure 1). Since then, benzene has been used in many
commercial products. One of its first uses was as an aftershave in the nineteenth and
early twentieth centuries. In 1903, benzene was used to decaffeinate coffee. It was
also used as an anti-knock additive in gasoline to control the ignition of the fuel until
the 1950s, when it was replaced by tetraethyl lead. Benzene is also widely used in
industry as a solvent in chemical reactions. Testing has identified benzene as a car-
cinogen and implicated it in other health problems. As the hazards of benzene have
become known, many of its commercial uses have been discontinued.

What Is an Aromatic Hydrocarbon?

An aromatic hydrocarbon is an unsaturated hydrocarbon that has a ring structure and a
bonding arrangement that causes it to be chemically stable. Benzene, CiHy, is a flat 6-carbon
ring with a hydrogen atom bonded to each carbon atom (Figure 2). It is the simplest aro-
matic hydrocarbon. The structural diagram often shows benzene as having three double
bonds alternating with three single bonds. Measurements of the bond length between
carbon atoms, however, have shown that all six bond lengths are equal. If benzene actu-
ally had three double bonds, then those bonds would be shorter than the other three. To
indicate that all six bonds are identical, the structure is shown as alternating between two
arrangements of double bonds (Figure 2(b)) or as a hexagon with a circle inside (Figure
2(c)). The hexagon with the circle indicates that the electrons in the bonds are shared

equally between all 6 carbon atoms.
)

Figure 2 (a) The structure of benzene, a planar ring system in which all bond angles are 120°
(b) Two structural formulas implying that the structure of benzene is a combination of them both
together (c) The common representation of benzene

H
120°-1~120°

I 120" | PN
OO
(b) (

(a) H c

Naming Aromatic Compounds

There are two conventions for naming compounds that include a benzene ring.
Which one we use depends on the structure of the other part of the compound.

We use the first convention when naming aromatic compounds that have non-
carbon substituents or a small alkyl group. In this case, the benzene ring is generally
considered to be the parent molecule. The attached functional groups are named as
substituents to benzene. If a single group is attached to a benzene ring, we put the name
of the group before the root -benzene. For example, chlorobenzene, C;H;Cl, has one
chlorine atom replacing a hydrogen atom on the benzene ring. Compounds made up
of a benzene ring with one or more halogen atoms attached are called aromatic halides.

If two or more substituents are bonded to the benzene ring, we number the carbon
atoms of the benzene ring starting with the first substituent (alphabetically) and
continue numbering in the direction of the next closest substituent. Figure 3 shows
some examples.

In the second naming convention, the benzene ring is considered to be a substituent
on a hydrocarbon chain. A benzene ring that has lost 1 hydrogen atom is called a phenyl
group, just as a methyl group is like a methane molecule that has lost 1 hydrogen atom.
The compound is named using “phenyl” as the substituent (Figure 4). @ WEB LINK
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Tutorial 1

Aromatic hydrocarbons with one or more simple substituents are named by adding

the substituent name(s) to the root “benzene.” If the substituent is complex, such as a
hydrocarbon chain with a multiple bond, consider this the parent group and the benzene
ring the substituent. In this tutorial, you will recognize when to use each convention, and
practise naming and drawing compounds using both conventions.

Sample Problem 1: Naming Aromatic Compounds
Name the compounds represented by the following structural formulas:

(@  CHyCHs (b) HsC— CH,—CH— CH,— CH,— CH,
CH,
CHs CH,CH,
Solution (a) CH,

The structure has three simple substituents, so can be named as a m

substituted benzene. Number the carbon atoms to give the substituents
the lowest numbers. Traditional Names for Aromatic
] . i Hydrocarbons
This compound is 1-ethyl-2,4-dimethylbenzene. CH; An older naming convention for
. substituted aromatic compounds used
Solution (b) the Greek prefixes ortho-, meta-,
Treat the benzene ring as the substituent. The alkane chain is a hexane and the benzene and para- to indicate the positions
ring is bonded to the third carbon atom in the chain. Therefore, this compound is of substituents. Ortho substituents
3-phenylhexane. are on adjacent carbon atoms in
1,2 positions. Meta substituents
Sample Problem 2: Drawing Aromatic Compounds are separated by 1 carbon atom in
Draw the structural formula for each of the following compounds: 1,3 positions. Para substituents are
located on opposite sides of the
(@) 1-bromo-2-chloro-4-ethylbenzene 6-carbon ring in 1,4 positions.
(b) 4,6-diphenyloct-2-ene

Solution (a) B:

First, draw the benzene ring and number the carbon atoms. " cl
Next, add the substituents as indicated in the name: a bromine 2

atom on carbon 1, a chlorine atom on carbon 2, and an ethyl 5 3

group on carbon 4. 4

Solution (b) CHCH;

First, draw the parent alkene, oct-2-ene. Next, add the benzene rings to the fourth and
sixth carbon atoms.

1 2 3 4 5 6 7 8
H,C— CH=CH— CH— CH,— CH— CH,— CH
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CH,

toluene

Figure 5 Toluene (methylbenzene) is a
substituted benzene compound with one
methyl group substituted for a hydrogen
atom.

UNIT TASK BOOKMARK

Aromatic compounds tend to be quite
volatile, which means that they easily
evaporate and disperse in the air. You
may consider the properties of aromatic
compounds as you work on the Unit
Task, described on page 116.

@ + C|2 catalyst
(a)

NO,
@ + HNg, s @ .
(b)

@ + CH Cl catalyst
3
()

Figure 6 Substitution reactions of benzene. (
chlorine, Cl,, produces chlorobenzene (an aromatlc halide) and
hydrogen chloride. (b) Reaction with nitric acid, HNOs, produces
nitrobenzene and water. (c) Reaction with chloromethane, CHCl,

produces toluene and hydrogen chloride.
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Practice

1. Name each of the following compounds: cm
(@ CH,CH, (b) (|3H3

CH,CH,CHCHCH,
CH,

2. Draw the structural formulas of the following compounds: [ C |
(@) 1-fluoro-3-methylbenzene (b) 2-phenylbut-2-ene

Properties of Aromatic Hydrocarbons

Many aromatic hydrocarbons are liquids at room temperature, while others are crys-
talline solids. Their symmetrical structure causes them to be non-polar unless they
contain an electronegative substituent, so they are generally insoluble in water. From
its discovery and well into the second half of the twentieth century, benzene was
widely used as a solvent in industrial processes and for dry cleaning clothes. Since the
discovery that benzene is carcinogenic, other chemicals have replaced benzene in
the workplace. One replacement compound is methylbenzene, commonly known as
toluene, C;H;CH, (Figure 5).

Reactions of Aromatic Compounds

Its unusual bonding makes the benzene ring behave quite differently from an unsatu-
rated hydrocarbon. Unsaturated hydrocarbons easily undergo addition reactions.
However, benzene does not because its bonds are not really alternating double and
single bonds. Each bond in benzene is identical and they are much more stable than
a carbon-carbon double bond. Bond strength is between that of a single and that of a
double bond. In general, therefore, aromatic compounds are much less reactive than
alkenes. The hydrogenation of benzene to form cyclohexane requires high tempera-
tures and a catalyst. Benzene does undergo substitution reactions in which hydrogen
atoms are replaced by other atoms, such as halogens (Figure 6).

Substitution reactions are characteristic of saturated hydrocarbons, and addition
reactions are characteristic of unsaturated ones. Benzene reacts more like a saturated
| hydrocarbon because of the specialized bonding in the benzene ring (Figure 7).

Cl
O + Cl, —> O/ + Hel
@
Cl
@ + Clz catalyst ©/ + Hal
(b)
Cl
@ ‘o, (;[
B] cl

Figure 7 Reactions of cyclohexane, benzene, and cyclohexene with chlorine.
(a) Cyclohexane reacts with chlorine in a substitution reaction. A hydrogen
atom is lost as the chlorine atom is gained. (b) Benzene reacts with chlorine
in a substitution reaction, like cyclohexane. (c) Cyclohexene reacts with chlorine
in an addition reaction: no atoms are lost from the organic compound.

+ HCI

+ HCI

a) Reaction with
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m Review

Summary

Aromatic hydrocarbons are a class of cyclic unsaturated hydrocarbons that
have a ring structure and bonding that causes them to be chemically stable.

Measurements show that the bonds in a benzene ring are all equal in length.

Naming aromatic compounds with one or more simple substituents requires
just the addition of the substituent group name. Naming aromatic compounds
with a more complex substituent requires treating the benzene ring, named

“phenyl,” as a substituent on a carbon chain.

Benzene is less reactive than alkenes. Since it participates in substitution

reactions, benzene behaves more like an alkane.

Questions

NEL

1. Name the compounds represented by the following

structural formulas: Em
() Cl

(b)

() CH=CH,

O-

(d) CH;

CH,
(e)

Qe

(CH2)4CH3

. Draw the structural formula for each of the

following compounds: [ K=

(a) 1,3-dichloro-4-ethylbenzene

(b) 1-bromo-3-phenylhept-5-yne

(a) Draw the chemical equation for the reaction
between benzene and bromine, Br,. Is this
reaction likely to occur? Explain why or why not.

(b) How would your answer to (a) be different if
the organic reactant were cyclohexene instead
of benzene?

Draw structural formulas representing the reaction that

produces iodobenzene. Label the reactants and classify

the reaction as addition or substitution. [ & k=

. Mothballs are small lumps of pesticide that

discourage moths from damaging woollen

clothing. The main component of mothballs is

paradichlorobenzene. & k= v

(a) What is the proper IUPAC name for this
compound? (See the Learning Tip on page 29.)

(b) Draw the structure of paradichlorobenzene.

(c) When you order this chemical from a company,
the label says “paradichlorobenzene” even
though that is not the correct IUPAC name.
Why do you think the compound is labelled
this way? Do you think it is a good idea, or
should all products be labelled with their
IUPAC name? Explain your reasoning.

. (a) Predict the products of reactions involving the

following reactants:
(i) cyclohexene and hydrogen bromide
(ii) benzene and chloroethane

(b) Explain how these two reactions are different,
and the reason for the differences. @m

. One aromatic compound that has been the subject

of many studies is bisphenol-A. This chemical was
used as a hardener in many plastics, but studies have
uncovered a possible link to adverse health effects.
As a result, Canada has now banned some products,
including baby bottles, containing bisphenol-A. Find
out more about this substance and the decision to
restrict its use. Create a graphic organizer showing
the pros and cons of banning products containing
bisphenol-A. & &m e xw

. Benzene has, in the past, been used as a solvent in

the dry-cleaning industry. Research this use, discover
why its use is being phased out, and find out what
“greener” alternatives are now used for dry cleaning.
Present your findings in an attention-grabbing format
for your stated target audience. &3 wn iy
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Figure 1 Flambé is a cooking technique
in which alcohol is added to food and
heated until the alcohol ignites.

alcohol organic compound that contains
the hydroxyl (—OH) functional group

primary alcohol an alcohol in which the
hydroxyl group is bonded to a terminal
carbon atom

secondary alcohol an alcohol in which
the hydroxyl group is bonded to a carbon
atom with two alkyl groups bonded to it

tertiary alcohol an alcohol in which the
hydroxyl group is bonded to a carbon atom
with three alkyl groups bonded to it
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Alcohols, Ethers, and Thiols

The flammability of alcohol was used in the past to determine whether producers of
distilled alcoholic beverages were watering down their product. Ethanol, which con-
tains 2 carbon atoms, is the alcohol in alcoholic beverages. To determine whether a
beverage contained a certain concentration of ethanol, a small quantity of gunpowder
was mixed with the beverage. If a spark ignited the gunpowder, the liquid contained
at least 57 % alcohol by volume and the beverage was considered to be full strength:
not watered down. Beverages that passed this test were labelled “100 percent proof”
If the gunpowder did not ignite, the alcohol concentration was under proof and the
water concentration too high. Most modern alcoholic-beverage containers still list
the proof of the contents, but today the numerical value is typically based on the per-
centage of ethanol by volume. The mention of proof on the label of alcoholic drinks
is for historical reasons. These days, the flammability of ethanol is more often used in
the cooking technique known as flambé (Figure 1).

Although there are many important alcohols, the two simplest, methanol and
ethanol, have the greatest commercial value. Methanol, also known as wood alcohol
because it was originally obtained by heating wood in the absence of air, is now
generally manufactured from methane. Ethanol can be manufactured by an addition
reaction of ethene, although most ethanol, including beverage alcohol, is produced by
fermentation of sugars from plants. Although ethanol is legally consumed in Canada,
it has serious health effects and is toxic in large quantities.

Alcohols

An aleohol is an organic compound that contains the hydroxyl group (-OH). Alcohols
are classified according to the number of other carbon atoms that are directly bonded
to the carbon atom attached to the hydroxyl group. For example, the 4-carbon
alcohol, butanol, has three different isomers. Their properties depend on the arrange-
ment of the carbon atoms within the molecule. Butan-1-ol (Figure 2(a)) is a primary
alcohol because the -OH group is attached to the carbon atom at the end of the carbon
chain, which has only 1 carbon atom attached to it. Butan-2-ol (Figure 2(b)) is a sec-
ondary alcohol because the -OH group is bonded to a carbon atom that is attached to
2 other carbon atoms. In a tertiary alcohol, such as 2-methylpropan-2-ol (Figure 2(c)),
the carbon atom is bonded to the -OH group and 3 carbon atoms from alkyl groups.

H H CH,
CH3—CH2—CH2—(|3—H CH3—CH2—(|)—CH3 CH3—(|J—CH3
on or or
(a) butan-1-ol (b) butan-2-ol (c) 2-methyl-propan-2-ol
a primary alcohol (1°) a secondary alcohol (2°) a tertiary alcohol (3°)

Figure 2 Examples of the three classes of alcohols

The presence of the electronegative oxygen atom in the -OH group affects the
polarity of the molecule. The C-O bond is significantly more polar than the C-H
bond based on the electronegativity difference between carbon and oxygen compared
to that between carbon and hydrogen. The bond between oxygen and hydrogen is
also polar. Therefore, alcohols (unlike hydrocarbons) are polar molecules.

NEL



Naming and Drawing Alcohols

IUPAC conventions for naming alcohols are similar to those for naming alkenes.
We name an alcohol by replacing the final -e of the parent hydrocarbon with -ol.
The name includes the number of the carbon atom to which the hydroxyl group
is attached. If the chain also has hydrocarbon or halide constituents, we assign the
lowest number to the carbon atom with the hydroxyl group. ?H

The isomers of alcohols have different properties. For example, there are two iso-  ¢H,—CH,—CH,—OH CH,— CH—CH,
mers of propanol (Figure 3). Propan-1-ol is used as a solvent for lacquers and waxes,
and as brake fluid. The other isomer, propan-2-ol (isopropyl alcohol), is also known
as rubbing alcohol. It is used as an antiseptic to clean the skin before injections and in
the manufacture of oils, gums, and propanone (also known as acetone). Both isomers
of propanol are toxic to humans and many other animals if ingested.

Alcohols containing more than one -OH group are referred to as polyalcohols. OH OH OH OH OH
The suffix -diol (for two -OH groups) or -triol (for three -OH groups) is added to the | ]
alkane name instead of -ol. A common example of a polyalcohol is ethane-1,2-diol H_(l:_C_H H_C_(l;_(l;_H
(Figure 4(a)), commonly known as ethylene glycol. This compound is widely used H H H H H
as antifreeze in automobile engines. Another common polyalcohol is propane-1,2,3-
triol, commonly called glycerol or glycerine (Figure 4(b)). Since glycerine has a low
toxicity and is soluble in water, it is frequently used in pharmaceutical preparations to ~ Figure 4 Two commonly used polyalcohols
help dissolve less polar compounds. The solubility in water is due to the three -OH
groups, which increase the polarity.

Cyclic hydrocarbons may also form alcohols. The naming conventions for cyclic
alcohols are the same as for straight-chain alcohols: Use the root name of the cyclic
hydrocarbon, drop the ending, and add the suffix -ol. For example, the addition of OH
an ~OH group to cyclooctane results in cyclooctanol (Figure 5(a)).

When numbering the atoms in a cyclic hydrocarbon, the -OH functional group

propan-1-ol propan-2-ol

Figure 3 The two isomers of propanol

(a) ethane-1,2-diol (b) propane-1,2,3-triol

(a) cvclooctanol

takes precedence over other substituents in naming. An example is 2,2-dimethylcy- OH

clohexanol. Even though there are two methyl groups, the number starts with the

hydroxyl group (Figure 5(b)). CH,
An aromatic hydrocarbon can have a bonded -OH group added, forming an CH,

aromatic alcohol. The simplest aromatic alcohol is a benzene ring with one hydroxyl
group bonded to it. The IUPAC name for this compound is phenol (Figure 5(c)). If
the benzene ring has two ~OH groups, the name is based on benzene and includes the OH OH
numbers for the -OH groups. An example is benzene-1,2-diol (Figure 5(d)). OH

In some cases, a different functional group takes precedence over the alcohol
in naming. In this case, the -OH group is treated as a substituent, called hydroxyl.
This convention applies to carboxylic acids, aldehydes, and ketones, which will be
discussed later. When there is a multiple bond in the chain, the -OH group takes
precedence (for example: pent-4-ene-1-ol).

Tutorial 1

In this tutorial, you will first practise using the structure of an alcohol to determine its
name. Then, you will practise drawing the structure of an alcohol from its name.
Naming alcohols follows many of the same steps that you have already learned:

(b) 2,2-dimethylcyclohexanol

(c) phenol  (d) benzene-1,2-diol
Figure 5 Four cyclic alcohols

1. Identify the longest carbon chain or ring.

2. If there is only one —OH group, the compound has the suffix -ol. If more than one
group, use the suffixes -diol or -triol.

3. Number the parent chain from the end so that the —OH group is attached to the
carbon atom with the lowest possible number.

4. ldentify any other substituents and their locations.

5. If you are required to identify the type of alcohol, count the number of carbon atoms
bonded to the atom to which the —OH group is attached.
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Sample Problem 1: Naming Alcohols from Structural Formulas

Name the following alcohol and identify it as a primary, secondary, or tertiary alcohol:
CH,

I
CH3(|)CH2CHZCH3
OH
Solution
Step 1. Identify the longest carbon chain or ring.
In this compound, the longest chain has 5 carbon atoms: pentane.

Step 2. If there is only one —OH group, the compound has the suffix -o/. If more than one
group, use the suffixes -diol or -triol.

There is one —OH group, so this compound is a pentanol.
Step 3. Number the parent chain from the end so that the —OH group is attached to the
carbon atom with the lowest possible number.
CH,
1 213 4 5
CH3(|JCH2CHZCH3
OH
The —OH group is attached to the second carbon atom: pentan-2-ol.
Step 4. Identify any other substituents and their locations.
There is also a methyl group attached to the second carbon atom.
This compound is 2-methylpentan-2-ol.

Step 5. Count the number of carbon atoms bonded to the atom to which the ~OH group
is attached.

The carbon atom to which the hydroxyl group is attached is also bonded to 3
other carbon atoms, so this is a tertiary alcohol.

Sample Problem 2: Drawing Alcohols
Draw the structure of butane-1,3-diol.

Solution

The name “butanediol” indicates that this alcohol consists of a 4-carbon chain with
two hydroxyl groups attached to it. The hydroxyl groups are attached to the first and
third carbon atoms. Therefore, the structure of this alcohol is

H H H H
H—C—C—G—C—H
O KO
Practice
1. Write the name for each of the following compounds:
(@ CH;—CH—CH,—CH,—CH, (0 OH
Or O
(b) OH CH,
CHS—CHZ—CHZ—CHZ—(li —(|:H—CH2—CH3 OH
(|)H2— CH;

2. Draw the structural formula for each of the following alcohols:
(@) 2-chloro-2,5-dimethylheptan-3-ol  (c) phenol
(b) propane-1,3-diol (d) pent-2-ene-1,4-diol
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Properties of Alcohols

Alcohols typically have much higher boiling points than the corresponding unsub-
stituted alkanes. For example, the boiling point of methanol is 65 °C while the
boiling point of methane is -162 °C. Consider the intermolecular forces that occur
in the compounds in order to understand the differences in properties.

Methane molecules are non-polar and exhibit only weak van der Waals forces.
The polarity of methanol molecules, however, results in very strong dipole-dipole
forces. These dipole interactions allow hydrogen bonding between the hydroxyl
groups of adjacent molecules. As you may recall, hydrogen bonding is a type of
dipole interaction in which the hydrogen atom attached to a highly electronega-
tive atom on one molecule is strongly attracted to an electronegative atom on
another molecule. In methanol, a hydroxyl hydrogen atom on one molecule forms
a hydrogen bond with the oxygen atom of a neighbouring molecule (Figure 6).
Hydrogen bonding between alcohol molecules means that more energy is needed
in order to separate molecules from one another. This additional energy must be
added to change the liquid into vapour, so the boiling point is higher.

Simple alcohols with short carbon chains are more soluble in water than those
with longer carbon chains. The addition of the -OH group increases the polarity of
the alcohol molecule and, therefore, its solubility in water. However, as the size of
the carbon chain grows, alcohols are less soluble in water. Because the hydrocarbon
region of an alcohol molecule is non-polar, alcohols tend to be able to dissolve both
polar and non-polar substances. This makes alcohols very useful as solvents.

Reactions Involving Alcohols

Recall from Section 1.2 that an alkene may react with water to produce an alcohol.
This hydration reaction is a form of addition reaction. Many alcohols are manufac-
tured commercially by the addition reaction of an alkene and water. An example is
the formation of an alcohol from but-1-ene and water, using sulfuric acid as a catalyst.
There are two possible products of this reaction: butan-1-ol and butan-2-ol. The reac-
tion follows Markovnikov’s rule, however: the hydrogen atom tends to bond to the
carbon atom at the end of the butene chain, leaving the -OH group to attach to the
second carbon atom. The production of butan-2-ol is therefore favoured. (Figure 7).

acid

CH,CH,CH=CH, + HOH %> CH3CH2—(|‘,H—(|)H2
OH H

water butan-2-ol

Figure 7 The reaction of but-1-ene with water produces butan-2-ol.

but-1-ene

The modern method for production of methanol, CH;OH, combines carbon
monoxide with hydrogen gas at high temperature and pressure, using a catalyst. The
chemical equation for this reaction is

catalys
CO(g) + 2 H,(g) —> CH,0H(l)

Ethanol or beverage alcohol, CH;CH,OH, is traditionally prepared by fermenting
an aqueous sugar solution, usually from fruit or grains. This reaction requires the
presence of yeast and the absence of oxygen. The chemical equation for this reaction
is shown below.

CeH,,04(aq) = 2 CO,(g) + 2 C,H;OH(aq)
Like many organic compounds, alcohols undergo combustion with oxygen. This

reaction, similar to the combustion of hydrocarbons, produces carbon dioxide and
water. For example, the following equation represents the combustion of propanol:

2 CH,CH,CH,OH(l) + 9 0,(g) — 8 H,0(g) + 6 CO,(g)

The reverse of the addition reaction that produces an alcohol is a dehydration reaction
to form an alkene and water. The reaction is catalyzed by sulfuric acid, which removes
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UNIT TASK BOOKMARK

Alcohols are relatively environmentally
benign solvents for non-polar solutes.
For the Unit Task (page 116), consider
whether alcohols would be suitable
alternatives to more toxic solvents.

hydrogen bonding a strong dipole—
dipole force between a hydrogen atom
attached to a highly electronegative atom
(N, 0, or F) in one molecule and a highly
electronegative atom in another molecule

hydrogen bond
H6+

S;Q_Hsi, ,§t§<
CH;—CH, (|3H2
CH,

Figure 6 Hydrogen bonds form between
the hydroxyl groups of adjacent alcohol
molecules.

Investigation

Properties of Alcohols (page 63)
In this controlled experiment you will
make and test predictions about the
properties of alcohols.

dehydration reaction a reaction that
involves the removal of a hydrogen atom
and a hydroxyl group from the reactant,
producing a slightly smaller molecule and
water
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the hydrogen atom and hydroxyl group. The two adjacent carbon atoms form a double
bond. An example of a dehydration reaction is the dehydration of propanol.

sulfuric acid

CH3CH—(|3H2 SERRee8C s CH,CH=CH, + HOH
OH H
propanol propene water
In dehydration reactions of secondary or tertiary alcohols containing more than

3 carbon atoms, more than one alkene may potentially be produced. Predicting the
major product is beyond the scope of this course.

OH H H

sulfuric acid

I |
CH,CH,CHCH; —— > CH,;C=CCH; + H,O (major product)
sulf,
butan-2-ol f“’lcaq » but-2-ene
CH3CH2(|3=CH2 + H,O (minor product)
H

but-1-ene

In the following tutorial, you will study examples of reactions involving alcohols:
addition and dehydration. Addition reactions will be familiar, as you encountered
them in Section 1.2.

In this tutorial, you will learn to predict the products of two different reactions involving
alcohols.

Sample Problem 1: Addition Reaction to Form an Alcohol
Write the chemical equation for the addition reaction of pent-1-ene and water.

Solution
First, draw the reactants, pent-1-ene and water.
H H
HQC=C—(|I—(|)—CH3+ H,0
e

As the molecule being added is water, this is a hydration reaction. During the hydration
reaction, the double bond will break. According to Markovnikov’s rule, a hydrogen atom
from the water molecule will tend to bond to the carbon atom that is already bonded to the
greatest number of hydrogen atoms. In pent-1-ene, that is the first carbon atom.

H H OHH H
HE—G—C—C—CHy + 1O —> HG—C—C—C—GH
oA oAb
pent-1-ene water pentan-2-ol

Therefore, the main product of the reaction is pentan-2-ol.
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Sample Problem 2: Dehydration Reaction of an Alcohol
Write the chemical equation for the dehydration of ethanol.

Solution

During a dehydration reaction, a water molecule is removed from an alcohol to form an
alkene. Ethanol contains only 2 carbon atoms, so there is only one possibility for the
position of the double bond; the resulting alkene is ethene. The chemical reaction is

C,H;0H() *2°% C,H,(g) + H,0(g)

Practice

1. Draw the chemical equation, showing structural formulas, for the addition reaction
that forms butan-2-ol.

2. Write the chemical equation for the dehydration of pentanol.

Ethers

Physicians and chemists have long searched for substances that would eliminate pain
during medical procedures. A Boston dentist demonstrated the use of dinitrogen
monoxide as an anesthetic in 1844. Around the same time, another organic com-
pound was being tested. The compound ethoxyethane (also named diethyl ether or,
at that time, simply “ether”) is an effective anesthetic. Although ethoxyethane has
been used successfully for decades, it is very volatile and flammable. Because of this
hazard, ethoxyethane has largely been replaced by safer compounds. Currently, its
major use is as a solvent for fats and oils.

An ether is an organic compound that contains a functional group in which an
oxygen atom is bonded between 2 carbon atoms within a chain. Ethers can be syn-
thesized from the reaction of alcohols. When the alcohols react, a molecule of water
is produced in a condensation reaction:

H H H H H H
| | H,S0, | |

H*C‘:*C‘:*OH + H*(‘:*OH — H*?*C‘:*O*C‘:*H + H—O—H
H H H H H H

H,SO
CH,CH,0OH + CH,0H —— CH,CH,0CH, + HOH

ethanol methanol methoxyethane water

Experimental evidence shows that the boiling points of ethers tend to be slightly
higher than those of similar-sized alkanes but lower than the boiling points of
similar-sized alcohols. We can explain this by comparing the intermolecular forces
in each type of compound. Ethers do not contain hydroxyl groups and they cannot
form hydrogen bonds as alcohols do. However, the C-O bond is polar. Furthermore,
unbonded electron pairs on the oxygen atom give the molecule a V shape. As a result,
we can conclude that ether molecules are somewhat polar. The intermolecular forces
in ethers are stronger than those in hydrocarbons but weaker than those in alcohols.

Ethers are useful solvents. The C-O bond allows them to dissolve highly polar
substances, while the alkyl group allows them to dissolve less polar substances.

Naming Ethers

The ITUPAC method to name an ether is to add the suffix -oxy to the smaller hydrocarbon
group that is bonded to the larger alkane group. For example, an ether made up of a
methyl group and an ethyl group joined by an oxygen molecule is called methoxyethane.
A commonly used alternative nomenclature uses the names of the two hydrocarbon
groups followed by the word “ether:” methylethyl ether. If the two alkane groups are the
same size, the prefix di- is used. Thus, methoxymethane would be called dimethyl ether.

NEL

ether an organic compound containing

an oxygen atom between 2 carbon atoms

in a chain

condensation reaction a chemical

reaction in which two molecules combine

to form a larger molecule and a small
molecule, such as water

UNIT TASK BOOKMARK

Could we use ethers as solvents, to
reduce toxic VOCs? Consider this
question as you work on the Unit Task,
described on page 116.
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Tutorial 3

thiol an organic compound that contains
the sulfhydryl (-=SH) group
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In this tutorial, you will first practise naming ethers according to the IUPAC convention.
Then, you will practise drawing structural formulas of ethers.
When naming ethers, follow these steps:

1. Identify the two alkyl groups.

2. Write the name of the shorter alkyl group, then the suffix -oxy, then the name of the
longer alkyl group as if it were an alkane.

Sample Problem 1: Naming an Ether Given the Structural Formula
Write the name of the ether shown below.
H;C— CH,— CH,—0—CH;
Solution
Step 1. Identify the two alkyl groups.

This ether has a propyl group on one side of the oxygen atom and a methyl
group on the other.

Step 2. Write the name of the shorter alkyl group, then the suffix -oxy, then the name of
the longer alkyl group as if it were an alkane. In this case, a number is required
to indicate the carbon atom in the propyl group to which the methoxy group is
attached.

This ether is 1-methoxypropane.

Sample Problem 2: Drawing an Ether from Its Name
Draw the structural formula for 1-ethoxybutane.
Solution

The longer carbon chain is butane, which has 4 carbon atoms. The shorter chain is ethyl,
which has 2 carbon atoms. Therefore, 1-ethoxybutane has the following structure:

H3C_ CHZ_ 0 - CHZ_ CHZ_ CHQ_ CH3

Practice
1. Name each of the following ethers:
S P O L B
e e
H H H H H H H H H
2. Draw the structural formula of each of the following ethers:
(@) 2-methoxypropane (b) 3-ethoxypentane
Thiols

A thiol is an organic compound that includes the sulthydryl functional group, —SH.
The sulthydryl group is similar to the hydroxy group, ~OH. Thiols generally have
strong odours. For example, a thiol gives garlic its strong odour. The smell associated
with the spray of a skunk is also caused by a thiol. Since sulfur is present in the prod-
ucts of digested proteins, thiols are also responsible for the strong stench of sewage.

Gas delivery companies add thiols to natural gas to make leaks easier to detect,
since natural gas itself (mostly methane) has no odour.

Hydrogen peroxide reacts with thiols to form odourless disulfide compounds.
Hence, hydrogen peroxide is sometimes used to neutralize the odours of many thiols.

To name thiols, the suffix -thiol is added to the end of the alkane name. For
example, HSCH; is methanethiol.
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m Review

Summary

Alcohols contain a hydroxyl group, —OH. The hydroxyl group allows alcohols
to form hydrogen bonds. Alcohols can be further classified as primary,
secondary, and tertiary.

Alcohols can be produced by hydration reactions of alkenes. Dehydration
reactions use a catalyst and acid to change the alcohol back to an alkene and
water. In a combustion reaction an alcohol reacts with oxygen, producing
carbon dioxide and water.

Ethers can be produced from the condensation reaction of alcohols. Ethers
are widely used as solvents because of their ability to dissolve both polar and
non-polar substances.

Thiols contain the sulthydryl functional group —SH. They typically have
strong odours.

Questions
1. Write the name of each of the following 2. Draw the structural formula for each of the
compounds: E following compounds: [
(a) OHH H H H (a) 5-bromohexan-3-ol

NEL

[ R _ 3.
H,C—C—C—C—C—C—CH, (b) 2 mej[hylpentan 3-ol
[ O A (c) 3,5-dichloropentan-2-ol

H OHH H H (d) cyclobutane-1,2-dithiol
(e) 2-methoxyheptane
(b) C|)H (f) cyclohex-4-ene-1,3-diol
CH,—CH—CH—CH,—CH,—CH;, 3. Ifyou were given two samples and told that one was
(le ethanol and one was heptan-2-ol, describe two
’ tests that you could run on the samples to identify
© OH them. Kz

4. Predict the product(s) of each of the following
chemical reactions:
(a) hept-1-ene + water
(b) butan-1-ol with sulfuric acid catalyst

(d) OH (¢) propan-1-ol + ethanol
5. Write the chemical equation for the complete
OH combustion of methanol.
() OH 6. A chemist needs to synthesize 1-ethoxypentane.
She has the following substances available: ethene,
pent-1-ene, and water. Describe how the chemist
OH OH could synthesize 1-ethoxypentane. (Assume that the

(f) H,C—CH,—CH,—CH,—O—CH,—CH,—CH, chemist can use reaction conditions that allow her
to overcome Markovnikov’s rule.) & mw

(g) /\/\/O \/ 7. Rotten eggs have a distinct odour. Based on your
reading in this section, what type(s) of compounds
(h) H;C—CH,—SH do you think are present in rotten eggs? Conduct
research to check your reasoning. & v
«1‘\\\
(i‘a::,/‘; WEB LINK
w/
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carbonyl group a carbon atom double-
bonded to an oxygen atom, found in organic
compounds such as aldehydes and ketones

0
|

/C\
Figure 2 A carbonyl group

aldehyde an organic molecule containing
a carbonyl group that is bonded to at least
1 hydrogen atom

0
I

C
HC™ O CH,

propanone; a ketone

Figure 4 The carbonyl group is always
attached to 2 other carbon atoms in the
carbon chain in a ketone molecule.

ketone an organic compound that
contains a carbonyl group bonded to
2 carbon atoms
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Aldehydes and Ketones

Saffron, produced from the stamens of the crocus flower, is the most expensive spice
on Earth (Figure 1). The cost per gram of saffron is approximately equal to that of
silver. An organic compound, safranal, is responsible for its characteristic aroma. The
compounds responsible for the scents of saffron and many other spices, including
cumin, vanilla, cinnamon, and ginger, all have a similar functional group: carbonyl.
Not surprisingly, scents and perfumes contain many compounds with carbonyl
groups. The solvents in some paint and fingernail polish removers, lacquers, and
glues also have carbonyl groups. & WEB LINK

Figure 1 The stamens of crocus flowers are removed and dried for use as the spice saffron.

The Carbonyl Group

Aldehydes and ketones both contain the carbonyl group. A carbonyl group is an atom
of carbon double-bonded to an atom of oxygen (Figure 2). The carbonyl group is
the functional group responsible for the properties of ketones and aldehydes. The
difference between the two classes of compound is the location of the carbonyl group
within the molecule.

In an aldehyde, the carbonyl group is bonded to at least 1 hydrogen atom, which
means that it is located at the end of the parent chain of the molecule. In the simplest
aldehyde, methanal (also called formaldehyde), the carbon of the carbonyl group
is the only carbon atom in the molecule (Figure 3). In longer molecules, such as
butanal, the carbonyl group is at the end.

H H 0
0 Ly
| H—C—C—C
_C 1N
H H H H
@) methanal (b) propanal

Figure 3 The carbonyl group is always at the end of the carbon chain in an aldehyde molecule.

A ketone is an organic compound whose molecules have a carbonyl group bonded
to 2 carbon atoms in the carbon chain. The simplest ketone is propanone (also
known as acetone), which has 3 carbon atoms including the one in the carbonyl
group. Compare the structure of propanone (Figure 4) with the structure of propanal
(Figure 3(b)).
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Naming Aldehydes and Ketones

The naming of aldehydes and ketones follows conventions similar to those of the com-
pounds discussed in earlier sections. For an aldehyde, replace the final -e from the name
of the parent alkane with the suffix -al. As Figure 3(a) shows, the simplest aldehyde con-
tains only the carbonyl group bonded to 2 hydrogen atoms. Its parent alkane is methane,
so the aldehyde is called methanal. Position numbers are not used in naming aldehydes
because the carbonyl group is always designated as carbon number 1 in the chain.

Tutorial 1

Sample Problem 1: Naming Aldehydes from Structural Formulas
Name the following compound:
i
CH3CH2CH2_C_H
Solution

First, determine the name of the base alkane. This compound has a 4-carbon parent chain,
so it is based on the alkane butane. The name of the corresponding aldehyde is butanal.

Sample Problem 2: Drawing Aldehydes
Draw the structure of each of the following molecules:
(@) hexanal (b) 7-hydroxyoctanal

Solution (a)

Hexanal is based on hexane. The suffix -al tells us that the compound is an aldehyde, so
it has a carbonyl group at one end (carbon atom number 1) of the carbon chain.

/
H,CCH,CH,CH,CH,C
\H
Solution (b)
7-hydroxyoctanal is based on octane. The carbonyl group is located on carbon atom
number 1 and a hydroxyl group is located on carbon atom number 7.

i i
H,CCHCH,CH,CH,CH,CH,CH

When representing molecules that have several carbon atoms, chemists sometimes use
a convention called line diagrams. These are a “shorthand” form of structural diagrams in
which the carbon atoms and their attached hydrogen atoms are not shown. Instead, you
assume that there is a carbon atom at the end of each line and at every bend in the line,
and that each carbon atom is surrounded by the maximum possible number of hydrogen
atoms. The following Practice questions include an example of a line diagram.

Practice
1. Name each of the following aldehydes:
@) |(|’ () ﬂ (|7I
CH3CH,CH,CH,CH HCCH,CH,CHCH,

(b)

NEL 1.5 Aldehydes and Ketones
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2. Draw the structure of each of the following aldehydes:
(@ butanal
(b) 4-methylpentanal
(c) 2-hydroxybutanal

To name a ketone, the -e of the parent alkane is replaced with the suffix -one.
The simplest ketone, shown in Figure 4, has 3 carbon atoms. Its name, derived from
propane, is propanone. For ketones with 5 or more carbon atoms, the position of the
carbonyl is designated by the number of the carbon atom of the carbonyl group. As
usual, we assign the lowest possible number.

Tutorial 2

Sample Problem 1: Naming Ketones from Structural Formulas

Name the ketone shown below.
0

I
CH4CH,CH,CCH,CH,

Solution

First, identify the parent alkane: hexane. Then, number the carbon atoms to give the
carbonyl group the lowest possible number. This compound is hexan-3-one.

Sample Problem 2: Drawing Ketones
Draw the structural formula for 4,4-dimethyl-heptan-2-one.

Solution

First, draw the carbon chain for the parent alkane: heptane. Then, draw the carbonyl
group attached to the appropriate carbon atom. Next, add the other substituent groups—
two methyl groups—to their carbon atoms. Finally, add hydrogen atoms to the remaining
carbon atoms so that each carbon has four bonds.

1
CH300H2(|ICHQCHZCH3
CH,
Practice
1. Name the following ketones:
(@ ﬁ
CH;CH,CCH,4
(b) 0

o
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2. Draw the structures for the following ketones: =
(@ 4-methylheptan-3-one

b) 1,3-dichlorobutan-2-one

c) heptane-3,5-dione

d) cyclobutanone

e) 4-hydroxypentan-2-one

—_— o~ —~ —

Properties of Aldehydes and Ketones

The chemical and physical properties of aldehydes and ketones are affected by the
carbonyl group. Because oxygen has a much higher electronegativity than carbon, elec-
trons from the double bond are attracted to the oxygen atom. As a result, the molecules
are polar. They have dipole-dipole attractions but, since the molecules do not contain
a hydroxyl group, they do not form hydrogen bonds with one another. Therefore, their
boiling points are lower than similar alcohols. The presence of the carbonyl oxygen
does allow aldehydes and ketones to form attractions with water molecules, so these
molecules are more soluble in water than are alkanes, but less soluble than are similarly
sized alcohol molecules. Small aldehydes and ketones are completely soluble in water,
but the solubility decreases as additional carbons are added to the chain. Aldehydes and
ketones are often used as solvents in industrial processes.

Reactions Involving Aldehydes and Ketones

Historically, reactions in which oxygen is a reactant were referred to as oxidation
reactions. The term has since come to have a broader meaning, including those reac-
tions in which a substance loses electrons. The chemistry of these reactions will be
discussed in Unit 5.

Formation of Aldehydes and Ketones: Controlled Oxidation

Aldehydes and ketones are synthesized by the controlled oxidation of alcohol. In
a complete oxidation reaction (combustion reaction) of alcohol, the products are
carbon dioxide and water. Thermal energy is also released.

In the controlled oxidation of an alcohol, the reactant is not completely oxidized. If
there is only a limited quantity of oxygen present, an aldehyde or ketone is produced.
In these types of reactions, oxygen atoms can be supplied by air or by compounds
known as oxidizing agents. The balanced chemical equation for the reaction of
ethanol with oxygen from the air is

2 C,H,0H(I) + 0O,(g) = 2 C,H,0() + 2 H,0(1)

Oxidizing agents are oxygen-rich compounds such as potassium dichromate, K,Cr,O
hydrogen peroxide, H,0,, and potassium permanganate, KMnO,. To keep the equations
simple, we often use (O) to represent the oxidizing agent in an oxidation reaction.

When a primary alcohol is oxidized, the oxygen atom and one of the hydrogen
atoms remain on the carbon atom, resulting in a carbonyl group on the terminal
carbon atom, an aldehyde. The 2 hydrogen atoms that were removed bond with
oxygen from the oxidizing agent. For example, the controlled oxidation of ethanol (a
primary alcohol) produces ethanal and water:

T i
CH3fC‘fH + (O) —> CH,—C—H + HOH (oxidation reaction)

H
ethanol ethanal water
(1° alcohol) (aldehyde)

NEL

UNIT TASK BOOKMARK

Propanone (acetone) is a VOC that is
widely used as a solvent. Consider its
pros and cons as you work on the Unit
Task, described on page 116.

Investigation SR

Reactions of Three Isomers

of Butanol (page 64)

Now that you have studied the
reactions of various alcohol
isomers, you have an opportunity
to investigate how the structures
of alcohol molecules affect their
chemical characteristics.
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A secondary alcohol will also form a carbonyl group, producing a ketone rather
than aldehyde. One hydrogen atom is removed from the hydroxyl group and the
second comes from the carbon atom to which the hydroxyl group is bonded. The
controlled oxidation of propan-2-ol produces propanone and water:

o i
CH3f(‘JfCH3 + (O) —> CH,—C—CH,; + HOH (oxidation reaction)

H
propan-2-ol propanone water
(2° alcohol) (ketone)

Tertiary alcohols do not react in the same way because no hydrogen atom is
available on an adjacent carbon atom. An example is the attempted oxidation of
2-methylpropan-2-ol:

C‘)H
CH3fC‘ —CH,; + (O) —> not readily oxidized (no reaction)
CH,

2-methylpropan-2-ol
(3° alcohol)

To summarize the controlled oxidation reactions of alcohols, a primary alcohol
produces an aldehyde, a secondary alcohol produces a ketone, and a tertiary alcohol
does not easily oxidize.

Hydrogenation of Aldehydes and Ketones

Recall from Section 1.2 that a hydrogenation reaction involves the addition of
hydrogen to another molecule. In the hydrogenation reaction of an aldehyde or a
ketone, the net result is that a double bond is broken. One hydrogen atom is added
to the oxygen atom and another is added to the carbon atom to which the oxygen
is bonded. Hydrogenation of aldehydes or ketones occurs only under conditions of
high temperature and pressure, and the presence of a catalyst. The product of this
reaction is an alcohol. For example, hydrogenation of ethanal forms ethanol, and
hydrogenation of propanone forms propan-2-ol. These are the reverse of the oxida-
tion of alcohols. The hydrogenation of the aldehyde produces a primary alcohol, and
the hydrogenation of a ketone produces a secondary alcohol:

O OH

” catalyst | . .
CH,C—H + H—H CH3—C|? —H (hydrogenation reaction)

heat, pressure

H
ethanal ethanol
(aldehyde) (primary alcohol)
O OH

” catalyst | \ .
CH;C—CH; + H—H CH;— (lj —CH,; (hydrogenation reaction)

heat, pressure

H
propanone 2-propanol
(ketone) (secondary alcohol)
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Tutorial 3

In this tutorial you will explore reactions involving aldehydes and ketones as both
reactants and products.

Sample Problem 1: Preparing Aldehydes and Ketones from Alcohols
Draw the structural formula equations for the reactions that produce butanone and butanal.

Solution

Butanone and butanal both have 4-carbon backbones. Both can be formed by the
controlled oxidation of a 4-carbon alcohol. Ketones form from a secondary alcohol, so
butanone will form during the controlled oxidation of butan-2-ol:

OH 0
CHSCHz(llCH3 +(0) — CHSCHZECH3 + H,0
’
butan-2-ol butanone

Aldehydes form during the oxidation of primary alcohols, so to form butanal, butan-
1-ol needs to react with oxygen:

H H H H H H H 0

| Y

H—(l‘,—(lz—(l:—(lz—o—H +(0) — H—l—(lz—(lz—c\

H H H H H H H
butan-1-ol butanal

Sample Problem 2: Producing an Alcohol from a Ketone
Draw the structural formula equation representing the hydrogenation of propanone.

Solution
The hydrogenation of a ketone produces a secondary alcohol. Therefore, the
hydrogenation of propanone will form propan-2-ol:

H H H H H
| | catalyst | | |
H—C—C—C—H +H, — H—C—C—C—H
| ” | heat, pressure | | |
H O H H (l) H
H
propanone propan-2-ol

Practice

1. Name the reactants required to produce each of the following compounds, then
illustrate the reactions using structural formulas.
(@) pentanone
(b) pentanal

2. Name the products resulting from the hydrogenation of each of the following
compounds, then illustrate the reactions using structural formulas.
(@ ethanal
(b) butanone
3. Predict the products of the controlled oxidation of the following isomers:
(@ hexan-1-ol
(b) hexan-2-ol
(c) 2-methylpentan-2-ol

NEL 1.5 Aldehydes and Ketones
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m Review

Summary

If a carbonyl group is attached to at least 1 hydrogen atom, the molecule is an
aldehyde. It is named using the suffix -al.

If a carbonyl group is attached to 2 carbon atoms, the molecule is a ketone. It
is named using the suffix -one.

The carbonyl group (C=0) makes organic molecules polar, giving them higher
boiling points and greater water solubility than the corresponding alkanes.

The controlled oxidation of a primary alcohol produces an aldehyde. The
controlled oxidation of a secondary alcohol produces a ketone. Tertiary
alcohols do not readily undergo controlled oxidation.

The hydrogenation of an aldehyde produces a primary alcohol. The
hydrogenation of a ketone produces a secondary alcohol.

Questions
1. Copy and complete Table 1 in your notebook. 4. You have been asked to prepare a sample of ethanal
2. Using the condensed structural formulas, write a from an alcohol.
chemical equation for the controlled oxidation of (a) What alcohol will you use as your reactant?
the following alcohols. Write the IUPAC name for Explain.
each product. (b) Describe the main steps in the procedure and
(a) pentan-2-ol the conditions needed to prepare ethanal.
(b) hexan-1-ol (c) Draw or write a chemical equation to represent
3. (a) Design a procedure to prepare an alcohol from the reaction.

46

propanone. Describe the main steps in the 5. Design an experimental procedure that you could
procedure and the conditions needed. carry out to allow you to distinguish a tertiary

(b) Write a chemical equation to represent the alcohol from a primary or secondary alcohol.

reaction.

Table 1

Name Condensed structure Line diagram or structural formula | Type of compound

CH,CH,CH,CH,CH,CH,CHO

0

W

CHaCH,COCH,CH,

1-chlorobutan-2-one

3-methylpentanal

/ﬁ)l
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Carboxylic Acids, Esters, and Fats

Oranges, lemons, and tomatoes are all foods that naturally contain citric acid. Sour
candies get their sour taste from ascorbic acid. Compounds with functional groups that
make them acidic give foods a tart flavour.

Carboxylic Acids

A carboxylic acid is an organic compound that contains a carboxyl group, -COOH
(Figure 1). When a carboxylic acid is in aqueous solution, a hydrogen ion may be
removed from the carboxyl group relatively easily. As you know, a solution that
contains hydrogen ions is acidic. These compounds are therefore weak acids. Citrus
fruits, crabapples, rhubarb, and other foods that contain carboxylic acids have a
sour, tangy taste. Police routinely use tracking dogs to aid in their police work. The
dogs, with their acute sense of smell, are able to pick up and follow the trail of a
scent. One scent that the dogs can track is the carboxylic acid in the molecules of a
person’s sweat.

Naming Carboxylic Acids

The functional group of carboxylic acids, ~-COOH, combines two smaller groups: a
hydroxyl group and a carbonyl group. To name organic compounds containing a car-
boxylic group, start with the alkane name for the longest chain, including the carbon
atom in the carboxyl group. Drop the -e suffix of the root compound and replace it
with the suffix -oic, followed by the word acid. For example, a carboxylic acid with 3
carbon atoms is propanoic acid (Figure 2(a)).

The simplest carboxylic acid is methanoic acid (formic acid) (Figure 2(b)). The
molecule has 1 carbon atom that is also part of the carboxylic group. Methanoic acid
is used to remove hair from hides and in rubber-recycling processes. It is also the
compound that causes a burning sensation when ants bite.

The next carboxylic acid, with 2 carbon atoms, is ethanoic acid (Figure 2(c)).
Vinegar is typically 5 % ethanoic acid by volume, so it has the sour taste that is
characteristic of carboxylic acids. Ethanoic acid is used as a preservative in the food
industry, and is also used extensively in the textile-dyeing industry.

The simplest aromatic carboxylic acid is benzoic acid, an acid whose common name is
the same as its IUPAC name. The sodium salt of benzoic acid, sodium benzoate, is used as
a preservative in foods and beverages. Note that, in a compound that combines an alcohol
and a carboxylic acid, the alcohol is indicated as a substituent group: hydroxy.

T O«__OH
©C— OH OH
benzoic acid 2-hydroxybenzoic acid

Some carboxylic acids have more than one carboxyl group. When naming an acid
with two carboxyl groups, use the suffix dicarboxylic acid. Citric acid is an example of
a compound with three carboxylic groups (Figure 3).

Formic acid, acetic acid, and benzoic acid are acceptable IUPAC names that do not
follow the systematic rules for naming acids. In the following tutorial, you will prac-
tise naming and drawing carboxylic acids according to the systematic IUPAC rules.

carboxylic acid a weak organic acid
containing at least one carboxyl group

carboxyl group a carbon atom that is
double-bonded to 1 oxygen atom and
single-bonded to a hydroxyl group

0
/
\
OH
Figure 1 A carboxyl group

i
CH3CH,C
T

@) propanoic acid
0
Il

/C\

H OH

methanoic acid
(b) (formic acid)

l? 0
/
H—C—C/
|\
H OH

ethanoic acid
(c) (acetic acid)

Figure 2 Three common carboxylic acids

H
H—(ll—COOH
HO—Cll—COOH
H—(lJ—COOH
’

2-hydroxypropane-1,2,3-tricarboxylic acid

(citric acid)

Figure 3 A tricarboxylic acid
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IUPAC and Common Names

You have probably realized that many
compounds have both common names
and systematic [UPAC names. This
textbook mostly uses the systematic
names as they help with visualizing
the structure of the compound.
However, some common names are So
familiar that they are also recognized
by IUPAC. Acetic acid and formic acid
are two such names. You should be
familiar with the common names as
well as the systematic names of these
compounds.
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Tutorial 1

Naming and drawing carboxylic acids requires first identifying the part of the compound
that includes the carboxyl group, then accounting for any substituents.

Sample Problem 1: Naming Carboxylic Acids from Structural Formulas
Write the name of each of the following carboxylic acids:

@) H HHHH 9o G O Cl
[ N Il I
H—C—C—C—C—C—C C— CH,— CH,—CH—CH,

[ 1 1 1 N\ /
H HHHUH O—H HO

Solution (a)

First, identify the compound that forms the root of the acid. This compound contains a
6-carbon chain (including the carboxylic acid carbon), so its root is hexane. There is one
carboxyl group in the compound, so its name is hexanoic acid.

Solution (b)

This compound contains a 5-carbon chain: pentane. There is one carboxyl group in the
compound, so it is a pentanoic acid. The chlorine substituent is on the fourth carbon,
numbering from the carboxyl group, so the compound is 4-chloropentanoic acid.

Sample Problem 2: Drawing Carboxylic Acids

Draw the structure of 2-methylbutanoic acid. H
. |
Solution CHy— C— CH,—CH,
First, draw the root structure, methylbutane. (l)H
Next, change a terminal carbon to a carboxyl group. The ’
2- prefix indicates that the methyl group is on the second 0\
carbon from the carboxyl group, so the carboxyl group \C— CH— CH,— CH
must be on the end closest to the methyl group. Therefore, /
the correct structure is as shown at right: HO CH,
Practice

1. Name each of the following carboxylic acids:
(@) CH5CH,CH,CH,CH,CH,CH,CH,CH,CO0H

(b) ﬁ (©) 0
CH3_CH2_CH2_C_OH /\/W

OH

2. Draw the structure of each of the following carboxylic acids:
(@) octanoic acid (c) ethanedioic acid
(b) 3-methylpentanoic acid

Properties of Carboxylic Acids
Since carboxylic acids have two polar groups—a carbonyl and a hydroxyl—located
close together, their molecules are very polar. The carboxyl groups form hydrogen
bonds with one another and with polar solvents such as water. Due to this hydrogen
bonding, carboxylic acids with 5 or fewer carbon atoms are very soluble in water.
Larger carboxylic acids have decreasing solubility due to the large non-polar hydro-
carbon group. They are, however, soluble in polar organic solvents, such as alcohols.

NEL



Carboxylic acids share many properties with other acids. They affect acid-base
indicators, so litmus paper can be used to indicate the presence of carboxylic acids in
a mixture of hydrocarbons. Carboxylic acids also react with bases to form ionic com-
pounds and water. Soap is a compound made up of cations of sodium or potassium
and anions based on carboxylic acids with multi-carbon alkyl chains.

The melting points of carboxylic acids are higher than their hydrocarbon counter-
parts because of dipole interactions of the polar carboxyl groups (Table 1).

Table 1 Comparison of the Melting Points of Carboxylic Acids and Alkanes

[VEICE il 1.6.1

Properties of Carboxylic Acids
(page 65)

Now that you have learned about
the structures and properties of
carboxylic acids, you are ready to
explore their properties in the lab.

Number of carbon atoms | Number of -COOH groups | Compound Melting point (°C)
1 0 methane —182
1 1 methanoic acid (formic acid) 8
2 0 ethane —183
2 1 ethanoic acid (acetic acid) 17
2 2 ethanedioic acid (oxalic acid) 189
4 0 butane —138
4 1 butanoic acid -8
4 2 2,3-dihydroxybutanedioic acid (tartaric acid) 206
6 0 hexane —95
6 1 hexanoic acid 13
6 3 2-hydroxypropane-1,2,3-tricarboxylic acid (citric acid) 153

Esters

Many plants naturally produce esters, which are responsible for many of the odours
of fruits, flowers, and perfumes. Synthetic esters are often used as flavourings in pro-
cessed foods, and as scents in cosmetics and perfumes. An ester is characterized by a
functional group that is similar to a carboxyl group except that the hydrogen atom is
replaced with an alkyl group (Figure 4). The letters R and R’ in the formula represent
alkyl groups in which a carbon atom attaches to the functional group. & CAREER LINK

Naming Esters

Esters are formed by the condensation reaction of a carboxylic acid and an alcohol.
To name the resulting ester, determine which part of the molecule was contributed by
the alcohol. This is the part that does not include the carbonyl group. In Figure 5 the
alcohol portion of the ester comes from pentan-1-ol. This gives the ester the first
part of its name: pentyl. The second part of the name comes from the carboxylic
acid, butanoic acid. The -oic acid part of the name is dropped and replaced with -oate:
butanoate. Therefore, the name of the compound is pentyl butanoate, the ester that
gives apricots their aroma. Other esters have different distinctive aromas (Figure 6).

ester an organic compound that contains
a carbonyl group bonded to a second
oxygen atom which is bonded to another
carbon atom

0
I
PION

R OR’
Figure 4 An ester functional group

0 H H H 0
H L7y 0
CH,CH,CH,C— OCH,CH,CH,CH,CH, H— | —(lz—(lz—c\ | @_{
carboxylic acid alcohol H H 0—C—H 0
butanoic acid pentan-1-ol I!I _\CH
3

pentyl butanoate

Figure 5 The ester pentyl butanoate is formed by combining a
carboxylic acid with an alcohol in a condensation reaction.

(b) cherries.

NEL

(a) methyl butanoate

1.6 Carboxylic Acids, Esters, and Fats

(b) ethyl benzoate

Figure 6 These esters have the aromas of (a) pineapple and
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Tutorial 2

When naming esters, follow these steps:
1. Identify the two alkyl groups.

2. Determine which group originated from the carboxylic acid and which originated
from the alcohol.

3. Write the name with the alcohol part first and the carboxylic acid part second.

Sample Problem 1: Naming an Ester from Its Structural Formula
Name this ester: H

0
H_(l;_c// H H H H
N LT
ot
H H H H

Solution
Step 1. Identify the two alkyl groups.
There is a 2-carbon ethyl group and a 4-carbon butyl group.

Step 2. Determine which group originated from the carboxylic acid and which originated
from the alcohol.

The group that includes the carbonyl group originated from the carboxylic acid; in
this case, ethanoic acid. The other group originated from the alcohol: butan-1-ol.

Step 3. Write the name with the alcohol part first and the carboxylic acid part second.
This ester is butyl ethanoate.

Sample Problem 2: Drawing an Ester
Draw the structural formula of ethyl methanoate.

Solution

The first part of the name is ethyl, which indicates a 2-carbon alkyl group. The second part
of the name, methanoate, indicates a 1-carbon carboxyl part. Therefore, the structure is

o
H—C—O—(ll—(ll—H
H H

Practice

1. Name each of the following esters:
@ (l) (©) ﬁ
CH,CH,CH,CH,C —0— CH, — CH, H—C—0— CH,CH,CH,CH,

(b) 0 (d

i
C - 0 - CHQCHzCHS
e

2. Draw the structure of each of the following esters:
(@) methyl hexanoate (b) methyl benzoate

Properties of Esters

The functional group of an ester is similar to the carboxyl group of an acid, but
without the hydroxyl group. As a result, esters are less polar than carboxylic acids
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and do not form hydrogen bonds. Small esters are soluble in water due to the polarity
of their carbon-oxygen bonds. Esters are less soluble in water than carboxylic acids
and have lower boiling points. Since their polarities are similar to those of aldehydes
and ketones, the melting and boiling points of esters are similar to those of the cor-
responding aldehydes and ketones. Smaller, low-molecular mass esters are gases at
room temperature, but the larger, heavier esters are waxy solids.

Reactions Involving Carboxylic Acids and Esters

Formation of Carboxylic Acids

Carboxylic acids can be formed by the oxidation of aldehydes in the presence of an oxi-
dizing agent. The roadside Breathalyzer test relies on just such a reaction, in which the
oxidizing agent changes colour. The dichromate ion, Cr,0,>, is the oxidizing agent. It
is orange in colour. When a person exhales air containing ethanol into the Breathalyzer
tube, the ethanol is oxidized to ethanal, which is then further oxidized to ethanoic acid.
The dichromate ion is changed to a different ion, which has a green colour. The extent
of the colour change indicates the concentration of alcohol in the exhaled air.

Formation of Esters: Esterification

Esterification is a condensation reaction in which an alcohol and carboxylic acid react
to form an ester and water. Figure 7 shows the general reaction. You have already
seen some specific examples of these reactions earlier in this section.

0 0
I conc. H,S0, I

RC—OH + R’OH T RC—0—R’ + HOH
acid alcohol ester water

Figure 7 The general esterification reaction

Reaction of Esters: Hydrolysis

When esters are treated with an acid or a base, the esterification process can be
reversed. The ester splits into the carboxylic acid and alcohol components with
the addition of a molecule of water. This reaction is called hydrolysis. The general
example, shown in Figure 8, is carried out in a basic solution. One of the products is
the sodium salt of the carboxylic acid and the other is an alcohol.

i i
RC—O0—R’ + Na*+ OH- —> RC—O0~+ Na*+ R’OH
ester acid alcohol

Figure 8 The general hydrolysis reaction of an ester

Fats and oils are esters of long-chain acids. When these long-chain esters are
heated with a strong base, such as sodium hydroxide, the hydrolysis reaction occurs.
The sodium salts of this reaction are commonly known as soaps. The reaction is
known as saponification. You will learn more about this reaction later in the section.

Tutorial 3

This tutorial reviews some reactions that involve carboxylic acids.

Sample Problem 1: Carboxylic Acid Production

Write equations representing the two chemical reactions that result in the formation of
butanoic acid from an alcohol.

esterification the reaction of a carboxylic
acid and alcohol to form an ester and water

hydrolysis the breaking of a covalent
bond in a molecule by the addition of the
elements of water (hydrogen and oxygen);
the splitting of an ester into carboxylic
acid and alcohol components
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Synthesizing Esters (page 66)

In this investigation you will
synthesize specific esters from their
component carboxylic acids and
alcohols.

52 Chapter 1 e Organic Compounds

Solution

First, consider the reactions that must take place for an alcohol to be converted into
butanoic acid. Butanoic acid can be formed from an aldehyde. The first reaction must
therefore be the reaction of the alcohol to form an aldehyde; the second must be the
reaction of the aldehyde to form the carboxylic acid.
Next, draw the structural formulas of the three compounds.
The product is butanoic acid:
T
Vi
—C—C—C
1 N\
H H OH
To form butanoic acid, start with a primary alcohol with 4 carbon atoms: butan-1-ol.
T
RRSRS
H H H H

The alcohol reacts with an oxidizing agent to form an aldehyde, butanal.

I
I—C')—I

=0=0G=0=0
I 1\
H HH H
Butanal is oxidized further to form the carboxylic acid, butanoic acid.

Finally, write the equations in the order in which they occur.

H H H H H H H
[ Y
H—(ll—(lt—(li—cl)—O—H +[0] — H—(li—(li—cl)—c\ + H,0
H H H H H H H H
butan-1-ol butanal
H H H 0 H H H 0
11 Iy
H— (|J (|: (|J C\ +[0] — H—(li—(li—tli—C\
H HH H H H H OH
butanal butanoic acid

Sample Problem 2: Esterification

Draw the structural formula equation representing the reaction that forms propyl
butanoate. Also write the names of the compounds involved.

Solution

First, determine the compounds that react to produce the ester. Esters are formed

from a carboxylic acid and an alcohol. The last part of the ester name tells you that the
carboxylic acid is butanoic acid. The first part of the ester name tells you that the alcohol
is propan-1-ol. Esterification reactions are usually written with the carboxylic acid first,
followed by the alcohol.

H H H 0 H H H H H H 0
[ | | | H H H
H—C—C—C—C\ +H—0—C—C—C—H9H—C—C—C—C\ L
R
H H H
butanoic acid propan-1-ol propyl butanoate water
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Sample Problem 3: Hydrolysis of Esters

Write the structural formula equation for the hydrolysis of ethyl propanoate by sodium
hydroxide solution.

Solution

The hydrolysis of an ester produces a carboxylic acid and an alcohol. In this case,

the carboxylic acid is propanoic acid and the alcohol is ethanol. Draw the part of the

compound that includes the carboxyl group on the left side of the reactant molecule.
0 0

| I

Practice

1. Draw structural formula equations illustrating the following reactions. Give the IUPAC
name for every compound involved.
(@) the production of 2-methylpropanoic acid from an aldehyde

(b) the production of a carboxylic acid from ethanal

(c) the esterification reaction between propanol and hexanoic acid

(d) the hydrolysis of methyl butanoate in the presence of sodium hydroxide solution

Fats and Oils

Fats and oils are large ester molecules known as lipids. The long-chain carboxylic
acid component is called a fatty acid. Common fatty acids are listed in Table 2. The
alcohol component is glycerol. Glycerol is a 3-carbon alcohol with three hydroxyl
groups, so it can bond with three fatty acids at once (Figure 9). The ester that is
formed is called a triglyceride. So, fats and oils are triglycerides.

Table 2 Common Fatty Acids

Name Formula Source

linoleic acid CH4(CH,),CH = CHCH,CH = CH(CH,);CO0H | vegetable oils (e.g., sunflower
seed oil); soya bean oil

oleic acid CH,(CH,),CH = CH(CH,),COOH most animal fats and vegetable
oils (e.g., olive oil)

palmitic acid | CHs(CH,);,COOH lard, tallow, palm, and olive oils

stearic acid CHs(CH,);,CO0H most animal fats and
vegetable oils

Although the general structure of fats and oils is the same, fats are usually solid at
room temperature, while oils are usually liquid. The chain length and degree of unsat-
uration of the fatty acids generally determine whether a triglyceride is a fat or an oil.

Lipids contain long hydrocarbon chains that release a lot of energy when “burned”
or oxidized. In this way lipids are similar to fossil fuels. Living cells can “burn” or
metabolize lipids to release their stored energy.

Saponification

You have already seen how esters can be hydrolyzed into their component alcohols and
acids in a reaction that is the reverse of esterification. In a similar way, a triglyceride
can be split to produce glycerol and the sodium salt of the fatty acid when sodium
hydroxide is added to the triglyceride. This resulting sodium salt is commonly

NEL 1.6 Carboxylic Acids, Esters, and Fats

lipid a class of organic compound that
includes fats and oils

fatty acid a long-chain carboxylic acid

triglyceride an ester formed from long-
chain fatty acids and glycerol

Figure 9 Glycerol

VES{CEVhI 1.6.3

Making Soap (Teacher
Demonstration) (page 67)

Making soap is a traditional skill.
Here you will see soap emerge from
the reactants.
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saponification the process of making
soap by heating fats or oils with a strong

base

e e oo

(a) saturated lipid

(b) unsaturated lipid with
trans double bonds

eeee

(c) unsaturated lipid with
cis double bonds

Figure 11 (a) Saturated lipids and

(b) those that are unsaturated with trans
double bonds are able to pack tightly
together. Their intermolecular forces are
quite strong, so these lipids are solid

at room temperature. (c) Unsaturated
lipids with cis double bonds cannot pack
tightly together so tend to be liquid at
room temperature.

Research This

Banning Trans Fat

called soap, so the reaction is called saponification (Figure 10). Palmitin and stearin
from palm oil and olive oil are common triglycerides used for soap making.

CH3(CH2)14COO 7 (‘:Hg

CH3(CH2)14C00 - CHZ

palmitin sodium palmitate glycerol
(triglyceride) (soap: Na* salt of fatty acid)

Figure 10 Saponification reactions involve a triglyceride (fat or oil) and a base.

Structure and Properties of Fats and Oils

The best-known property of lipids is their insolubility in water. For example, salad
dressing made of oil and vinegar needs to be shaken to mix the two liquids before
using. Even so, the two components quickly separate again: oil does not dissolve in
the aqueous vinegar. Lipids are not water soluble because of the non-polar nature of
the long fatty acid chains in the triglyceride molecules. These long, non-polar chains
overcome the polarity of the carbon-oxygen bonds in the ester groups.

The hydrocarbon chains in fatty acids affect the physical state of the lipid. The shape
of the fatty acids determines how tightly the lipid molecules can be packed together. This
affects their melting point. Saturated hydrocarbon chains rotate freely around the single
carbon-carbon bonds. Each long hydrocarbon chain is a flexible structure that allows
the chains to find an optimal packing position. This maximizes the van der Waals inter-
actions between molecules. More thermal energy is required to overcome the attractive
forces and separate the molecules, which causes lipids made from saturated fatty acids to
have a relatively high melting point. These triglycerides are solids at room temperature.

Unsaturated hydrocarbon chains contain double bonds. These double bonds limit
the amount of rotation around the carbon-carbon bonds. Fatty acid chains that
contain double bonds can have a cis formation or a trans formation. Cis formations
produce kinks in the fatty acid chains and prevent them from packing together tightly
(Figure 11). The van der Waals interactions are weaker, so it takes less thermal energy to
separate the fatty acid chains. Therefore, the melting point of a given unsaturated com-
pound is lower than that of its saturated counterpart. Triglycerides made from unsatu-
rated fatty acid chains with cis double bonds are likely to be liquids at room temperature.

The trans form of the fatty acid has a much smaller bend in the chain, so its
melting point is closer to that of the unsaturated fat. Trans fats are widely manu-
factured and used because they have properties that increase stability and enhance
flavours in some foods. In addition, they allow the manufacture of solid margarine
from liquid oils. Unfortunately, these fats are not digested by the digestive system in
the same way as saturated fats. This can lead to health problems due to buildup of fats
and their by-products in blood vessels and internal organs. Health Canada advises us
to choose foods that contain little or no trans fat.

Skills: Questioning, Researching, Communicating, Defending a Decision HANSAILS [ Asa
To help increase the shelf life of processed food, manufacturers 2. Once you have made a list, conduct research to find the
sometimes add hydrogen to oil, creating trans fat. Health risks required information.
associated with the consumption of trans fats have raised the A. Should trans fats be banned from processed foods?
issue of banning frans fats from processed foods. Answer this question in a format of your choice, providing
1. Write a list of information that you would like to know in specific information from your research that supports your
order to make a decision about the banning of frans fats. conclusion.
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m Review

Summary

o A carboxyl group is a combination of a carbonyl group, C=0, and a hydroxyl
group, O-H. Carboxylic acids are named by replacing the -e ending of the
alkane with -oic acid.

o Carboxylic acids are formed by the controlled oxidation of aldehydes.

o An ester’s name is derived from the name of the alkyl group of alcohol
followed by the name of the alkyl group of the carboxylic acid with the
ending -oate.

o Esterification is the formation of an ester from a carboxylic acid and an
alcohol. Hydrolysis of esters is the breaking down of the ester by a strong
base to form the carboxylic acid and alcohol.

o Fats and oils are triglycerides. They are esters made from long chains of fatty
acids.

« Saponification is the process by which a fatty acid reacts with a strong base to
form a salt of the fatty acid: soap. Saponification is a type of esterification.

Questions
1. Draw the condensed structure or structural formula 7. Given the physical properties of olive oil, would you
of the following compounds: [ ka expect the fatty acid components to be saturated
(a) 3-methylhexanoic acid or unsaturated? What process may be necessary to
(b) propyl pentanoate convert olive oil into margarine?
2. Name the following compounds: @ & 8. Use structural formulas to describe the synthesis of

a carboxylic acid using methanol. Name all reactants

(a) 0
/_\_.{ and products. & &

0— 9. Create a flow chart showing the steps needed to
(b) 0 transform but-1-ene to butanoic acid. & &
_\_< 10. Table 1 (page 49) lists the melting points of several
0— alkanes and their related carboxylic acids. &3 &
1 eth ) i ficial (a) Predict how the melting point of methanol
" Havouring, What molecules could b used 0 compares o the meltng points of compounds
. in the table.
. . 2 W
synthesize this ester? Write condensed structural (b) Research the melting point of methanol.

formulas for all the organic molecules in this

reaction. [ EE (c) Give a theoretical explanation for the melting

point of methanol, compared to those of the

4. Carboxylic acids, like other organic molecules, are other compounds.

flammable. Write a balanced chemical equation for

the combustion of ethanoic acid. 11. Sour milk and yogurt contain a common carboxylic

acid. Research the identity of this compound, its
structure, and how it is produced industrially.
Prepare a poster of your findings. & & = i

5. Compare the solubility and melting points of
ethane, ethanol, and ethanoic acid. Explain. @

6. 'The fatty acid in corn oil is oleic acid: 12. Research at least two examples of saponification
CH;(CH,);CH = CH(CH,); COOH reactions taking place in the environment. Do you
Draw the structure of oleic acid, using this think that these reactions are, on balance, beneficial
condensed formula. @0 &= or damaging to the environment? Explain. & &m ks

N
{\Q“I’;} WEB LINK
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OH H
N\
OH

Figure 1 The epinephrine (adrenaline)
molecule. The —NH group on the right
of the molecule is bonded to 2 carbon
atoms, making this compound a
secondary amine.

Figure 2 Epinephrine auto-injection
syringes can be lifesavers for people
who are susceptible to severe allergic
reactions.

amine an organic compound, related to
ammonia, that contains a nitrogen atom
bonded to one or more alkyl groups on
each molecule

|
H—(ll—l?I—H
H H

methanamine

Figure 3 Alternative names for
methanamine are methylamine and
aminomethane.
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Amines and Amides

During a severe allergic reaction, the body’s immune system overreacts to the
presence of a foreign substance. The allergic reaction causes the tissues of the airway
to swell and the lungs to fill with fluid. If not treated quickly, this severe reaction can
cause death. The most common treatment for severe allergic reactions is epinephrine,
also known as adrenaline. Epinephrine is a hormone produced naturally by the adrenal
glands. The hormone molecules contain a functional group called an amino group, -NH
(Figure 1). Most people who have severe allergies to common substances, such as bee
venom or peanuts, carry auto-injection syringes filled with epinephrine with them at
all times (Figure 2). Amines are one class of organic compounds that contain nitrogen.

Amines

An amine is a derivative of ammonia in which one or more of the hydrogen atoms are
replaced with alkyl groups. Amines are classified as primary (1°) if one alkyl group
is attached to the nitrogen atom, secondary (2°) if two alkyl groups are present, and
tertiary (3°) if all three hydrogen atoms in ammonia have been replaced by alkyl
groups. Table 1 lists some common amines.

Amines generally have strong, often unpleasant, odours, sometimes described as
“fishy” Many amine odours resemble ammonia. For example, urine contains amines
that come from the breakdown of proteins. The odours associated with decaying
animal and human tissues are caused by amines such as putrescine, H,N(CH,),NH,,
and cadaverine, H,N(CH,);NH,. Notice that these compounds have an amino group
at either end of each molecule. Aromatic amines are used to make dyes. Since many
of them are carcinogenic, they must be handled with great care. § CAREER LINK

Table 1 Some Common Amines

Formula Systematic IUPAC name Common name Type
CH;NH, methanamine methylamine primary
CH5CH,NH, ethanamine ethylamine primary
(CH3),NH N-methylmethanamine dimethylamine secondary
(CH3)3N N,N-dimethylmethanamine | trimethylamine tertiary
CgHsNH, aniline aniline primary

N-phenylaniline diphenylamine secondary

SAe

Naming Amines

Consider the primary amine with the structure CH;NH,. Using the [IUPAC naming
system, this molecule would be named by adding the -amine suffix to the name of
the chain or ring to which it is attached. The -e is removed from this name, giving the
name methanamine (Figure 3).

Note that, in Table 1, the IUPAC name for an aromatic amine consisting of an
amine group attached to a benzene ring is aniline, rather than benzamine.

To name secondary and tertiary amines, begin with an amine name based on
the name of the longest alkyl group. We use the locator, N, to indicate the attach-
ment of additional chains to the nitrogen atom, just as we use a number to indicate
a specific carbon atom. For example, an amine with an ethyl group, a propyl group,
and a butyl group, each bonded to the nitrogen atom at carbon number 1, is named
N-ethyl-N-propylbutan-1-amine.

NEL



CH,CH,CH;
CH,—CH,—CH,—CH,—N—CH,—CH;
N-ethyl-N-propylbutan-1-amine

As you have already read, some compounds contain more than one amino group.
A molecule of cadaverine, for example, is a 5-carbon chain with an amino group at
each end: NH,(CH,);NH,. This type of compound is called a diamine, so cadaverine’s
TUPAC name is pentane-1,5-diamine.

Tutorial 1

This tutorial will give you practice in drawing and naming amines.

Sample Problem 1: Naming Amines from Their Structures
Name each of the following amines according to the IUPAC system:

@) H—I}I—H ©  NH,
CH,CH,CH,
CH,
CHZCHZCHZ(I;H_N\CH CH,
CH, 3
Solution

(a) The longest carbon chain is a propyl group, whose terminal carbon atom is bonded
to the nitrogen atom. This is the only alkyl group attached to the nitrogen atom, so
the compound is a primary amine. The compound’s name is propan-1-amine.

(b) This compound is a secondary amine with a pentyl group attached at its second
carbon atom and a methyl group. The amine’s name is based on the longer group:
the pentyl group. The name of the compound is N-methylpentan-2-amine.

(c) The root name for an amine attached to a benzene ring is aniline. There is also a

substituent methyl group on the third carbon atom. The name of the compound is
3-methylaniline.

(d) This is a tertiary amine whose longest carbon chain has 4 carbon atoms:
butanamine. The two substituents are a methyl group and an ethyl group. The
compound is named N-ethyl-N-methylbutan-1-amine.

Sample Problem 2: Drawing Amines

Draw the structural formula and write the name of each of the following amines, with
ethyl as the attached alkyl group(s):

(@) a primary amine (c) a tertiary amine

(b) a secondary amine

Solution

(a) A primary amine has one alkyl group attached to the nitrogen atom.
CH;CH,—NH,  ethanamine

(b) A secondary amine has two alkyl groups and one hydrogen atom bonded to the
nitrogen atom.

H3C_ CQZ
/NH N-ethylethanamine
H3C_CH2

NEL
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(c) A tertiary amine has three alkyl groups but no hydrogen atoms bonded to the
nitrogen atom.

/CHQ_CHS
H,C—CH,—N N, N-diethylethanamine
CHZ_CH3
Practice
1. Name each of the following compounds:
(a) N ) NH,

NN

(b) CH30HZCHZCH2—I}I—CHZCH3 ©) CHgCHz(llH—NH—CHZCH3
CH,CH, CH;

|
CH3_ CHQ_ CH - CH3

(©) CHacHQCHZ—I?I—CHZCHZCHS
CH,

2. Draw the structure of each of the following compounds:
(@) 2-methylpropan-1-amine
(b) a primary amine with a 2-carbon alkyl group

Properties of Amines

Small amines are soluble in water. Since nitrogen is more electronegative than either
carbon or hydrogen, the N—C bonds and any N—H bonds are polar. This polarity
increases the strength of the van der Waals forces between molecules so more energy
is needed to separate them. That means that amines have higher melting points and
higher boiling points than corresponding hydrocarbon compounds. The series of

primary amine secondary amine tertiary amine
b.p. 49 °C b.p. 37 °C b.p.3°C

Figure 4 Boiling points (b.p.) for three possible CH isomers of an amine, each with 3 carbon atoms.

amines in Figure 4 explains the effect that reducing the number of —NH groups has
on the boiling points of amines of similar size.

(@ CH;—CH,—CH,—NH, (b) CH,—CH,—NH—CH, (c) CH,— I}I —CH,

The primary amine, (a), can form two hydrogen bonds and hence has the highest boiling point. The

tertiary amine, (c), cannot form hydrogen bonds at all and hence has the lowest boiling point.

Chapter 1 e Organic Compounds
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Amides

Amides are structurally similar to esters, except the two chains are joined by a nitrogen
atom next to a carbonyl group rather than by an oxygen atom (Figure 5). The amide
functional group consists of a carbonyl group bonded to a nitrogen atom.

0 0
R—l(lt—O—R’ (Hor) R—g—N—R’(or H)
Il%”(or H)
ester amide

Figure 5 General structures of esters and amides illustrate that the compounds include one or
more alkyl groups. These groups, which might be the same or different, are represented in the
diagrams by the symbols R, R’, and R”.

Carboxylic acids react with alcohols to produce esters. Carboxylic acids react in
a similar way with ammonia, primary amines, and secondary amines to produce
amides. You will learn more about these reactions a little later in this section.

Naming Amides

Naming amides is similar to naming esters. The name of an amide has three parts:
the first part from the amine; the second part from the acid; and the ending, which
is always the suffix -amide. For example, the reaction of methanamine and butanoic
acid will produce an amide: N-methylbutanamide (Figure 6).

e o !
CH,CH,CH,C —O0H + CH;NH —> CH4CH,CH,C—N—CH; + HOH
butanoic acid  methanamine N-methylbutanamide water
acid amine amide

Figure 6 Note how to derive the name of the amide from the names of the amine and the
carboxylic acid.

This tutorial will give you practice in naming and drawing amides.

Sample Problem 1: Naming Amides from Their Structures
Name each of the following amides:

(a (|:|’ () ”
CH3CHQCH2_C_NH_CH3 CH3C_I\|I_CH20H3

|
CH3CH2CH2_ C - NH - CHQCH2CH3

Solution (a)

The first part of the compound came from a carboxylic acid, with 4 carbon atoms:
butanoic acid. The second part of the compound came from a primary amine with
1 carbon atom: methanamine. The name of the amide is N-methylbutanamide.

NEL

amide an organic compound that
contains a carbonyl group bonded to a
nitrogen atom
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Investigation T Fré

Building Organic Molecular
Models (page 69)

This investigation gives you an
opportunity to put into practice

your knowledge of the names and
properties of amines and amides. You
will have the opportunity to build and
explore models of these compounds.

60 Chapter 1 e Organic Compounds

Solution (b)

The carboxylic acid had a chain with 4 carbon atoms: butanoic acid. The amine was a primary
amine with 3 carbon atoms: propanamine. The name of the amide is N-propylbutanamide.

Solution (c)

The carboxylic acid had 2 carbon atoms: ethanoic acid. The amine was a secondary amine:
N-ethylethanamine. The name of the amide is N,N-diethylethanamide.

Sample Problem 2: Drawing Amides
Draw the structure of N-ethylpropanamide.

Solution

The alkyl group bonded to the nitrogen atom (from the amine) ﬁ
is ethyl. It therefore has 2 carbon atoms. The carbonyl group

o . CH,CH,C —N—CH,CH
from the carboxylic acid is attached to a propan- chain, sohas 3~ ° | 2
carbon atoms. Therefore, the structure is as shown at right: H

Practice
1. Name each of the following amides:

@) ﬁ (© ﬁ

CH3_CH2_CH2_C_I}I_H CH3_CH2_CH2_C_I?I_CH3
H CH,

(b) ﬁ

CH3C—I|\IH
CH,CH,CH;

2. Draw the structure of each of the following amides:
(@ N,N-diethylethanamide (b) N-methylbutanamide

Properties of Amides

The smaller amides are somewhat soluble in water. This can be explained by the mol-
ecules’ structure: the -NH groups form hydrogen bonds with water molecules. As
the length of the carbon chain increases, solubility decreases. Primary amides, with
their nitrogen atoms each bonded to 2 hydrogen atoms, have higher melting points
and boiling points than similar amides. This is likely due to more hydrogen bonding
between primary amide molecules.

Reactions Involving Amines and Amides

An amine can generally be synthesized from an alkyl halide and ammonia. For example,

CH,CH,—1 + H—ITI—H — CH3CH2—1TI—H + HI

H H
iodoethane ammonia ethanamine
1° amine

Ethanamine is a primary amine. It reacts with additional iodoethane to form a
secondary amine, N-ethylethanamine, and hydrogen iodide:
CH,CH,—I+ CH;,CH,—N—H —> CH3CH2—ITI—CH2CH3 + HI

|
H H

ethanamine
1° amine

iodoethane N-ethylethanamine

2° amine

NEL



N-ethylethanamine also reacts with iodoethane, this time forming a tertiary
amine, N,N-diethylethanamine, along with hydrogen iodide.

CH,CH,—1 + CH3CH2—I\‘I—CH2CH3 — CHSCHZ—ITI—CHZCH3 + HI

H CH,CH,
iodoethane N-ethylethanamine N,N-diethylethanamine
2° amine 3° amine

Amides can be synthesized by the condensation reaction of a carboxylic acid with
ammonia or primary or secondary amines (Figure 7).

—

]
+ NH; —> R—C—NH, + H,0
ammonia primary amide
0
0 [
| +R—NH, — R—C—N—R’+ H,0
R—C—OH p A
carboxylic . . .
; primary amine secondary amide
acid
i
+ R’—ITI—R” — R—C—I}I—R’+ H,0
H RH
secondary amine tertiary amide

Figure 7 The structure of the amide product depends on whether the carboxylic acid reacts with
ammonia, a primary amine, or a secondary amine.

An example of the synthesis of an amide is the reaction of butanoic acid with
methanamine to produce N-methylbutanamide plus water.

The reactions above are reversible: Amides can be hydrolyzed in acidic or basic
conditions to produce the carboxylic acid and the amine.

NEL
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Summary

Amines can be viewed as alkyl groups bonded to a nitrogen atom or an amino

group bonded to an alkane. Primary amines have one alkyl group attached to
the nitrogen atom; secondary amines have two; tertiary amines have three.

Amines are named by adding the suffix -amine to the root of the name of the

longest alkyl group attached to the nitrogen atom. The prefix N- indicates that
a second (and third) alkyl group is also attached to the nitrogen atom.

Amides are formed from the reaction of carboxylic acid and amines. Amides
can be hydrolyzed to re-form the amine and carboxylic acid.

Amides are named with the root of the name of the carboxylic acid first,

followed by the root of the name of the amine, and ending with -amide.

Questions

1. Name each of the following compounds:

(a) 0]
CH,CH,C—NH,
(b) CH,CH,CH, —ITI— CH,

CH,
(c) ”
CH,CH,C— ITI— CH,CH,
CH,CH,
(d) ?1
CH3CHCH2C|HCH2CH2CH3
NH,
(e) NH,

I
CH3CHCH2(|3HCH2CH =CH,

. Draw the structural formulas for the isomers of

C;HyN. Show at least one primary, one secondary,
and one tertiary amine.

. Write a structural formula equation that represents

the formation of N,N-diethylpropanamide.

. Identify the reaction type and write the structures

and names for the products you would expect for
each of the following reactions:
(a) H,C—CH,—Br + H,N—CH,—CH,

(b) H,C—CH,—Br + H,C—NH—CH,—CH,

(c) ethanoic acid and propan-1-amine

. Create a flow chart showing how you would

synthesize N,N-dimethylethanamide from an
alkane, an alkene, a halogen, and ammonia. Draw
and name each compound.

. Several amines are used in natural gas processing.

NH, Research how these amines reduce air pollution.
2. Copy and complete Table 2 in your Create a storyboard or diagram to communicate
notebook. your findings. & P
g(i’g) WEB LINK
Table 2 N’
Name Condensed structure Line diagram or structural formula Type of compound
N,N-dimethylbutanamide
CH,CH,CH,NH,
H
N
/\/\H/ \/
0
CH,CH,CH,CH,CH,NHCH,

N-methylbutan-1-amine

62 Chapter 1 e Organic Compounds
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Investigations

10\ o P=1d o] g I IR“ 30 MY CONTROLLED EXPERIMENT

Properties of Alcohols

Chemical properties within a group of alcohols may follow
a trend. In this investigation, you will use your knowledge
of intermolecular forces and the structure of alcohol
molecules to predict trends in the properties of alcohols.
You will test one of your predictions experimentally.

Testable Question

What is the trend in melting points, boiling points, and
solubility of the primary alcohols butan-1-ol, propan-1-ol,
and ethanol?

Hypothesis

Use your understanding of the structures of alcohols to
predict the trend of the melting points, boiling points,
and solubility of primary alcohols. Give reasons for your
predictions.

Variables

Identify all the major variables that will be measured
and/or controlled in this experiment. Also identify the
independent variable and the dependent variable.

Experimental Design

Use reference sources to determine the melting points

and boiling points of three alcohols. The solubility of each
alcohol is determined by mixing the alcohol with a non-
polar solvent, cyclohexane, and with a polar solvent, water.

Equipment and Materials

o chemical safety goggles

o lab apron

o MSDS for each chemical used

o 3 test tubes

o test-tube rack

 wax pencil

o 3 mL calibrated disposable pipette (or similar
pipetting device)

o small stoppered bottles containing
- butan-1-ol (&)
- ethanol (&)
- propan-1-ol (%)
- cyclohexane (&)

« wash bottle containing distilled water

NEL
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Alcohols and cyclohexane are flammable. They should be
used only in a well-ventilated area. There should be no open
flames or other sources of ignition in the laboratory.

Procedure HANDBOOK

1. Read through the MSDS and list the hazards of the
chemicals you will be using. Include this information,
and how to minimize the hazards, in your report.

' A1,A22,A3.3

2. Put on your safety goggles and apron.

3. Use the wax pencil to label the 3 test tubes. Using the
pipette, place about 1 mL of ethanol in one test tube,
1 mL of propan-1-ol in the second test tube, and
1 mL of butan-1-ol in the third test tube.

4. To each test tube, add 1 mL of cyclohexane. Record
your observations.

5. Follow your teacher’s instructions for the disposal of
the liquids and for cleaning the test tubes.

6. Set up the test tubes as described in Step 3. Follow
Step 4 but use distilled water in place of cyclohexane.

Observations

Prepare a table in which to record your observations. In
addition, record the melting point and boiling point data. &=

Analyze and Evaluate

(a) What variables were measured/recorded and/or
manipulated in this investigation? What type of
relationship was being tested?

(b) Did the evidence that you collected allow you to
answer the testable question? If so, answer the
question. If not, explain why not.

(c) Compare your answer in (b) to your hypothesis. Did
the evidence support your hypothesis? Explain.

(d) Evaluate your hypothesis.

Apply and Extend

(e) Predict, in a qualitative way, the melting points,
boiling points, and solubilities of larger primary
alcohols. Include an explanation for your prediction,
referring to the forces of attraction between
molecules.
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Investigation 1.5.1 elzS=aiVyle /NSy V/s)%

Reactions of Three Isomers
of Butanol

Alcohols that have different structures form different
products. The location of the hydroxyl bond is particularly
important. In this investigation, isomers of butanol are
used as examples of primary (1°), secondary (2°), and
tertiary (3°) alcohols. You will examine the relationship
between structure and product formed.

First, you will mix each of the three isomers of butanol
with concentrated hydrochloric acid. The presence of
an alkyl halide will be indicated by the cloudiness of the
mixture because alkyl halides are only slightly soluble in
water.

Next, you will mix each alcohol with dilute potassium
permanganate solution. This provides the conditions for
controlled oxidation. Any colour change of the potassium
permanganate solution is an indication that an oxidation
reaction has taken place.

Purpose

To test the reactions of primary, secondary, and tertiary
alcohols with acid and with an oxidizing agent

Equipment and Materials
o chemical safety goggles
o lab apron
o protective gloves
o 3 test tubes
o test-tube rack
 eyedropper
 dropper bottles containing
~ butan-1-ol (®)
~ butan-2-ol &)
~ 2-methylpropan-2-ol (3)
- potassium permanganate solution, KMnO,(aq)
(0.01 mol/L)
- concentrated hydrochloric acid, HCl(aq) (12 mol/L)
(for teacher use only)

Alcohols are flammable. They should be used only in a well-
ventilated area. There should be no open flames or other
sources of ignition in the laboratory.

®

Concentrated hydrochloric acid is very corrosive. It should only
=/ be handled by the teacher in a fume hood or fume cupboard.

Potassium permanganate solution is corrosive and may stain
the skin. If you spill potassium permanganate on your skin,
wash the affected area with lots of cool water and inform your
teacher.

64 Chapter 1 ® Organic Compounds

e Questioning ® Planning e Analyzing
e Researching e Controlling Variables e Evaluating
 Hypothesizing e Performing e Communicating
e Predicting e Observing
Procedure HANDAGSR - A1, A2.3, A5.1

1. Put on your safety goggles, apron, and protective gloves.

2. Put 3 test tubes in a test-tube rack. From the dropper
bottles, place 2 drops of butan-1-ol in the first test tube,
2 drops of butan-2-ol in the second test tube, and 2
drops of 2-methylpropan-2-ol in the third test tube.

3. Under the fume hood, your teacher will add 10 drops
of concentrated hydrochloric acid to each of your 3 test
tubes. Gently shake the mixtures very carefully. Return
to your lab bench with the test-tube rack and test
tubes. Allow the tubes to stand for 1 min and observe
for evidence of cloudiness. Record your observations.

4. Follow your teacher’s instructions for the disposal of the
contents of the test tubes and for cleaning the test tubes.

5. Set up the 3 test tubes again, as described in the setup
part of Step 2. This time, use 4 drops of each alcohol.

6. To each test tube, carefully add about 20 drops of
potassium permanganate solution. Shake the mixture
carefully.

7. Allow the tubes to stand for 5 min with occasional
gentle shaking. Observe and record the colour of the
solution in each tube.

Analyze and Evaluate

(a) What evidence of reactions did you observe?

(b) Write structural formula equations to represent
each of the reactions that occurred. If there was no
reaction, write NR. =

(c) Does the evidence collected allow you to achieve the
Purpose? Explain. &z

(d) Summarize in a few sentences the halogenation and
controlled oxidation reactions of primary, secondary,
and tertiary alcohols.

Apply and Extend

(e) Research to find an application for at least two of the
reactions that you observed. How does this reaction
benefit society? Does it have any drawbacks? Combine
your findings with those of four or five classmates and
create a graphic organizer summarizing your findings.

l"f’\‘
% WEB LINK
ey
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Properties of Carboxylic Acids

Carboxylic acids are characterized by the presence of a
carboxyl group. The physical properties and reactivity

of a carboxylic acid depend on the combination of its
polar functional group and its non-polar hydrocarbon

tail. In this investigation, you will compare the melting
point, boiling point, solubility, acidity, and reaction with
sodium hydrogen carbonate solution, NaHCO;(aq), of two
carboxylic acids. The acids you will investigate are ethanoic
acid and octadecanoic acid.

Testable Question

Do the chemical and physical properties such as the
melting and boiling points, solubility, acidity, and reaction
with sodium hydrogen carbonate depend on the molecular
mass of the carboxylic acid?

Hypothesis

Predict the trend you expect to observe in the melting
points, boiling points, solubility, acidity, and reaction with
sodium hydrogen carbonate as the mass of the carboxylic
acid increases. Give reasons for your prediction.

Variables

Identify all the major variables that will be measured
and/or controlled in this experiment. Also, identify the
independent variable and the dependent variable(s).

Experimental Design

The melting points of ethanoic acid and octadecanoic
acid are obtained from reference resources. The solubility
of each carboxylic acid is determined by mixing it first
with water and then with vegetable oil. The reactivity of
the acids is assessed by combining each acid with sodium
hydrogen carbonate.

Equipment and Materials
o chemical safety goggles
o lab apron
» MSDS for the chemicals used
10 mL graduated cylinder
o 2 test tubes
o test-tube holder
o test-tube rack
o test-tube brush
o pH meter or universal indicator paper
« wash bottle containing distilled water
o vegetable oil in a beaker
o dropper bottles containing

- concentrated ethanoic acid (glacial acetic acid)
(for teacher use only)

NEL

 Questioning * Planning ° Analyzing
 Researching e Controlling Variables @ Evaluating
 Hypothesizing e Performing e Communicating
e Predicting e Observing

- dilute ethanoic acid (vinegar)
- sodium hydrogen carbonate solution, NaHCO;(aq)
(saturated)
o octadecanoic acid (stearic acid, solid)

@ Concentrated ethanoic acid (glacial acetic acid) is very
=/ corrosive. It should only be handled by the teacher in a
fume hood or fume cupboard.

SKILLS / |
HANDBOOK © ° A1,A2.2, A2.5

Procedure

1. Read through the MSDS and list the hazards of the
chemicals you will be using. Include this information,
and what you should do to minimize the hazards, in
your report.

2. Put on your safety goggles and lab apron.

3. Add 5 mL of water to one test tube and the same
volume of oil to a second test tube. In the fume hood,
your teacher will add one drop of glacial acetic acid
to each tube. Gently shake each tube to mix. Record
your observations on the solubility of concentrated
ethanoic acid in each solvent.

4. Still working in the fume hood, use the pH meter or
the universal indicator paper to determine the pH of
each mixture. Record your observations.

5. Follow your teacher’s instructions to dispose of the
contents of each test tube and clean the test tubes.

6. Repeat Steps 3, 4, and 5, using a small quantity of solid
octadecanoic acid (enough to cover the tip of a toothpick)
in place of the concentrated ethanoic acid. You do not
need to work in the fume hood from this step on.

7. Place 20 drops of sodium hydrogen carbonate
solution from a dropper bottle into each of the 2 clean
test tubes. Add 20 drops of dilute ethanoic acid to one
test tube and a pea-sized piece of solid octadecanoic
acid to the second test tube. Gently shake the test
tubes to mix their contents. Watch for the formation
of bubbles. Record all observations.

Observations

Prepare a table in which to record the observations made
for each test. In addition, the data table needs a space for
the melting point and boiling point data.

Analyze and Evaluate

(a) What variables were measured/recorded and/or
manipulated in this investigation? What type of
relationship was being tested?
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(b)

(c)

(d)

(e)

()

Investigation 1.6.2 elzNi=a\Viyyle /XKy U/s)%

Compare the solubilities of octadecanoic acid and
ethanoic acid in vegetable oil and in water. Explain
any differences in solubility.

Which acid, ethanoic or octadecanoic, seems to
exhibit more acidic properties? Explain.

Answer the Testable Question using the evidence that
you collected.

Compare your answer to (d) with your Prediction.
Explain any differences. &m ks

Did your previous knowledge about carboxylic acids
allow you to correctly predict the chemical properties
of these acids? Provide reasons. i K=

Apply and Extend

(g)

(h)

(@)

Write a balanced chemical equation for the reaction of
ethanoic acid and sodium hydrogen carbonate.

Using what you discovered about trends in the
properties of carboxylic acids, predict how methanoic
acid and a carboxylic acid with 16 carbon atoms would
compare to ethanoic acid and stearic acid. & Ew

Why is decanoic acid effective at hardening soaps

made with vegetable 0il? Research your answer. Write
an explanation for a website designed for people who
create handmade soaps. Include a diagram with your

explanation. & Em rw =

i@
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Synthesizing Esters

Many esters are found in fruits. Esters typically have very
pleasant odours. In the lab, esters can be synthesized from the
condensation reaction between alcohols and carboxylic acids.

Purpose
To produce several esters and observe their odours

Equipment and Materials

66

chemical safety goggles

lab apron

500 mL beaker

utility stand and ring clamp

hot plate ()

wax pencil

3 test tubes

3 test-tube holders

test-tube rack

Petri dish

dropper bottles containing

- ethanol (&)

- propan-2-ol (&)

- pentan-1-ol (&)

- concentrated ethanoic acid (glacial acetic acid),
CH,COOH(]) (for teacher use only) @

- 2 mL concentrated sulfuric acid, H,SO,(aq)
(for teacher use only)

wash bottle containing cold tap water

Alcohols are flammable. They should be used only in a well-
ventilated area. There should be no open flames or other
sources of ignition in the laboratory.
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* Questioning * Planning e Analyzing

e Researching e Controlling Variables e Evaluating

e Hypothesizing e Performing e Communicating
e Predicting e Observing

&)

The acids are corrosive and flammable. Avoid skin and eye
contact. If you spill these chemicals on your skin, wash the
affected area with a lot of cool water.

Use caution around the hot plate. Avoid touching the heating
surface with your hands. To unplug the hot plate, pull on the
plug itself rather than the cord.

Procedure w1 1, m23
1. Put on your safety goggles and lab apron.

Read through the MSDS and list the hazards of the
chemicals you will be using. Include this information,
and what you should do to minimize the hazards, in
your report.

Prepare a water bath by filling a 500 mL beaker half-
full with tap water. Dry the outside of the beaker
and place it inside the ring that is secured to a utility
stand so that the beaker rests on the hot plate. Heat
the water until it comes to a boil. Turn the heat off
when the water starts to boil.

Using the wax pencil, number the 3 test tubes in a
test-tube rack. Add 10 drops of ethanol to the first test
tube, 10 drops of propan-2-ol to the second test tube,
and 10 drops of pentan-1-ol to the third test tube.

Under the fume hood, your teacher will carefully add
10 drops of concentrated ethanoic acid and 5 drops of
concentrated sulfuric acid to each of your 3 test tubes.
Gently shake each test tube to mix.

NEL



6. Return to your lab bench with the test tubes and carefully
place them in the hot-water bath. Make certain that the
test tubes do not point at anyone. Leave the test tubes in
the hot-water bath for 5 min and then, using a test-tube
holder, move the test tubes back to the test-tube rack.

7. Pour the contents of the first test tube into a Petri dish
half-filled with cold water (approximately 10-20 mL).
Smell the odour of the ester as instructed by your teacher.
Figure 1 illustrates proper technique for identifying the
odour of the ester. Record your observations, paying
close attention to the miscibility of the contents.

8. Repeat Step 7 for each ester.

Analyze and Evaluate

(a) Write a chemical equation to represent each
reaction.

(b) What is the odour of each ester produced?

(c) Use your observations to write a statement about the
solubility of esters in water.

(d) What is the function of the concentrated sulfuric acid
in the reactions?

VR T 1i el s I MGRCINY OBSERVATIONAL STUDY

Figure 1 Use your hand to waft the smell of the ester toward you.
Do not hold the substance directly under your face.

Apply and Extend

(e) Suggest a use for each of your products. Em

(f) What must be done before the esters are used as you
suggested in (e)? m

Making Soap
(Teacher Demonstration)

To make soap, a reaction must occur between a strong
base and a triglyceride (fat or oil).
O

l
CH,—O0—C(CH,),,CH,

0
CH—O—C(CH,),,CH, + 3NaOH

0 sodium hydroxide
I (or KOH, potassium hydroxide)

CH,—O—C(CH,),,CH,

afat
l saponification
Cle —OH
CIH_OH + 3 CH,(CH,),,CO,Na
CH,—OH

glycerol a crude soap

NEL

e Questioning ¢ Planning e Analyzing
® Researching e Controlling Variables e Evaluating
e Hypothesizing  Performing e Communicating
e Predicting e Observing
Purpose

To produce soap from the saponification of lard, vegetable
shortening, or oils

Equipment and Materials
o chemical safety goggles
o lab apron
o protective gloves
o wax pencil
o two 100 mL beakers
o 250 mL beaker
o forceps
o 50 mL graduated cylinder
o 2 glass stirring rods
« balance
o utility stand with ring clamp
o hot plate
o beaker tongs
o heat-resistant mat
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o thermometer

o filter funnel and paper

o fats (lard or vegetable shortening)

o oils (cooking oils such as corn oil, canola oil, olive oil)

 sodium hydroxide pellets, NaOH(s) (for teacher use
only)

+ ethanol (®)

o vinegar, CH;COOH(aq)

o sodium chloride crystals, NaCl(s)

» wash bottle containing distilled water

« food colouring (optional)

o perfume (optional)

o paper towel

Sodium hydroxide pellets are extremely corrosive to eyes
and skin. They must only be handled with forceps; gloves
must be worn. If sodium hydroxide comes into contact with
your skin, wash the affected area with a lot of cool water. If
sodium hydroxide contacts the eyes, it can cause blindness.
Flush the eyes with water at an eyewash station for at least
10 min and seek medical attention as soon as possible.

@ Ethanol is flammable. It should be used only in a well-
ventilated area. There should be no open flames or other
sources of ignition in the laboratory.

SKILLS

Procedure HANDBOOK (A1, A23, A3.2
Note that this Procedure should be performed only by a
qualified teacher.

1. Label a 100 mL beaker with the letter “A,” a 250 mL
beaker with the letter “B,” and the second 100 mL
beaker with the letter “C”

2. Measure about 10 mL of distilled water into beaker A.

3. Put on your safety goggles, lab apron, and protective
gloves.

4. Using forceps, carefully add 18 pellets of solid sodium
hydroxide, a few at a time, to beaker A. Do not allow
the pellets to touch your skin. Carefully stir the
sodium hydroxide pellets with a glass rod until they
dissolve. The solution will get very hot as the sodium
hydroxide dissolves. Set beaker A aside to cool.

5. Use the balance to measure about 15 g of fat, such as
lard or shortening, or oil, such as corn oil or olive oil,
into beaker “B” Add 15 mL of ethanol to the fat or oil.

6. Put the beaker, supported by the ring clamp, on the hot
plate. Warm the mixture very gently. Stir with a glass rod
until the fat and ethanol are melted and thoroughly mixed.
Turn the hot plate off. Use beaker tongs to remove beaker
B and place it on a heat-resistant mat on the bench.

7. Once the contents of beaker A have cooled, add them
to beaker B.

8. Replace beaker B, inside the ring clamp, on the hot
plate. Heat it again very gently for 20 min, stirring
continuously. Keep the temperature between 40 and
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45 °C for this time. If the mixture spatters or bubbles,
it is too hot. Remove the beaker from the hot plate
and let it cool to below 45 °C. Return it to the hot
plate again. Record your observations.

9. Continue heating the mixture until it has a
consistency similar to pudding, then turn off the hot
plate. Use tongs to move the beaker to the heat-
resistant mat. Allow the contents to cool. To colour
the soap, add a drop or two of food colouring.

10. Use the balance to measure 4 g of sodium chloride
crystals into beaker C. Add 20 mL of cold distilled
water and stir until the salt is dissolved.

11. Add the contents of beaker C to beaker B. Stir.

12. Add 10 mL of vinegar. Record your observations.

13. Carefully pour any excess liquid into the sink. Wash any
excess vinegar off the soap with about 10 mL of distilled
water. Once again, pour off excess liquid in the sink.

14. Filter the soap mixture through a filter funnel and
filter paper. Take care not to puncture the filter paper.
A few drops of perfume or scent can be added.

15. Dry the soap on the filter paper or remove the soap,
shape it, and dry it on a paper towel.

Do not use this soap on your skin. It may contain unreacted
sodium hydroxide. Wear protective gloves when handling the soap.

Observations

Observe the colour and texture of the soap. Compare it
to those of common commercial soaps, and record your
observations.

Analyze and Evaluate

(a) Write a word equation describing the reaction taking
place in Steps 8 and 9. Classify the reaction.

(b) What was the purpose of adding vinegar in Step 12?
Write a balanced chemical equation describing the
reaction taking place. (Note that the molecular formula
for ethanoic acid can be written as either CH;COOH(aq)
or HC,H;0,(aq).) Classify the reaction.

(c) What other substances may be in the filtrate after the
soap was filtered out? [mm

Apply and Extend

(d) Describe how saponification and esterification are
related. @m

(e) Do you think soap molecules are polar or non-polar?
How would this affect their ability to remove oils from
greasy surfaces? &l Ew

(f) Research how soap was made historically. How were
the reactants obtained? What were the hazards of the
process, and the benefits of the product? Present your
findings in a format of your choice. & &m n kw
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l‘."
aw?) WEB LINK
Wy

NEL



Investigation 1.7.1 FNJIYia%

Building Organic Molecular
Models

Using molecular models of organic compounds, you will
demonstrate a variety of chemical reactions.

Purpose

To help differentiate between the structures of the reactant
and the product of a reaction using molecular models

Equipment and Materials
« molecular modelling kit

SKILLS

Procedure HANDBOOK = A24,B3

Part A

1. In Table 1, the columns specify the type of compound
involved in the reaction, and the type of reaction. For
example, for Reaction 1, the reactant is an alkane and it
will undergo a substitution reaction. Copy Table 1 into
your notebook, leaving space to write the names and

structural formulas of reactant and product compounds.

Table 1 Organic Reactions

Reaction
number Reactant Reaction type | Product
1 alkane substitution
2 alkene addition
3 alcohol aldehyde
4 ether
5 aldehyde controlled
oxidation
6 chlorobenzene
7 controlled ketone
oxidation
8 esterification
9 amide
10 aromatic aromatic halide
compound

NEL

e Questioning e Planning e Analyzing

® Researching e Controlling Variables e Evaluating

® Hypothesizing e Performing e Communicating
¢ Predicting e Observing

2. For each reaction listed, choose an appropriate
reactant and make a model of this compound. Write
its name and structural formula in your table.

3. Manipulate the model as indicated to create a model
of the product. Add its name and structural formula
to your table. Compare the models of the reactants
and products for structural changes.

4. Supply the name of any missing reaction types in the
table.

Part B

5. Draw a flow chart to show the synthesis of ethanoic
acid from ethene.

6. Build a molecular model of ethene and make changes
to the model following the flow chart you created.

Analyze and Evaluate

(a) Create a concept map to summarize the various
reaction types. [ c |

(b) For which kinds of organic molecules are molecular
modelling exercises most effective? Explain. &z
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Summary Questions

SUMMARY

1. Create a study guide for this chapter based on the
Key Concepts on page 6. For each point, create three
or four sub-points that provide further information,
relevant examples, explanatory diagrams, or general

2. Look back at the Starting Points questions on page 6.
Answer these questions using what you have learned
in this chapter. Compare your latest answers with
those that you wrote at the beginning of the chapter.

equations. Note how your answers have changed.

Vocabulary
organic compound (p. 8) alkyne (p. 18) secondary alcohol (p. 32) ester (p. 49)
hydrocarbon (p. 8) aliphatic hydrocarbon (p. 18) tertiary alcohol (p. 32) esterification (p. 51)
saturated hydrocarbon (p. 8) stereoisomers (p. 22) hydrogen bonding (p. 35) hydrolysis (p. 51)
alkane (p. 8) cis isomer (p. 22) dehydration reaction (p. 35) lipid (p. 53)
cyclic alkane (p. 9) trans isomer (p. 22) ether (p. 37) fatty acid (p. 53)
alkyl group (p. 10) functional group (p. 23) condensation reaction (p. 37) triglyceride (p. 53)
substituent group (p. 10) addition reaction (p. 23) thiol (p. 38) saponification (p. 54)
structural isomer (p. 10) Markovnikov’s rule (p. 25) carbonyl group (p. 40) amine (p. 56)
complete combustion (p. 15) aromatic hydrocarbon (p. 28) aldehyde (p. 40) amide (p. 59)
alkyl halide (p. 16) phenyl group (p. 28) ketone (p. 40)
unsaturated hydrocarbon (p. 18) alcohol (p. 32) carboxylic acid (p. 47)
alkene (p. 18) primary alcohol (p. 32) carboxyl group (p. 47)
r@ CAREER PATHWAYS

Grade 12 Chemistry can lead to a wide range of careers. Some require a college SKILLS

how the career benefits society
and the environment.

12U Chemistry \

0SSD —

11U Chemistry 7

conditions, and setting. Also outline
—>

diploma or a B.Sc. degree. Others require specialized or postgraduate degrees.
This graphic organizer shows a few pathways to careers mentioned in this chapter.
1. Select two careers related to Organic Compounds that you find interesting.
Research the educational pathways that you would need to follow to pursue these
careers. What is involved in the required educational programs? Prepare a brief

report of your findings.
2. For one of the two careers that you chose above, describe /
the career, main duties and responsibilities, working e M.Sc.

B.Sc. ™~
v

HANDBOOK = A7

organic chemistry

Ph.D.
professor

v

textile chemist

food chemist

plastics chemist B.Ed. —> chemistry teacher

environmental chemist

B.Eng. — petroleum engineer

_—> college diploma automotive engineer

L

lab technologist chemical process operator

@ CAREER LINK
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SELF-QUIZ

For each question, select the best answer from the four

alternatives.

1. What is the correct name for the compound in Figure 1?
(L.1)
i
H;C—CH—CH,—CH,—CH,
Figure 1
(a) 2-methylpentane
(b) 2-propylpropane
(c) 1,1-dimethylbutane
(d) 1-ethylbutane
2. What is the major product of the reaction between
hex-1-ene and hydrochloric acid? (1.2)
(a) 1-chlorohexane
(b) 2-chlorohexane
(c) 1,2-dichlorohexene
(d) 1-hexachlorine
3. Benzene, C,H, and bromine, Br,, react to form
bromobenzene, C¢H;Br. Which reaction type below
best describes the reaction? (1.3)
(a) addition
(b) elimination
(c) hydration
(d) substitution
4. What type of compound is shown in Figure 2?
(1.1, 1.2, 1.4)
CH,

|
CHSCHZ?CHZCHZCH3

OH

Figure 2
(a) alkane
(b) alkene
(c) secondary alcohol
(d) tertiary alcohol

5. Which of the following compounds is a structural
isomer of butanone? (1.5)
(a) CH,CH,CH,CH,0H
(b) CH,CH,CH,CHO
(c) CH,;CH,0CH,CH,
(d) CH,CH,CH,COOH

NEL

Knowledge/Understanding

6.

Communication

Thinking/Investigation Application

The general formula in Figure 3 represents which
type of organic compound? (1.5)

]
R—C—R
Figure 3

(a) an aldehyde

(b) an amide

(c) an ester

(d) aketone

Which of the following pairs of compounds may react
to synthesize the ester shown in Figure 4? (1.6)

i
CH3CH27 Ci 0 - CH2CH3
Figure 4

(a) ethanol and propanoic acid

(b) ethanol and ethanoic acid

(¢) methanol and propanoic acid

(d) propanol and ethanoic acid

Which of the following elements differentiates an
amine from an alkane? (1.7)

(a) carbon

(b) hydrogen

(c) oxygen

(d) nitrogen

Indicate whether each statement is true or false. If you think
the statement is false, rewrite it to make it true.

9.
10.

11.
12.

13.
14.

15.

16.

Alkanes are unsaturated hydrocarbons. (1.1)

The names of alkenes include numbers to specify the
location of the triple bond. (1.2)

Benzene is less reactive than the alkenes. (1.3)

Ethers may be synthesized by the addition reaction of
two alcohols. (1.4)

Thiols contain the group —OH. (1.4)

Aldehydes and ketones each have a carbonyl group
but different chemical properties. (1.5)

An ester is formed by the condensation reaction of a
carboxylic acid and alcohol. (1.6)

Amine and amide compounds always include a
nitrogen atom. (1.7)

Go to Nelson Science for an online self-quiz.
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SELF-QUIZ

For each question, select the best answer from the four

alternatives.

1. What is the correct name for the compound in Figure 1?
(L.1)
i
H;C—CH—CH,—CH,—CH,
Figure 1
(a) 2-methylpentane
(b) 2-propylpropane
(c) 1,1-dimethylbutane
(d) 1-ethylbutane
2. What is the major product of the reaction between
hex-1-ene and hydrochloric acid? (1.2)
(a) 1-chlorohexane
(b) 2-chlorohexane
(c) 1,2-dichlorohexene
(d) 1-hexachlorine
3. Benzene, C,H, and bromine, Br,, react to form
bromobenzene, C¢H;Br. Which reaction type below
best describes the reaction? (1.3)
(a) addition
(b) elimination
(c) hydration
(d) substitution
4. What type of compound is shown in Figure 2?
(1.1, 1.2, 1.4)
CH,

|
CHSCHZ?CHZCHZCH3

OH

Figure 2
(a) alkane
(b) alkene
(c) secondary alcohol
(d) tertiary alcohol

5. Which of the following compounds is a structural
isomer of butanone? (1.5)
(a) CH,CH,CH,CH,0H
(b) CH,CH,CH,CHO
(c) CH,;CH,0CH,CH,
(d) CH,CH,CH,COOH

NEL

Knowledge/Understanding

6.

Communication

Thinking/Investigation Application

The general formula in Figure 3 represents which
type of organic compound? (1.5)

]
R—C—R
Figure 3

(a) an aldehyde

(b) an amide

(c) an ester

(d) aketone

Which of the following pairs of compounds may react
to synthesize the ester shown in Figure 4? (1.6)

i
CH3CH27 Ci 0 - CH2CH3
Figure 4

(a) ethanol and propanoic acid

(b) ethanol and ethanoic acid

(¢) methanol and propanoic acid

(d) propanol and ethanoic acid

Which of the following elements differentiates an
amine from an alkane? (1.7)

(a) carbon

(b) hydrogen

(c) oxygen

(d) nitrogen

Indicate whether each statement is true or false. If you think
the statement is false, rewrite it to make it true.

9.
10.

11.
12.

13.
14.

15.

16.

Alkanes are unsaturated hydrocarbons. (1.1)

The names of alkenes include numbers to specify the
location of the triple bond. (1.2)

Benzene is less reactive than the alkenes. (1.3)

Ethers may be synthesized by the addition reaction of
two alcohols. (1.4)

Thiols contain the group —OH. (1.4)

Aldehydes and ketones each have a carbonyl group
but different chemical properties. (1.5)

An ester is formed by the condensation reaction of a
carboxylic acid and alcohol. (1.6)

Amine and amide compounds always include a
nitrogen atom. (1.7)

Go to Nelson Science for an online self-quiz.
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REVIEW

Knowledge

For each question, select the best answer from the four
alternatives.

1.

72

Gasoline contains many structural isomers of octane.
Which of the following is NOT a structural isomer of
octane? (1.1)

(a) 3-methylheptane

(b) 4-ethylheptane

(c) 2,2,4-trimethylpentane

(d) 2,2,3,3-tetramethylbutane

What is the major product of the hydration reaction
of but-1-ene? (1.2)

(a) butan-1-al (c) butan-2-al

(b) butan-1-ol (d) butan-2-ol

Which of the following statements best describes an
aromatic organic compound? (1.3)

(a) an aldehyde or a ketone with a distinctive odour

(b) an unsaturated compound containing a 6-carbon
ring with 6 identical bonds

(c) acompound containing a cyclic structure

(d) a compound containing a cyclic structure with
a double bond

Which of the following compounds is an ether?

(1.4)

(a) o

Il
CH,CCH,CH,
(b) ﬁ
CH,CH,CH,CH

(c) (I)H
CH,CHCH,

(d) CH,;CH,CH,0CH;

Which of the following formulas represents
propanone? (1.5)

(a) CH,CHO

(b) CH;OCH,

(c) CH;COCH;

(d) CH;COOCH;

Which statement best describes the compound
CH,(CH,),CH = CHCH,CH = CH(CH,),COOH?
(1.6)

(a) Itis a saturated fatty acid.

(b) It is soluble in a polar solvent.

(c) Itisalong-chain alcohol.

(d) It contains a carboxyl group.

Chapter 1 e Organic Compounds

Knowledge/Understanding

10.

Thinking/Investigation Communication Application

Which of the following compounds has the highest
solubility in water? (1.6)

(a) CH;CH,CH=—=CHCH;

(b) 0

CH3C(|ZHCH3
CH,
(c) CH3CHZCHZCH2ﬁ—0H

(@)
(d) CH,CH,CH,CH,CH,OH
Choose the statement that best describes the
compound in Figure 1. (1.6)

0

Il
CH3(CH2)7CH - CH(CH2)7C - 0CH2

I
CHy(CH,),CH=CH(CH,),C— OCH

I
CH3(CH2)7CH - CH(CH2)7C - 0CH2

Figure 1

(a) an amide

(b) a product of a saponification reaction

(c) a saturated fatty acid

(d) a triglyceride

Predict which of the following compounds has the
highest boiling point. (Assume that all have similar
molecular masses.) (1.6)

(a) aldehyde

(b) ketone

(c) carboxylic acid

(d) ester

Name the compound illustrated in Figure 2. (1.7)
H

CH3CH2*IlI* CH,CH,CH;

Figure 2

(a) 2-aminopentane

(b) 2-nitropentane

(c) ethylpropylamide

(d) N-ethylpropan-1-amine

NEL




11. Which two reactants could form the compound
illustrated in Figure 3? (1.7)

I
CH3_ C - 'l\l - CH20H3
CH,CHCH,

Figure 3

(a) ethanoic acid and a secondary amine
(b) ethanoic acid and a primary amine

(c) ethanoic acid and a tertiary amine

(d) methanoic acid and a secondary amine

Indicate whether each statement is true or false. If you think
the statement is false, rewrite it to make it true.

12. Unsaturated hydrocarbons must contain at least one
carbon-carbon double or triple bond. (1.1)

13. But-1-ene and but-2-ene are structural isomers of
each other (1.1, 1.2)

14. Markovnikov’s rule states that, in an addition reaction
involving a hydrogen atom, the hydrogen atom will
usually bond to the carbon atom with the fewest
hydrogen atoms attached. (1.2)

15. Aromatic compounds usually undergo addition
reactions. (1.3)

16. A compound that is a benzene ring with a hydroxyl
group on one of the carbon atoms is called phenyl.
(1.4)

17. An ester is formed from the reaction of two
alcohols.

18. Aldehydes contain a carbonyl group on the terminal
carbon atom. (1.5)

19. A ketone can be oxidized to produce a primary
alcohol. (1.5)

20. Carboxylic acid molecules are much less polar than
the corresponding alkane molecules. (1.6)

Match each condensed chemical formula on the left with the
most appropriate term on the right.

2l. (a) CH,CH=CH,
(b) CH,COOCH,
(c) CH,CH,CHO
(d) CH,CH,COOH
(¢) CH,CHOHCH,
(f) CH,CH,CH,0H
(g) CH,COCH,
(h) CH,CH,OCH,

(i) a ketone
(ii) an ester
(iii) propan-2-ol
(iv) propanal
(v) an ether
(vi) propan-1-ol
(vii) propene
(vili) propanoic acid
(1.2, 1.4, 1.5, 1.6)

NEL

Write a short answer to each question.

22.

23.

24,

Write a balanced chemical equation to represent each
of the following reactions. Use structural formulas
or line diagrams in your equations. Classify each
reaction as addition or substitution.

(1.1, 1.2, 1.3)

(a) bromine reacting with pent-2-ene

(b) bromine reacting with cyclopentene

(c) bromine reacting with benzene

Draw a structural formula to represent each of the
following organic compounds:

(1.1, 1.3, 1.4, 1.5, 1.6)

(a) ethan-1,2-diol

(b) 1,3-dimethylbenzene

(c) cyclohexanol

(d) 1,2-dichloropropane

(e) 2,2-dichloropropane

(f) 2-methylbutanal

(g) hexan-3-one

(h) 2-ethoxypropane

(i) aminoethanoic acid

(j) 3,5-dimethylhexan-3-ol

List the non-alkyl functional groups in each of the
compounds represented below.

(1.1, 1.2, 1.3, 1.7)

OH
(a) CH,
CH;
(@)
testosterone (hormone)
(b) CH,
(@)
CH;
OH
H;C
ibuprofen (pain reliever)
(c) NH,

CH,

amphetamine (stimulant)
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25.

26.

27.

Understanding 35.
28.

29.

74

Organic compounds are classified by their functional 30.

groups. For each of the compounds listed below,
identify the functional group(s), determine the type
of compound, and write the correct IUPAC name.
(1.4, 1.5,1.6,1.7)

(a) CH,CH,CH,OH

b) CH,CH,COOH

¢) CH,CH,CH,CH,CH,CHO

d) CH,CH,0CH,CH,CH,

e) CH,NH,

f) CH;COCH,CH,CH;

~ A~ o~ o~ o~ o~

Il
CH,COCH,CH,CH,
(h) CH,CH,CONHCH,
(i) CH3CH?|JCH2CH3

32.

O

G) H—Clj:O 33.

OH
Draw structural formulas for each of the following
organic compounds. Circle the non-alkyl functional
group(s). (1.4, 1.5, 1.6, 1.7)
(a) hexan-2-one
(b) 2-methylpentanal
(c) pentane-1,3-diol
(d) buta-1,3-diene
(e) 1-propoxybutane
(f) 2-propoxybutane
(g) ethyl ethanoate
Draw structural formulas (or line diagrams) and
write names for the following isomers:
(1.5, 1.6, 1.7)
(a) three ketones with the molecular formula C;H,,0
(b) two esters with the formula C;HO,

(c) aprimary, a secondary, and a tertiary amine, with
the formula C;H ;N

Can CH,CF, exhibit hydrogen bonding? Explain.
(1.1)

If you were presented with the structural formulas
for a variety of hydrocarbons, what features of

the molecules would you look at to rank the
hydrocarbons in order of increasing boiling point?
Explain your answer. (1.1, 1.2)

Chapter 1 e Organic Compounds
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34.

Draw a chemical equation to represent a reaction
that could produce each of the following types of
compounds. Use condensed structures in your
equations. Name all reactants and products.

(1.1, 1.2, 1.3)

(a) alkane

(b) monohalogenated alkane

(c) dihalogenated alkane

(d) tetrahalogenated alkane

(e) halogenated benzene

(f) alkene

Starting with propane, list the sequence of reactions
needed to produce propanone. (1.5)

The following compounds all have similar molecular
masses: ethanoic acid; ethanol; ethanal; ethane
Order the compounds by increasing boiling point.
Explain your decision. (1.1, 1.4, 1.5, 1.6)

Explain why the following compounds do not exist:
(1.2,1.3,1.4,1.5,1.6)

(a) 2-chloro-2-butyne

(b) 2-methyl-2-propanone

(¢) 1,1-dimethylbenzene

(d) 2-pentanal

(e) 3-hexanoic acid

(f) 5,5-dibromo-1-cyclobutanol

Name and draw the structural formula for

each of the following compounds: (1.2, 1.3, 1.4,
1.5, 1.6)

(a) asecondary alcohol with the formula C,H,,0
(b) a tertiary alcohol with the formula C,H,,0

(¢) an ether with the formula C,H,,0

(d) aketone with the formula C,H;O

(e) an aromatic compound with the formula C,Hg
(f) an alkene with the formula C;H,,

(g) an aldehyde with the formula C,H;O

(h) a carboxylic acid with the formula C,H,0,

(i) an ester with the formula C,H,0,

Write a chemical equation for each of the following
reactions. Use condensed formulas. Classify each
reaction by type. (1.2, 1.4, 1.5, 1.6)

(a) ethene from ethanol

(b) ethoxyethane from ethanol

(c) propanal from an alcohol

(d) a secondary pentanol from an alkene

(e) ethanoic acid from an alcohol

(f) ethyl methanoate from an acid and an alcohol

NEL



36. Copy and complete Table 1 in your notebook.
(1.1,1.2,1.3,14, 1.5,1.6, 1.7)

Table 1

Name

Condensed structure

Line diagram or structural formula

Type of compound

1-methoxybutane

methanal

1,4-dichloropent-2-ene

CH3 CH2 - CH3
propanamide
CH4CH,CH,CH,CH(OH)CH,CH,
0
3-methylhexanoic acid
OH
I
CH; —CH, —CH—CH,— CH—CHj,4
I
CH,
2-methylbutane
CH4CH,CH(CH3)CH,CHs
0
0
OH

methyl pentanoate

NEL
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37.

38.

CH,CH,— O —CH,CH,

39.

40.

76

Predict which of the following pairs of compounds is
more soluble in water. Give reasons for your answers.
(1.3,1.4, 1.5, 1.6)

(@) COOH

and

(b) CH;COOH and CH;COOCH;

(c) ethanol and decanol

(d) 2-butanol and butanone

Predict which compound in each of the following

pairs has the higher boiling point. Provide a reason
for each answer. (1.4, 1.5, 1.6)

(a)
and CH;CH,— ﬁ_ CH,CH,

O
(b) ﬁ ﬁ)

CH;CH and CH,;COH
(¢) CH;CH,0OH and CH,CH,CH,CH,CH,0OH
Give an example of a reaction that would yield the
following products. For each reaction, name the
organic reactant(s) and product(s). Remember to use
(O) for oxidation reactions. (1.4, 1.5, 1.6)
(a) primary alcohol (e) ketone
(b) secondary alcohol (f) carboxylic acid
(c) tertiary alcohol
(d) aldehyde
Classify each reaction and name all the reactants and
products. (Note that the equations are not balanced.)
(1.1,1.2,1.3,1.4,1.5,1.6,1.7)

(g) ester

ligh
(a) CH,CH, + Br, ——>CH,CH,Br + HBr
b) CH,CHCH, + Cl,—> CH,CHCICH,CI

O CH, + LS C.H + HI
d) CH,CH,CH,CH,Cl + OH™ —

CH,CH,CH,CH,OH + ClI~
(e) CH,CH,COOH + CH,OH —

C,H,COOCH,+ H,O

CH,CH,0OH — CH,CH, + H,0
CH,CH, + 0, — CO, + H,0
CH,CHO + [0]— CH,COOH
NH, + C,H,COOH — C,H,CONH, + H,0
CH,I + NH, — CH,NH, + HI

(
(
(

P
EES

~— —
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41.

For each of the descriptions, write a balanced
chemical equation using condensed formulas.
(1.1,1.2,1.3,1.4, 1.5, 1.6, 1.7)

(a) a substitution reaction of propane involving
chlorine

(b) ahalogenation reaction of benzene involving fluorine
(c) the complete combustion of ethanol

(d) a dehydration reaction of butan-2-ol

(e) the controlled oxidation of butanal

(f) the preparation of pentan-2-one from an alcohol

(g) the preparation of hexyl ethanoate from an acid
and an alcohol

(h) the hydrolysis of methyl pentanoate
(i) the controlled oxidation of propan-1-ol

(j) an addition reaction of an alkene to produce an
alcohol

(k) a condensation reaction of an amine

Analysis and Application

42.

43.

44,

45.

46.

Describe a procedure that could be used to separate
a mixture of alcohols containing methanol, ethanol,
and hexan-1-ol? Explain why this procedure would
work. (1.4)

Analysis of an unknown organic compound gives
the empirical formula C;H,,O. It is only slightly
soluble in water. When this compound is oxidized
in a controlled way with potassium permanganate,
KMnO,(aq), it is converted into a compound that
has the empirical formula C;H,,O. This second
compound has the properties of a ketone. Based
on the information provided, write the condensed
formulas and names for all possible isomers of the
unknown compound. If possible, give reasons why
one or more of the isomers is more or less likely to be
the unknown organic compound. (1.5)

Draw a flow chart outlining a procedure to synthesize
the ester ethyl ethanoate, starting from ethene.

(L.6)

Create a table with the following headings: Type

of organic compound; Functional group; Physical
properties; Chemical reactions; Important uses.
Complete your table summarizing all you have
learned about the organic compounds discussed in
this chapter. (1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7)

Create a graphic organizer to show how organic
compounds are related and what reactions convert one
to another. (1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7)

NEL



Evaluation

47. Figure 4 shows the structural formulas of glucose,
propane-1,2,3-triol (glycerol), and ethane-1,2-diol
(ethylene glycol). All three compounds have a sweet
taste. (1.4)

48.

NEL

CH,OH !
H—C—OH
H—(|J—0H
H—(|)—0H
H OH I!i
glucose propane-1,2,3-triol (glycerol)
H H
HO—(|3—(|3—0H
ook

ethane-1,2-diol (ethylene glycol)
Figure 4

(a) Predict their relative melting points and boiling
points. Give reasons for your answer.

(b) Predict the solubility of each of these compounds in
water and in gasoline. Give reasons for your answer.

(c) Ethane-1,2-diol (ethylene glycol) is toxic and is used
as antifreeze in automobile radiators. Suggest an
explanation for the toxicity of antifreeze.

(d) A hypothesis has been proposed that taste
receptors respond to functional groups in the
compounds that make up our food. Do the
structures of these three compounds support that
hypothesis? Explain.

Natural products are made by the cells of living
organisms. Synthetic products are made by a
laboratory process. The product may be exactly the
same compound, but a distinction is made based on
the source. For example, when bananas are dissolved
in a solvent and the flavouring extracted, the pentyl
ethanoate obtained is labelled “natural flavour” When
pentyl ethanoate is synthesized by esterification of
ethanoic acid and pentanol, it is labelled “artificial
flavour” (1.6)

(a) Are substances such as artificial vanilla flavouring
and vanilla extracted from a vanilla bean
identical? Why or why not?

(b) In your opinion, should food companies be
required to distinguish between a “natural”
flavouring and an “artificial” flavouring on a food
product label? Explain your position.

(c) Design a method for determining whether people
can tell the difference between synthetic vanilla and
natural vanilla and, if they can, which they prefer.

Reflect on Your Learning

49. Write a summary of what you have learned about
organic chemistry in Chapter 1.

50. What are some typical errors made when naming
organic compounds? How can you avoid those
errors?

51. What concepts in this chapter did you struggle the
most with? Describe three ways you can help improve
your understanding of these concepts.

52. How would you explain to a friend why it is
important to understand organic chemistry to make
informed decisions in everyday life?

AmO

Research WBY weB LINK

53. Acetylsalicylic acid (ASA), better known as Aspirin,
is a common pain reliever. Research the following
topics and summarize your findings into a short
paper, a concept map, or some other method of
communication:

o Explore the chemical reactions associated with the
synthesis of ASA. Determine the type of reaction
that occurs, and the class of organic compounds
involved.

o Research the historical connection between willow
bark and ASA. What advantages does ASA have
over the compound extracted from willow bark?
How were these advantages achieved?

54. Organic compounds are present in a huge variety
of everyday substances. Examine the ingredient
lists for some foods, beverages, or other products
you use daily. Identify at least five examples of
compounds whose names indicate that they
are organic compounds. Research the chemical
structures of these compounds, how they are
produced, and what their functions are in the
products you chose. Share your findings in a poster
or electronic slide show.

55. Gasoline is a mixture of many organic compounds.
Research the structures of at least 4 of these
compounds. Find out what the “octane rating”
of gasoline means. Why do car manufacturers
recommend using fuel with different octane ratings
for different vehicles? What might happen if you
use the wrong kind? Summarize your findings into
an infomercial or poster to be displayed at a gas
station.
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KEY CONCEPTS

After completing this chapter you will
be able to

assess the impact of natural
and synthetic polymers on
human health, society, and the
environment

propose a personal course
of action to reduce the use
of polymers that are harmful
to human health and the
environment

use appropriate terminology
related to polymer chemistry

relate the properties of polymers
to their structures

explain the difference between
addition polymerization reactions
and condensation polymerization
reactions, and analyze and
predict the products of these
reactions

safely perform laboratory
investigations, including
analyzing polymerization
reactions

demonstrate an understanding
of the processes by which
synthetic polymers are
developed

STARTING POINTS

Polymers

How Do We Use Polymers in Our Daily Lives?

A hockey puck travelling at 150 km/h can be dangerous if it strays into the
stands. Fortunately, stray pucks are rare thanks to a clear “glass” safety wall that
surrounds the ice and shields the spectators. This wall is usually not glass. More
often it is constructed of very strong, thin, transparent, glass-like panels. They are
made of a polymer known by the trade names Plexiglas, Lucite, or Perspex. This
material is as clear as a glass window but is far less likely to shatter when a player
collides with it. Much of the gear used during a hockey game—pucks, helmets,
skates, pads, jerseys, gloves, and sticks—is made of various polymers.

Consider the objects that you have used today. How many of these items
are made of plastic, at least in part? Alarm clocks, phones, TV, bicycles, com-
puters, shoes, clothes, toothbrushes, and milk bags all contain plastic. Could
we use other materials to make a product, for example a food container? Glass,
cardboard, or metal could be used. However, glass is heavy and breakable, and
cardboard does not keep air out or moisture in. Metal is heavy and cannot be
used in a microwave oven. Plastics make things lighter, stronger, more flexible,
and cheaper. It is no surprise that plastics are used to manufacture so many
things, from medical devices to parts of the International Space Station.

Along with the benefits of plastics, however, there are some major draw-
backs. Most plastics are made from petrochemicals—a non-renewable
resource. The process of extracting petrochemicals from the ground con-
sumes energy, generates waste, and damages local ecosystems. The manufac-
turing process has similar problems.

One of the major benefits of plastics is that they tend to be very stable. They
can be used for years without deteriorating. Unfortunately, this property can
also cause problems. Plastic objects that have been discarded do not break
down naturally. Instead, they remain in a landfill, along the roadside, or in the
ocean for years, centuries, or even longer.

To reduce the environmental impacts, we need to cut back on our non-
essential use of plastics. Recycling plastic products is an important step in
reducing disposal problems, but many types of plastic cannot be recycled. We
need to develop plastics that degrade naturally and find alternative products
that are less harmful to the environment.

Plastics are synthetic polymers. Other polymers occur naturally. Silk, spider-
webs, hair, muscle, cotton, and wood are all composed of polymers made by
living organisms. Polymer chemists have designed many synthetic polymers
that have similar properties to natural polymers.

Answer the following questions using your current 3. Why are natural polymers put into the same category as

knowledge. You will have a chance to revisit these questions plastics?

later, applying concepts and skills from the chapter. 4. How are polymers made, and what are they made from?
1. What is the difference between polymers and plastics? 5. What are some potential issues related to society’s use

2. What advantages do products made with polymers offer
over products made with other materials?

of plastics?

Chapter 2 e Polymers



Mini Investigation

Making Polymer Worms

Skills: Predicting, Performing, Observing, Evaluating, Communicating

Alginate is a natural polymer that is extracted from seaweed.
Food manufacturers use alginate to thicken many food
products, including ice cream. In this investigation, you

will convert a solution of a soluble sodium alginate into an
insoluble substance. Only when it is insoluble will you be

able to see it. Squirting the dissolved sodium alginate into

a solution of calcium chloride results in a chemical reaction
that produces insoluble calcium alginate. The calcium alginate
precipitates, forming long “worms.”

Equipment and Materials: chemical safety goggles; lab apron;
beaker or small bowl; tongs or spoon; approximately 250 mL of
1 % solution of calcium chloride; dropper bottle containing
5-10 mL of 2 % solution of sodium alginate; paper towel

1. Put on your safety goggles and lab apron.
2. Pour the calcium chloride into the beaker or bowl.

3. Squeeze about 5 mL of the sodium alginate solution into
the calcium chloride solution as two or three continuous
strands, and then squeeze several drops into the
solution.

SKILLS / ¢
HANDBOOK © = A1

. Remove the “worms” and drops from the solution and

place them on the paper towel. Record your observations.

. Place one of the “worms” and one of the drops back into

the solution, leave them for 5 min, and remove them
again. Observe the differences between the group
left longer in the solution and the group left out of the
solution. Record your observations.

. Follow your teacher’s instructions for safe disposal of the

material.

. Describe the “worms” that you removed from the solution

in Step 4.

. Describe the differences between the group left longer in

the solution and the group left out of the solution.
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Introducing Polymers

For thousands of years, people have prized silk fabric for its luxurious qualities. Silk is
made of fibres produced by silkworms (Figure 1). For many centuries, the Chinese royal
family kept secret the process of producing silk. During that time, silk was the founda-
tion of the Chinese export economy, bringing great wealth from Asia and Europe.

Each silkworm (which is actually a caterpillar) produces a cocoon made of a single
fibre hundreds of metres long. A silk fibre is thinner than a human hair, but much
stronger and lighter in weight than a similar-sized steel wire. The silk workers get hold
of a fibre from each of several cocoons and reel these fibres together to make a thread.
This thread can then be woven into fabric or used for sewing or embroidery. Silk
fabric is desirable because of its unique combination of properties, such as strength,
light weight, soft texture, shiny appearance, and flexibility or “drape” Among other
uses, silk’s applications include packaging, medical devices, parachutes, and clothing.
Silk fibres are examples of a remarkable group of compounds—polymers.

Figure 1 (a) Silk is a natural fibre produced when caterpillars of Bombyx mori moths make their
cocoons. (b) Many countries now produce silk, harvesting the silk fibres from the cocoons.

The General Structure of Polymers

polymer a large, usually chain-like A polymer is a very large molecule that is built from monomers. A monomer is one

molecule that is built from small molecules  of the repeating units that make up a polymer. Many biological molecules, such as

silk, are natural polymers that are built inside living organisms. In the last couple

monomer one of the repeating small of centuries, humans began manufacturing synthetic polymers for a wide range of

molecules that make up polymers applications, including textile fibres, rubber, and plastics. The polymer industry is
now critically important to our economy and standard of living.

Figure 2 illustrates one of the simplest reactions to form a synthetic polymer. In

this addition reaction, the double bond in each monomer is converted into a single

bond, freeing up two electrons that form carbon-carbon single bonds with other

homopolymer a polymer of a single type monomers. Polyethene (more commonly known as polyethylene) is an example of

of monomer a homopolymer: a polymer formed by reactions involving a single type of monomer.
RN EEENE NN B EEEEEE
atatetsietst sttt sttt
H HH H HH H HH H HHHHHHUHUHUHUHHH

ethene monomers polyethene (polyethylene) polymer
Figure 2 Polymerization of ethene molecules produces polyethene (polyethylene).

Substituents on the chain of carbon atoms give the polymer different properties.
Other polymers that form by addition reactions include polypropene (polypropylene)
and polystyrene (Figure 3).
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(a) propene monomers polypropene (polypropylene)
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000 O

styrene monomers

- —
-

polystyrene

Flgure 3 Homopolymers formed by addition reactions: (a) polypropene from propene monomers
and (b) polystyrene from styrene monomers

Other polymers are chains of two or more types of monomers. A copolymer has
different types of monomers combined to form the polymer chain. They may join in
an addition reaction or in a condensation reaction, in which a molecule of water is
eliminated as each new bond forms. Figure 4 shows the chemical equation for the
condensation reaction of three different amino acids to form part of a silk polymer.
(Amino acids are the monomers in silk.) This reaction happens millions of times in
the formation of a strand of silk.

copolymer a polymer made of two
or more different types of monomers
combined

|‘\|H2 "\le
?HZ (‘:HZ
CH CH
I HiC.CHy e HC.CH
(‘)H2 (‘JH (‘)H2 ‘CH
CH, CH, CH, CH, H CH, H CH,
9 9 0 | | |
HZN—(|J—C —(ll—C —(lJ—C\ —> HZN_(I:_(If_N_C_ﬁ_N_(I:_COOH + 2H,0
H H H OH H O 0 H
L > ) U . L . )
lysine (lys) alanine (ala) leucine (leu) lysine alanine leucine

loss of water molecules

Figure 4 Silk is a protein: a natural polymer. Amino acids are the monomers of proteins. They join into
chains in a condensation reaction. A molecule of water is released when two amino acids connect.

Natural and Synthetic Polymers

Natural polymers are made by all living things, from bacteria to mammals. Those
manufactured in the cells of plants include starch and cellulose, which are homopoly-
mers of the monomer glucose. Other natural polymers include the molecules RNA
and DNA (Figure 5) that are produced within cell nuclei. You will learn more about
natural polymers in Section 2.6.

Scientists developing new synthetic polymers often look to natural polymers, such
as silk, for desirable properties. Synthetic polymers are usually made from monomers
sourced from plants or from petrochemicals. Examples of synthetic polymers include
polyester and polyamide fabrics, containers made of polyethene or polypropene
(Figures 2 and 3), fluoropolymers used as non-stick coatings on cookware, the rubber
of automobile tires, and the super-strong Kevlar fibres used in body armour.

NEL

base pairs

sugar phosphate
backbone

Figure 5 DNA is a polymer. The
monomers, called nucleotides, are each
made up of a base, phosphate, and

a sugar. There are billions of unique
strands of DNA.
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1839: Vulcanized rubber was
developed by American Charles
Goodyear to make natural rubber
stronger. Natural rubber is a
polymer produced from the liquid
sap of rubber trees. Natural rubber
tends to be brittle when cold and
soft when warm. Heating natural
rubber with sulfur—vulcanizing—
made the product harder and raised
its melting point. Vulcanized rubber
was used for battery boxes, pumps,
dental plates, fountain pens, and,
eventually, automobile tires. —|

A Short History of Synthetic Polymers

The first commonly used polymers were naturally occurring materials, such as
bitumen, amber, waxes, rubber, and animal horns. These products were moulded
or shaped with tools to create objects, or used as coatings. Then, chemists began to
modify natural polymers to make products with different properties. & WEB LINK

Sometimes polymers with useful properties are created by accident. In 1968,
organic chemist Spencer Silver created an adhesive that did not appear to have a
useful function because it did not stick very well. In 1974, another scientist, Arthur
Fry, suggested using the adhesive to make small, sticky pieces of notepaper that could
be easily removed. The adhesive was applied to paper squares and the squares were
pressed onto other surfaces. The adhesive was sticky enough that the squares stayed
in place, but not so sticky that they could not be easily removed.

1909: Bakelite, invented by Leo
Hendrik Baekeland, was the first
fully synthetic polymer. It was widely
used to replace wood, ivory, and
ebony (thereby reducing the
pressure on some endangered
species). A lightweight plastic, it
was non-conductive, heat and
moisture resistant, chemically
unreactive, and could be coloured. It
revolutionized the design of
consumer and industrial products.
Many things made of Bakelite, such
as jewellery, dishes, telephones, and
toys, are collectables today. —‘

1929: Vinyl (PVC), invented by Waldo
Semon, came to be used worldwide
in products such as flooring, shower
curtains, and plumbing pipes. It was
the first durable material that was

used to record and play back music.—l

nylans

1935: Nylon, invented by Wallace
Carothers to replace silk in
parachutes and stockings, became
widely used in many consumer

goods. —|

1830 1840 1850 1860 1;870 1880 1890 1

I ©

900 19;10 1920 1

|— 1868: Celluloid was invented to

82

replace ivory in billiard balls. In the
form of celluloid film, this polymer
played a central role in the

development of the movie industry

Chapter 2 e Polymers

as an electrical insulator. The
polymer was modified during the
1930s to make it more durable.
Formica is widely used as a laminate
on household surfaces, such as
kitchen or bathroom counters.

=
i

|—1910: Formica was invented for use |—1933: Saran was invented by

Ralph Whiley. It was originally
used as a coating: sprayed onto
fighter planes to protect the
surfaces against corrosion from
sea salt. It was eventually
approved for use
in food packaging.

930; 1940 1950 1960 1970 1980 1990 ?000 2010

|— 1997/1998: The existence of the Great
Pacific Garbage Patch was predicted
and confirmed. In an attempt to reduce
the quantity of discarded plastics,
polymer chemists worked to develop
better biodegradable plastics.

As the chemistry of polymerization was better understood, scientists were able to
design many more synthetic polymers with specific, desired properties. Some more
familiar trade names of some of these polymers are Lycra, Dacron, Styrofoam, and
Kevlar. Developments of these and other polymers have had a significant impact on
the environment and society. § CAREER LINK

The development and use of so many polymer products have brought drawbacks,
however. There are concerns regarding the breakdown of some polymers during use,
releasing potentially carcinogenic compounds. Some people are particularly wor-
ried about this possibility in products used to transport, store, or cook food, such
as plastic water bottles and non-stick cookware surfaces. There is also the issue of
disposing of the vast volumes of synthetic products at the end of their useful lives.
Unlike materials such as wood, paper, cotton, and leather, synthetic compounds do
not break down quickly. They can remain unchanged for decades or centuries.

NEL
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Summary

e Polymers are very large molecules—natural or synthetic—made up of many

monomers linked together.

e Monomers are small molecules with functional groups that allow them to link

together to form polymers.

e Homopolymers are polymers made of only a single type of monomer.
Copolymers are polymers made of two or more types of monomers.

e Polymers may form in addition reactions or condensation reactions.

e Synthetic polymers bring both benefits and drawbacks.

Questions

NEL

1. Classify each of the following substances as a natural
or a synthetic polymer. Explain. [
(a) DNA
(b) polyethene
(c) celluloid
(d) cellulose
(e) protein
(f) rubber
(g) Kevlar
(h) bitumen
2. Explain the difference between the terms in each
pair.
(a) monomers and polymers
(b) homopolymers and copolymers
3. What do the three different monomers shown in

Figures 2, 3, and 4 have in common? Explain how
this feature allows them to form polymers. @

4. Figure 6 shows the structure of a polymer called
cellulose. Draw a diagram of the monomer that
makes up this polymer. @k

CH,0H

H OH
Figure 6 Cellulose

10.

Use a graphic organizer to describe the similarities
and the differences between natural and synthetic
polymers. Include an example of each. =1 k=

Suggest properties that might make polymers useful
additions to paint, auto, or wood finishes. &%

The rubber tree produces a resin, called latex,

that is the raw material for making natural

rubber. Research the developments that led to

the process of making synthetic rubber and the
social and environmental circumstances that
occurred around the time this process was invented.
Communicate your findings in a format of your
choice. & mm 1

Research the Great Pacific Garbage Patch. What is
it? Why is it so hard to track and map? What impact
does it have on the marine ecosystem? What is being
done to clean it up? Present your findings in an
illustrated report for inclusion in an environmental
magazine or on a web page. & & i Em

The monomer 2,2-bis(4-hydroxyphenol)propane,
better known as BPA, is used in the production

of hard plastics. In recent years there has been
some concern that it could leach out of plastics

and have negative health effects. According to
Health Canada, “the current dietary exposure to
BPA through food packaging uses is not expected
to pose a health risk to the general population,
including newborns and infants” Research the pros
and cons of BPA, summarizing your research in a
table or similar graphic organizer. & mm x= mw
Research two types of plastic, other than those
illustrated in the timeline, and prepare a short
illustrated history for each one. & &m a ew

l:f’\\
@Y%) WEB LINK
ey
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addition polymer a very long organic
molecule formed as the result of addition
reactions between monomers with
unsaturated carbon—carbon bonds

_LearninG TP

Shorthand for Polymers

Polymers might be thousands of
carbon atoms long. So far, we have
represented polymer molecules

as long chains of repeating units
that end in a line at each end. This
implies that the molecule continues
indefinitely in each direction. We
can show the structure of a polymer
in a condensed form by writing the
repeating monomer in parentheses
with an “n” subscript to indicate the
number of repeating units.
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Synthetic Addition Polymers

If you have ever stuffed used sports clothing in a plastic bag, or cooked eggs in a
non-stick pan, you have handled an addition polymer. An addition polymer is the result
of the reaction between monomers with unsaturated carbon-carbon bonds, similar
to the addition reactions previously discussed for alkenes. Many plastic bags are
made of polyethene, a very common addition polymer. (See Section 2.1, Figure 2.)
Similarly, when tetrafluoroethene is the monomer, the resulting polymer is polytet-
rafluoroethene, PTFE (Figure 1). The brand name of this compound is Teflon: the
slippery surface that prevents eggs from sticking to the pan.

F F F F F F F F F F F F

E=C4 6=+ 6= + —> GGGt C 0

i bl P
tetrafluoroethene polytetrafluoroethene

Figure 1 The formation of polytetrafluoroethene (PTFE)

The discovery of Teflon illustrates the role of chance in chemical research. In
1938, DuPont chemist Roy Plunkett was studying the chemistry of gaseous tetra-
fluoroethene. He synthesized about 50 kg of the chemical and stored it in steel cylin-
ders. When the valve on one of the cylinders was opened to release some of the gas
for testing, nothing happened. Rather than assuming that the cylinder was empty
and discarding it, Plunkett decided to cut the cylinder open. Inside, he found a white
powder: a polymer of tetrafluoroethene. This substance was eventually developed
into Teflon. Why is Teflon such an inert, tough, non-flammable material? These prop-
erties are the result of the strong C-F bonds of the polymer molecule. These bonds
are very resistant to chemical change. Because of its lack of chemical reactivity, Teflon
is widely used for electrical insulation, non-stick coatings on cooking utensils, and
low-friction surface coatings. § CAREER LINK

Other addition polymers can be made from monomers containing chloro-,
methyl-, cyano-, and phenyl- substituents (Table 1). In each case, the carbon-
carbon double bond in the substituted ethene monomer becomes a single bond in
the polymer. The variety of substituent groups leads to a wide range of properties.

The reaction to form polypropene is very similar to the reaction that forms poly-
ethene. You could think of propene molecules as ethene molecules with a methyl
group as a substituent. The polymer formed from propene looks just like that of
polyethene, except that it contains methyl groups on every other carbon atom in
the long chain: one per monomer (Figure 2). These methyl groups give the polymer
added strength.

monomer

H H H H H H H H H

o—

H
|| || || I
H(|3=CH + H(|3=CH + H(|3=CH — (|: (|: (|: | (|: (lz or (|:H—CH2
H—(|)—H H—(l‘,—H H—(|3—H H H—(|)—H H H—(|)—H H CH, .

H H H H

Figure 2 The polymerization of propene produces polypropene. Note how the structures of the
reactant molecules are drawn so that their carbon—carbon double bonds are all aligned but the
single bonds are above and below.
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Table 1 Familiar Addition Polymers

(butadiene)

H

Monomer Polymer
Name Formula Name Uses
ethene H,C=CH polyethene plastic bottles and pipes, insulation on
2 2 (polyethylene) electric wires, toys
propene polypropene rope, packaging film,
H (polypropylene) carpet fibres, toys
I
H,C =(|3
CH,4
chloroethene H polyvinyl chloride (PVC) | pipes, construction
(vinyl chloride) / materials, floor tile,
HLC= C\ clothing, reusable
Cl bags
cyanoethene H polyacrylonitrile (PAN) carpet fibres, synthetic fabrics
rylonitril /
(acrylonitrile) H2C=C\
CN
tetrafluoroethene _ polytetrafluoroethene non-stick cookware, electrical insulation,
FoL=CF; (Teflon) ball bearings
vinylbenzene H polystyrene food and beverage
(styrene) P containers, insulation,
H,C=C toys
butane-1,3-diene H polybutadiene tires, industrial coatings
(butadiene) |
H,C= C—(|3= CH,
H
vinylbenzene H styrene—butadiene synthetic rubber
(styrene) and /H | rubber (a copolymer)
butane-1,3-diene H,C=C HQC=C—(|3=CH2

Just as propene is similar to ethene with a methyl substituent group, other mono-
mers are also similar to ethene with other substituents. These substituents could be
chlorine, an alkyl group, or a benzene ring. These compounds also can undergo addi-
tion polymerization to produce a range of polymers, as Table 1 shows.

NEL
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For example, polyvinyl chloride (PVC) is a polymer of the chloroethene monomer
(also called vinyl chloride) (Figure 3).

H HHH HH H HHHHH H H
GG+ GG+ 6—Ct —> GGG GGG o L6
GH oG H G G GR G |G
vinyl chloride monomers polyvinyl chloride (PVC) !

Figure 3 The formation of polyvinyl chloride (PVC)

If the substituent in ethene is a benzene ring, the compound is ethylbenzene (also
known as styrene). The addition reaction of ethylbenzene molecules produces the
polymer polystyrene (Figure 4). Polystyrene is used to make heat-resistant disposable
drinking cups and it is used in many plastic toys.

HHHHHH H HH H H H H H
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styrene monomers polystyrene
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=

Figure 4 Styrene monomers react to produce polystyrene, which is the polymer in familiar
Styrofoam products.

Tutorial 1

In this tutorial you will learn how to draw an addition polymer given the name of its
monomer, and how to draw the monomer given the structure of the polymer.

Sample Problem 1: Drawing a Polymer

Draw a structural diagram showing three repeating units of the addition polymer formed
from cis-but-2-ene.

Solution

First, draw three structural diagrams of cis-but-2-ene, CH;CH=CHCH,. Show each molecule
with the double-bonded carbon atoms all in a line, and place other atoms below or above
that line.

H H H H
C=C C=C C=C

CH,4 (|3H3 (|:H3 (|)H3 (|3H3 CHs
Next, connect the monomers with single bonds to form a chain. Remove the double
bonds within the monomer, replacing them with single bonds so that each carbon atom
has exactly four bonds. Add lines at each end to indicate that this is just one segment of
the longer polymer molecule.

[ 1 1
CH, CHy CH, CHy CH, CH,
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Sample Problem 2: Drawing a Monomer from a Polymer Structure
Draw a structural diagram of the monomer used to make Saran, shown below. Name the

monomer.
SEEN
RESEEES
Cl H C H Cl

Solution

First, identify the repeating unit. In this case, the repeating unit in the polymer is

CH,—CCl,, circled below. (Note that it would also be correct to identify the repeating
unit as CCl,—CH,.)

Sl
Neus
H Cl H Cl

Next, draw the monomer, replacing the single bond between the 2 carbon atoms
with a double bond. (Remember that, during an addition reaction, double bonds between
carbon atoms in @ monomer become single bonds between carbon atoms in the polymer.)

'S
=t
H Cl

The name of this compound is 1,1-dichloroethene.

Practice

1. Draw and name the polymers that would be produced from each of the following
monomers. Circle the repeating unit.

'
o=
Br Br

(b) CH;— CH,— CH=CH— CH,— CH,
() CHCI=CH— CH,

2. Draw a section of the addition polymer polyacrylonitrile, showing 3 monomers.
(See Table 1).

3. Draw and name the monomer used to produce the following polymer:

|
—G—C—C—C—C—C—
H

2.2 Synthetic Addition Polymers
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Plastics

plastic a synthetic substance that can be A plastic is a synthetic polymer that can be moulded into shape (often under heat

moulded (often under heat and pressure) and pressure) and will then retain its shape when cooled. There are many kinds of

and that then retains its given shape plastics, including polymers of substituted ethene monomers: polystyrene, polyvinyl
chloride, nylon, polyesters, rubber, polyethene, and polypropene. We see products
made from plastics all around us: tires, DVDs, automobile trim, packaging materials,
and eyeglass lenses. Plastics are usually manufactured from petrochemicals. Not all
polymers are plastic, but all plastics are polymers.

Research This

Paying with Plastic

Skills: Researching, Analyzing, Evaluating, Communicating HANSRBER L Asa

In 2011, Canada joined the small number of countries that manufacture banknotes from
synthetic polymers (Figure 5). The polymer is a biaxially oriented polypropene (BOPP)
and is replacing the traditional cotton fibre. BOPP is made by stretching polypropene
uniformly in two directions. The resulting synthetic polymer makes the bills more durable,
more resistant to dirt and water, and more difficult to counterfeit. The new $100 bill feels
smoother than the traditional paper bill, but the size remains unchanged. The Bank of
Canada plans to replace all bills with polymer bills.

LRennata

JH§2912607 JHS2912607 - ° .

Used with the permission of the Bank of Canada.

Figure 5 The new $100 bill has two see-through sections and a smooth surface.

1. Research anti-counterfeit technology that is incorporated into Canadian polymer
bills. Choose one type and explore how successful this technology is at preventing
counterfeiting.

2. Research to find out what properties of BOPP influenced the Bank of Canada to
choose it as a material for making notes.

3. Research the advantages and disadvantages of using polymer-based bills compared to
traditional cotton-paper bills.

A. List the advantages and disadvantages of using polymer-based bills and cotton-paper
bills.

B. How are the polymer bills designed to foil counterfeiters? & mw

C. How successful are anti-counterfeiting technologies? Do you think this technology
could be applied to coins? Em kw s
(::e:i) WEB LINK
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Properties of Plastics

Most plastics are chemically unreactive. This can be explained by their structure: they
are held together by stable single bonds. Because these single carbon—carbon bonds
are very strong and less reactive than double bonds, the resulting polymer molecules
tend to be very stable chemically. The fact that plastics resist breakage makes them a
good replacement for glass in containers for food, water-based liquids, some solvents,
and many other chemicals. Some plastics, however, are weakened or even dissolved
by non-polar organic solvents. Not all plastics are suitable for all uses.

Plastics are moulded to give them the required shape. Many plastics, such as those
used in plastic bags and upholstery foam, are flexible and can be bent and folded. Others,
such as those used in car fenders and plastic water bottles, retain their shapes during
normal use. What holds the polymer chains together so effectively? Polymer molecules,
like all molecules, are attracted to one another by van der Waals forces. Although these
intermolecular forces are generally weak on an individual basis, polymer chains are
often thousands of carbon atoms long and the attractive forces are additive. Certain
substituent groups may also cause electrostatic attractions between molecules.

Most plastics become softer and more flexible when they are heated because heat
increases molecular motion. This motion disrupts the intermolecular forces briefly.
The polymer chains slide past each other and the plastic becomes stretchy and flexible
(Figure 6). This allows heated plastics to be shaped.

A LA A

7 70 /0 /1 71

/0

’ l s ’ ’ 7o

/ ’ ’ / ’ ’
#-C+C+C+C7C7C-
’ / / ’ / /
A A L A A A S A A A

Figure 6 Weak forces between carbon atoms allow the plastic to flex and stretch.

Polyethene plastics are classified according to their density. The most common
forms are low-density polyethene (LDPE) and high-density polyethene (HDPE).
LDPE is made by adding a small amount of compounds, such as butadiene, that have
two or more double bonds. The butadiene results in branches in the polymer chains.
These branches prevent the molecules from packing as tightly as those in HDPE,
which consist of mostly straight-chain molecules. The branched polymer therefore
has a lower density.

LDPE is mostly used for packaging materials (Figure 7(a)). The major use of
HDPE is for blow-moulded products. These are products in which a bubble of molten
HDPE is blown into a mould of the desired shape. Examples of blow-moulded prod-
ucts are milk jugs and bottles for consumer products (Figure 7(b)).

Because polypropene has more carbon atoms per monomer than polyethene, it
tends to be harder and less flexible. Much of the polypropene that is produced is
used for moulded parts, such as bottle caps, parts for appliances and electronics, and
plastic toys. The strength of polypropene fibres also makes them useful for manufac-
turing rope, twine, and carpeting.

Polystyrene flows easily when it is hot, but becomes hard when it cools. Pure poly-
styrene is hard and colourless, so it is used to make disposable cutlery, DVD cases,
and plastic models. When air or nitrogen is injected into the molten polystyrene, it
expands into a light, foamy plastic. Expanded polystyrene is used to make cups for
hot drinks and building insulation.

Polyvinyl chloride (PVC) also becomes hard when it is cooled. Because it is strong
and relatively inexpensive, PVC is widely used in building construction. Door and
window frames, water and sewage pipes, and siding are examples of products formed
from PVC. Additives make PVC softer and more flexible, so that it can be used as
insulation for electrical wires, a waterproof coating for shoes and clothes, and even
imitation leather upholstery. PVC is a somewhat controversial material. During its

NEL

UNIT TASK BOOKMARK

In the Unit Task, described on page
116, you will consider how solvents
interact with other materials.

(b)

Figure 7 (a) Plastic bags are generally
made from LDPE. (b) Plastic bottles with
the recycling code “2” are made from
HDPE.
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Figure 8 The more paper clips running
between the vertical rows, the stronger
the structure will be. These are just like

cross-links in a polymer.

90
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use, and especially during incineration after the useful life of an object is over, PVC
may release persistent toxic compounds into the environment. These compounds
may be harmful to humans and other organisms.

Since having a high molecular mass is associated with a very strong, durable
plastic, one might think that polymer chemists’ goal would be to produce polymers
with chains that are as long as possible. However, this is not necessarily the case.
Polymers become much more difficult to process as the molecular mass increases.
Molten polymer must be able to flow through pipes as it is processed. As the chain
lengths increase, viscosity also increases. The flow requirements of the manufacturing
process usually set the upper limit of molecular weight.

Plasticizers

In addition to the polymer itself, many plastic products include plasticizers. Plasticizers
are substances added to increase flexibility, making the plastics easier to produce and
shape into useful objects. Plasticizer molecules are inserted between polymer chains,
keeping the chains spaced apart. This slightly weakens the forces that hold the mol-
ecules rigidly in place. However, some plasticizers, such as phthalates, have been
linked to negative health effects. You will learn more about phthalates in Section 2.3.

Polymer Cross-Linking

All of the polymers illustrated above form long chains by joining monomers.
Depending on other functional groups attached to the monomers, individual chains
of some polymers can link together. Chemical bonds can form between separate
polymer strands in a process called cross-linking. Cross-linking binds multiple
polymer chains together to form networks (Figure 8). These networks may be two-
dimensional or three-dimensional structures.

The properties of a polymer depend on a number of factors including the func-
tional groups present, the number of monomers in the polymer molecule, and
the degree of cross-linking that occurs. In general, the more cross-links there are,
the more tightly the chains are held together and the more rigid and inflexible the
polymer (Figure 9).

Figure 9 Two polymers with —SH groups can form sulfur—sulfur cross-links.

Dienes are alkenes with two carbon-carbon double bonds. Incorporated into
polymer molecules, dienes form strong cross-links from one chain to another. The
more dienes that are added to a polymer chain, the more cross-linking will occur. The
number of diene monomers added controls the rigidity of the polymer. As cross-links
are added, the density of the polymer increases as well. Plastics can be made soft or

NEL



hard depending on the degree of cross-linking. A hard, dense, inflexible garbage bag
would not be that useful nor would a soft, flexible fencepost.

A diene used for cross-linking polymers is 1,4-diethenylbenzene, also called
divinylbenzene or DVB. Incorporated into polystyrene, 1,4-diethenylbenzene makes
the resulting plastic stronger (Figure 10).

CH=CH, + CH=CH, —CH—CH,—CH—CH,— —CH—CHZ—_—
CH CH2 CH2 CH_ CH_CHZ__
styrene cross-linking linked
monomer monomer polystyrene chains
1,4-diethenylbenzene - -n

(p-divinylbenzene)

Figure 10 The addition of 1,4-diethylbenzene to polystyrene allows cross-links to form between
adjacent polymer chains.

Some cross-linking agents are inorganic. As Figure 9 shows, sulfur is able to form
two covalent bonds to connect two different polymer chains. Natural latex from
rubber trees is very soft and gooey. The diene monomer in latex, 2-methylbutadiene,
forms partially unsaturated polymer chains. This polymerization results in a soft,
reactive rubber (Figure 11(a)). When sulfur is added to latex and the mixture is
heated, the sulfur forms cross-links that make the polymer much tougher and stiffer
(Figure 11(b)). This process was named “vulcanization” for Vulcan, the Roman god
of fire. The cross-links bring the polymer chains back to their original position after
the rubber is stretched. The elasticity of rubber makes it suitable for tires, providing
a comfortable, bump-less car ride.

Figure 11 (a) Rubber monomers undergo addition reactions to form a soft rubber polymer.
(b) Vulcanization adds sulfur cross-links to the rubber polymer.

Some plastics can withstand more heat than others. This heat tolerance deter-
mines how products made from the plastics can be manufactured and used. Some
plastics will melt or soften when heated and hold their shape when cooled. These
plastics are called thermoplastics and they can be moulded. Thermoplastic polymers
do not contain many cross-links. Highly cross-linked plastics will not soften at high

NEL
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temperatures because the cross-links, which are strong covalent bonds, are not over-
come by heating. These plastics are called thermoset polymers.

Elastomers are as they sound—elastic. They are polymers with a limited amount
of cross-linking, which allows them to stretch and then snap back to their original
shape. The polymer chains in an elastomer at rest are condensed and tightly wound
up but, when stretched, the chains straighten out. Most elastomers are carbon-based,
such as neoprene and rubber. Silly Putty is a type of silicone-based elastomer. It is
bouncy and stretchy, and it floats.

Mini Investigation

Guar Gum Slime

SKills: Performing, Observing, Analyzing SRS [ a1
Guar gum is a natural substance produced by the guar plant. When guar gum is heated in
water, it forms polymers that cause the solution to become more solid. Many processed
foods include guar gum as a thickener, much like soluble cornstarch that thickens gravy.
Qil drillers also mix guar gum into the slurry that they pump into oil wells.

Sodium borate (borax) is a cleaning agent often used for laundry. It is a hydrated ionic
compound made up of sodium and polyatomic borate ions: Na,B,0; - 10 H,0(s). In
solution the borate ions react with certain organic compounds to form cross-linked
polymers. In this investigation, the borate ions link with —OH groups in the guar gum
molecules to form a cross-linked substance with interesting physical properties.

Equipment and Materials: lab apron; chemical safety goggles; 250 mL beaker; wooden
stir stick; 100 mL measuring cylinder; electronic balance; 100 mL beaker; aluminum pie
plate; 110 mL warm distilled water; food colouring (optional); 1.0 g guar gum powder;
0.4 g sodium borate, Na,B,0,(S) (4

Sodium borate is an irritant. Avoid skin and eye contact. If the solution splashes
onto your skin or into your eyes, wash the affected area for 15 min with plenty of
cool water and inform your teacher. Wash your hands at the end of the investigation.

m Do not consume anything in the laboratory or remove anything from the laboratory
to consume later.
1. Put on your lab apron and chemical safety goggles.

2. Add 100 mL of warm water to the 250 mL beaker. Add food colouring (optional). Slowly
add the guar gum powder, stirring constantly with the stir stick to dissolve the powder.

3. Add 10 mL of warm water to the 100 mL beaker. Add the sodium borate crystals to
the water.

4. Add the sodium borate solution to the guar gum solution. Immediately begin stirring
the mixture with the stir stick. Within a couple of minutes, a slimy substance will form.

5. Lift some of the “slime” out with the stir stick and place it on the aluminum pie plate.
The mixture is safe to touch. Use your hands to manipulate the slime. Try stretching,
poking, and slapping it. Move it quickly and slowly. Record your observations.

A. What happened when you first started stirring the mixture? rm
B. What happened after stirring for a few minutes? rm

C. Describe the appearance and properties of the slime. Are the properties constant, or
do they vary? m

D. Describe how cross-linking gives this mixture its properties. =

E. How might the use of guar gum by the oil-drilling industry affect the price of food?
Comment on the implications of this. ==
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m Review

Summary

o Addition polymers form when monomers link during addition reactions.

o The properties of addition polymers can be varied by selecting monomers
with certain substituent atoms or groups, particularly by adding substances

that can form cross-links between polymer chains.

o Plastics are synthetic substances that can be moulded, often under heat and pressure.
Plastics that can be heated and formed in moulds are called thermoplastics. Those
that cannot be heated and formed are called thermoset polymers. Elastomers are
flexible polymers that return to their original shape after being stretched.

Questions

1. Kel-F is a polymer with the structure

Name and draw the monomer for Kel-F. @m &

2. Write the name and formula of the monomer that
could be used to produce each of the following
polymers: [0 K=

(a) —:(|JH—CH2—(|)H—CH2—(|3H—CHZT

F F F
— n
(b) [ (lJI (l:l (|)I
——(|)H—CH—(|3H—CH—(|)H—CH
Br Br Br

- n

() T CH—CH,—CH—CH,—CH—CH,

00O

3. “Super glue” contains methyl cyanoacrylate.

NC
NC=CH,
/
OC\
O_CH3

When it is exposed to water or alcohols (for
example, on two surfaces to be bonded), ethyl
cyanoacrylate quickly polymerizes. Draw the
structure of the polymer formed by methyl
cyanoacrylate. [0

NEL

. Explain how cross-linking occurs and what effects it

has on the properties of a polymer. [

. Polystyrene can be made more rigid by copolymerizing

styrene with p-divinylbenzene. = &=

(a) Draw the structure, and write the IUPAC name,
of p-divinylbenzene.

(b) How does p-divinylbenzene make the
copolymer more rigid?

. Scientists have developed polymers that can “heal”

from scratches, much as skin heals. Research how
these polymers repair themselves and where they
might be used. Prepare an illustrated presentation
or blog post to share your information with

&

salespeople in the plastics industry. & & &

. Recycling programs are in place in most parts of

Ontario, but not all types of plastic can be

recycled. & mm ez

(a) What are the different classes of plastic?
Summarize your findings in a table.

(b) Find out what types of plastic cannot be
recycled in your region, and why.

(c) How long does it take for plastic garbage bags
to decompose in a landfill site?

(d) What can you do, personally, to reduce the
environmental impact of plastics?

. Polystyrene is a popular packaging material.

(a) What properties of polystyrene make it
particularly useful for packaging?

(b) What biodegradable materials can be used as an
alternative packaging material?

(c) In a graphic organizer, compare polystyrene
and the alternative materials.

(d) Decide which you feel is the better choice.
Defend your decision.

A

A‘\‘\\
@m%; WEB LINK
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Explore an Issue in Polymer Technology

Plasticizers and Human Health

o Defining the e Analyzing
Issue ¢ Defending a

e Researching Decision

o |dentifying
Alternatives

o Communicating
o Evaluating

Plasticizers are compounds that increase the flexibility of otherwise brittle synthetic
polymers such as PVC (Figure 1). Phthalates, which are long esters of polycarboxylic
acids, are very effective plasticizers. They are not covalently bonded to the polymers
to which they are added.

Accumulated research has connected phthalates to severe negative health effects,

including kidney and liver failure. Phthalates may also disrupt the human reproductive

N

PVC The Issue

Figure 1 Look for the PVC symbol on
the plastic products that you use every

day. ROLE

system, especially if the exposure occurs during childhood. In 2011, Health Canada
placed restrictions on the use of some phthalates in children’s products. Industry
chemists are now working to develop non-phthalate plasticizers. @ WEB LINK

Phthalate plasticizers are not easily replaced. Other plasticizers do not have the same
chemical properties as phthalates and, so far, are not as effective.

You are a chemist presenting a paper to a government panel on the use of plasticizers.

AUDIENCE

Your audience includes your Member of Parliament, representatives from the Recy-
cling Council of Ontario and plastics industry associations, and concerned citizens.

Goal

To determine whether phthalates should be replaced by other plasticizers.

Research

SKILLS / ©
HANDBOOK « * AS

Investigate non-phthalate plasticizers. How do these products compare to phthalates
in terms of (i) usefulness in the plastics industry and (ii) health and/or environmental
concerns? Compare the advantages and disadvantages of each. Consider costs and
benefits, including effectiveness, availability, health effects, lifespan, and recyclability.

Possible Solutions
Consider possible actions that could be taken to address this issue. The following
suggestions may start your list:

« Ban the use of phthalates in some products or in all products.

o Educate the public about appropriate uses of plastics made with phthalates.
 Fund additional research to replace phthalates. § CAREER LINK

Decision

Summarize your findings. Draw a conclusion about the need to replace phthalates
with other plasticizers. Justify your conclusion with evidence from your research.

Communicate

Select the most appropriate method to communicate your findings.

Plan for Action

Do you currently use plastics containing phthalates? Will you
continue to do so? List several criteria to help you decide.
Select three or four common products (either commercially

94 Chapter 2 e Polymers

available or homemade) that perform the same function as
phthalate-containing plastics. Rank the alternatives according to
your criteria. Which one is best? =

/] XY
uw%) WEB LINK
ey
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Synthetic Condensation Polymers

A firefighter entering a burning building must be protected from intense heat.
Imagine a fabric that could withstand the extreme temperatures of an industrial fire.
That fabric is likely to be knitted with Nomex fibres. Nomex is a polymer made from
amide monomers. It is used to make flame-resistant clothing, electrical insulation,
industrial filters, and aircraft parts. Race-car drivers, firefighters, fighter pilots, and
astronauts all wear clothing that incorporates this polymer (Figure 1). Nomex is a
condensation polymer, formed when two monomers bond together with the elimina-
tion of a small molecule.

Producing Condensation Polymers

In Section 2.2, you studied polymers that were made by addition reactions of unsatu-
rated monomers. There are many molecules without carbon-carbon double bonds
that can also react to form polymers. What type of reaction can join these monomers
together?

Recall what you know about reactions that take place between two organic com-
pounds, resulting in the formation of a larger compound and a small molecule such as
water. This type of reaction is called a condensation reaction (Section 1.4). For example,
an alcohol reacts in a condensation reaction with a carboxylic acid to form an ester.

O O

I l
CH,CH,C—[0—H + H—OCH, —> CH,CH,C—OCH, + H—0—H

carboxylic acid alcohol ester water

Condensation reactions can also be used to produce condensation polymers. A
condensation polymer, like an addition polymer, is composed of repeating groups of
monomers. These monomers, unlike those in addition polymers, have two reactive
functional groups involved in the polymerization reaction. They do not necessarily
have any carbon double bonds.

The two most common types of condensation polymers have either ester linkages
or amide linkages. Esters have a carboxyl functional group joining the monomers
(R-COOR'); amides have a carbonyl group, -C=0, connected to a nitrogen atom,
-N-, joining the monomers (R-CONR’). Let us look at these two types of polymers
in more detail.

Polyesters

A polyester is a polymer formed by a series of esterification reactions between
monomers. Monomers with two functional groups, an -OH (hydroxyl) group and
a -COOH (carboxyl) group, form chains by undergoing condensation reactions at
both ends. As each monomer molecule is added to the chain, the condensation reac-
tion produces a small by-product molecule, such as water.

carboxyl group  hydroxyl group

i i

HO—CH,CH,CH,C—[0H + 10—CH,CH,CH,C—O0H —>
i I
HO— CH,CH,CH,C—O— CH,CH,CH,C—OH + H—0—H
N

ester linkage water

Figure 1 (a) Nomex is a flame-resistant
material that can be formed into fine
thread. This thread is then woven or
knitted into safety clothing. (b) Race-car
drivers wear balaclavas made of Nomex.

condensation polymer a very long
organic molecule formed as a result
of condensation reactions between
monomers with two functional groups

polyester a polymer formed by a
condensation reaction that results in ester
linkages between monomers
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PRI - T To form a polymer chain, a monomer must attach to one end of the chain, either
' "o with its carboxyl group reacting with the hydroxyl group on the chain, or with its
hydroxyl group reacting with the carboxyl group on the chain. Either way, it forms
an ester linkage and eliminates a water molecule. Each end of the growing chain can
then react with another monomer, and this process continues until a long polyester
polymer is formed. Synthetic condensation polymers are widely used in consumer
and industrial textiles (Figure 2).
The general reaction equation for the formation of a polyester is

o) 0 0
I I I
HORC—[OH + HORC—[OH + HORC—OH —>

NN

Figure 2 Clothes that are made of —ORC—ORC—ORC—O— + water
polyester are washable and durable. a polyester

Polyesters can also be formed from two different monomers. One monomer
must have two hydroxyl groups (a diol) and the other must have two carboxylic acid
groups (a dicarboxylic acid). In this case, the polyester is a copolymer formed with
alternating monomers diol and dicarboxylic acid. & CAREER LINK

Dacron

Dacron is the brand name for polyethene terephthalate (PET). It is a condensation
copolymer formed by the reaction of ethane-1,2-diol (ethene glycol) and benzene-
1,4-dicarboxylic acid (terephthalic acid). Ester linkages join the monomers together.

O (@) O O
| I I I
HOC ClOH + HOCH,CH,OH + HOIC ClOH + HOCH,CH,0H —>
benzene-1,4-dicarboxylic acid ethane-1,2-diol  benzene-1,4-dicarboxylic acid ethane-1,2-diol
(terephthalic acid) (ethene glycol) (terephthalic acid) (ethene glycol)

0 0 0 0
OC@COCHZCHZOC@C—OCHZCHzo + water

polyethene terephthalate
(PET)

The repeating unit of Dacron is

O O

I I
—0C COCH,CH,—

Polyamides

Recall from Section 1.7 that, in the formation of an amide, a carboxylic acid reacts
with ammonia or with a primary or secondary amine. The resulting functional group
is an amide group consisting of a carbonyl group, -C-O, in which the carbon atom
is bonded to a nitrogen atom.

polyamide a polymer formed by A polyamide is a polymer formed by a condensation reaction resulting in amide
condensation reactions resulting in amide linkages between monomers. Amide linkages are formed by a condensation reac-
linkages between monomers tion between an amine and a carboxylic acid (just as ester linkages are formed by

96 Chapter 2 e Polymers NEL



a condensation reaction between an alcohol and a carboxylic acid). The second
product of the amide reaction is usually water. (In some polyamide reactions a
dicarbonyl chloride is used in place of a dicarboxylic acid. In this case, a molecule of
hydrogen chloride is eliminated.)

The carboxyl groups allow many hydrogen bonds to form between polymer
chains. Together, these hydrogen bonds make polyamides exceptionally strong. Poly-
amides are also resistant to damage from insects and heat. Kevlar is a polyamide used
in body armour (Figure 3). Nomex, described above, is valued for its heat resistance.

Nylon 6,6

Perhaps the most familiar condensation polymer is nylon. Nylon is a copolymer, with two
different types of monomers. One common form of nylon is produced when hexane-1,6-
diamine (hexamethylenediamine) and hexanedioyl dichloride (adipoyl chloride) react,
resulting in the formation of a C-N bond and a hydrogen chloride molecule:

ﬁ? 3 ﬁ‘
Cl—C— CH,CH,CH,CH\CCD + CH,CH,CH,CH,CH,CH,—NH —>

hexanedioyl dichloride hexane-1,6-diamine

0 0] i
C— CH,CH,CH,CH\C—N/ CH,CH,CH,CH,CH,CH,—N +@

amide linkage
nylon-6,6

As the polymer grows, both ends are free to react with another monomer. Repeti-
tion of this process leads to a long chain of the units shown in square brackets.

There are several types of nylon, depending on the particular diamine and dicar-
boxylic acid or dicarbonyl chloride used. The reaction to form nylon occurs quite
readily under laboratory conditions (Figure 4).

Tutorial 1

In this tutorial, you will learn how to draw condensation polymers given the names of the
monomers, and how to draw and classify monomers given the structure of the polymer.

Sample Problem 1: Drawing Polymers from Monomers

Draw a condensed structural diagram of the polymer made from repeating units of a
4-carbon diamine and a 6-carbon dicarboxylic acid.

Solution

The first monomer is butane-1,4-diamine. The second monomer is
hexane-1,6-dicarboxylic acid. These monomers are typical of nylon.
Draw the structure of each monomer.

0
ll
HO—ﬁCHZCHZCHZCHZC—OH
0

Combine the structures so that an amide linkage is formed between the two
molecules. A molecule of water will be produced during the reaction.

NH2_ CHQCHQCHchZ_ NH2

«O |
H@%@*\

Figure 3 Hydrogen bonds between
polymer chains give Kevlar its amazing
strength.

Figure 4 The reaction to form nylon
occurs at the interface of two liquid
layers in a beaker. The bottom layer

is hexanedioyl dichloride dissolved in
carbon tetrachloride, CCl,. The top layer
is hexane-1,6-diamine dissolved in
water. A molecule of hydrogen chloride
is produced as each C—N bond forms.
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Stereochemical Formulas

To represent three-dimensional
shapes on paper, we need to be

able to show which bonds, and
hence atoms, are closer to us and
which are farther away. Diagrams
called stereochemical formulas were
developed to do this. They use the
following conventions: a solid line —
is a bond in the plane of the page,
and a wedged line m==——-1is a bond
to an atom in front of the plane of the
page (toward the viewer).

VESICEh 2.4.1

Preparation of a Polyester

(page 106)

You have learned about properties
of polyesters, polyamides, and
condensation reactions. In this
observational study, you will perform
a condensation reaction and explore
the characteristics of the resulting
polymer.
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Show that the polymer is continuous by adding bond lines at each end, drawing square
brackets around the structure, and writing the subscript n to indicate many repeats.

0
I
NH—CHZCHchZCHz—NH—ﬁCHZCHZCHZCHQC + H,0

n

Sample Problem 2: Drawing and Classifying Monomers from a Polymer

Starch is a polymer formed in a condensation reaction in which molecules of water are
eliminated from the new bonds. Draw the monomer that makes up starch.

CH,OH CH,0H CH,OH
H A H H A H H A H
HO 0 0 OH
H  OH H  OH H  OH
Solution

There is only one repeating unit, so starch is a homopolymer. The repeating units are
based on ring structures. Adding the components of a water molecule to either end of
each monomer gives the following structure:

CH,0H

A H

HO OH
H OH

Practice

1. Draw a structural diagram of the polymer formed by the reaction of
(@) propane-1,3-diol and pentanedioic acid
(b) butanedioic acid and a 5-carbon diamine
(c) hexanedioic acid and a 3-carbon diamine

Unwanted Plastic

As the quantity of plastics and other polymers used by people around the world grows,
disposal of unwanted materials has become a major problem. Polymers in landfills do
not degrade and are expected to remain unchanged for centuries—and perhaps even
longer. Polyethene and polystyrene packaging materials are particularly long-lived
and widely used. In one vast region of the Pacific Ocean, the water near the surface is
clogged with floating or partially submerged plastic garbage. This waste is hazardous
to marine organisms. Because each addition polymer is essentially a massive alkane
molecule, the plastic garbage is very stable chemically: it does not degrade.
Condensation polymers, unlike addition polymers, can be made biodegradable.
Certain bacteria can hydrolyze the amide or ester linkages between monomers, chop-
ping up the polymer chain into smaller pieces. Micro-organisms can then consume and
digest many of the resulting fragments. Although biodegradable polymers are prefer-
able to plastics that do not break down, they are not a perfect solution to the garbage
problem. The most effective solution is to reduce the production of plastics in the first
place. We can do this by reducing, reusing, recycling, and using alternative materials.

NEL



m Review

Summary

« Condensation polymers are polymers formed when monomers join during
condensation reactions. A small molecule, such as water or hydrogen chloride,

is also produced during the reaction.

o Polyesters are formed by condensation reactions between carboxylic acids and
alcohols that result in ester linkages. Polyamides are formed by condensation
reactions between carboxylic acids and amines that result in amide linkages.

« Plastic garbage is a serious environmental problem. The most effective

solution is to reduce the quantity of waste produced.

Questions

1. Draw the structure of the monomer that forms this 6.

homopolymer by condensation: 1k
OHHOHHOHUHOHH
AR LR ETY
T

2. Draw the structures of the monomers that react to 7.

form this polyester copolymer: @ &=
O

i 0 0 0
—COC—OCHZCHZO—COC—OCHZCHZO—
8

3. A condensation polymer can be formed between

propane-1,3-diol and 1,4-diaminobutane. =1 k&

(a) Draw the structures of both reactants, circling
the functional groups that are involved with the
polymerization.

(b) Draw the structure of the polymer that is
produced.

4. Describe the similarities and differences between
polyesters and polyamides. Provide examples.

5. Ethanedioic (oxalic) acid is found in certain
vegetables, such as spinach. Ethane-1,2-diol is a
toxic synthetic compound better known as ethylene
glycol.

T Ty
10—C—C—OH HC—CH
ethanedioic acid ethane-1,2-diol

Draw three units of the polymer made from
ethanedioic acid and ethane-1,2-diol. @@ a

NEL

Write the names and draw the structural formulas
for the reactants that form this polyamide: &m

Sodium polymethacrylate can absorb many times
its own mass in water. This property makes the
polymer ideal for use in hygiene products and baby
diapers. What else do you think this polymer would
be suitable for? Em mm

. Many monomers can form long polymer chains,

but some can also form bonds with neighbouring

polymer chains, resulting in cross-linking. 0 & &=

(a) What properties or structure would such a
monomer need?

(b) Draw an example of a monomer that may be
able to form cross-links. Circle any functional
groups.

(c) Draw the resulting polymer before cross-
linking has taken place. Circle any functional
groups that could be involved in cross-linking.

(d) Draw the resulting polymer after cross-linking
has taken place.

You have invented two polymers for use as potting-

soil supplement material for plants. & &= s

(a) What properties would the polymers need to
have?

(b) Plan an investigation to compare two polymers
for the characteristics you listed in (a). Briefly
describe the materials, equipment, and
procedure, as well as how you could interpret
the data.
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The Invention of Nylon
ABSTRACT

Chemistry JOURNAL —

SKILLS |
HANDBOOK « ° A4

Wallace H. Carothers was a brilliant American scientist known for developing nylon
and neoprene. His colleagues respected and valued his contributions as one of the

pioneers of polymer chemistry.

The Early Years

Wallace H. Carothers was born in 1896 in Burlington, Iowa.
As a child, he was fascinated by tools and mechanical devices.

After graduating from Tarkio College in Missouri with
a degree in Chemistry, Carothers completed his doctorate
at the University of Illinois. His first job was teaching at
Harvard University, but after only two years he signed on
with DuPont to head the organic chemistry division where
Carothers laid the foundations of polymer chemistry. He
was the first industrial chemist elected to the prestigious
National Academy of Sciences.

The Discovery of “Macromolecules”

Carotherss work on polymers built on that of Hermann
Staudinger, a German chemist who first proposed the idea of
polymers in the 1920s. At the time, all chemical compounds
were thought to have relatively low molecular mass. Any
evidence of substances having higher molecular mass was
attributed to aggregation (sticking together). Staudinger pub-
lished papers presenting evidence of compounds with high
molecular mass that formed when many smaller molecules
linked together. Polymers were, Staudinger said, “macromol-
ecules” Most chemists did not agree with Staudinger’s theory
at the time but, as new analytical techniques were developed,
Staudinger built a good case for the existence of polymers.
Carothers’s work at DuPont added more evidence that
such compounds existed. He learned that small organic
molecules with reactive functional groups at both ends
could form longer chains. In one of his earliest projects,
Carothers developed neoprene, the first synthetic rubber.

The Impetus for Innovation

In 1931, international relations between the United States
and Japan deteriorated. Since Japan was the main source of
silk for the United States, silk became scarce. DuPont saw an
opportunity to create a synthetic fibre that could replace silk.
Carothers switched his focus to polyamides. He reviewed
81 polyamides, but focused on one that he called “the 6,6
polymer” because its monomers were hexane-1,6-diamine
(hexamethylene diamine) and hexanedioic acid (adipic acid).
Each molecule contributed 6 carbons to the polymer chain.

In 1938, the US. government granted a patent for “nylon-6,6"
to DuPont. One of the earliest uses for nylon was as a
replacement for silk in women’s stockings. During World
War II, the use of synthetic polymers, including nylon and
neoprene, increased rapidly. Because imports had slowed to
a trickle due to the war, the U.S.A. needed these materials
as replacements for scarce natural materials. Nylon fabric
became widely used for parachutes and clothing. Carothers’s
groundbreaking work on neoprene, polyester, and nylon led
to the “synthetic polymer” era.

Further Readings

Adams, R. (1939). Biographical memoir of Wallace Hume
Carothers. The National Academy of Sciences Biograph-
ical Memoirs, 20(12), 293-309.

Hermes, M.E. (1996). Enough for one lifetime: Wallace
Carothers, inventor of nylon. Philadelphia: Chemical
Heritage Foundation.

s \

{===! WEB LINK

Questions

. What factors contributed to the early success of
nylon and neoprene? 1w

2. Polymer research is expensive and often does not
result in a successful product. What is the benefit to
companies (like DuPont) doing this research? What
are the risks? & Ew

3. How did Staudinger’s work affect Carothers?

4. Nylon is a synthetic polymer, but the chemical bond
between the monomer units is the same type of
bond that links the monomer units in silk, hair, and

wool. These natural polymers are proteins made by
joining amino acid monomers together. In amino
acids, both the acid and amino groups are on the
same molecule. How might having the two reacting
groups on completely different molecules avoid
complications for a synthetic chemist?

5. Polymers are often made from compounds extracted
from petrochemicals. What are the environmental
impacts of using these compounds? &z Ex
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Natural Polymers

Cellulose is a natural polymer that provides structure to plant tissues. Wood is pri-
marily cellulose. Although humans cannot digest cellulose, it does provide dietary
fibre. Some animals, such as cattle, can digest it, so the cellulose parts of plants grown
to produce human food are frequently used as animal food. Even so, growing plants
for human consumption produces a lot of waste cellulose. Some companies are using
this waste to produce biofuels such as cellulosic ethanol (Figure 1). Biofuels provide
a source of renewable energy and may reduce our dependence on non-renewable
petroleum.

Polysaccharides

Although humans cannot digest cellulose, other natural polymers are important
components of our food. Carbohydrates, for example, serve as a food source for most
organisms and as a structural material for plants. A carbohydrate, such as starch or
cellulose, is a polymer of monosaccharides, or simple sugars. A monosaccharide is a
ketone or aldehyde with many additional hydroxyl substituents. For example, glucose
has a hexagonal structure with five hydroxyl groups (Figure 2). Monosaccharides
are often drawn as a ring with multiple hydroxyl groups rather than a straight-chain
structure. Either form is correct because both molecular shapes exist.

°CH,0H

OHH H OH

H OHH OH OH H

Figure 2 Three ways to draw the structure of glucose

If you are a runner, or participate in other endurance sports, you might know the
feeling of “hitting the wall” You run out of energy to keep moving. The energy source
that you have depleted is your body’s supply of glycogen. Glycogen, like cellulose, is a
polysaccharide. When monosaccharide rings join together, they form large polymers
consisting of many monosaccharide units. Such a polymer is called a polysaccharide.
The third important polysaccharide, along with cellulose and glycogen, is starch
(Figure 3).

Figure 1 Biomass pellets are primarily
cellulose and are made from municipal
or agricultural waste. The pellets can
be burned directly for fuel or further
processed into cellulosic ethanol.

carbohydrate a polymer food source
and structural material for plants with the
empirical formula C,H,0),

monosaccharide an aldehyde or ketone
with 5 or 6 carbon atoms and many
hydroxyl groups; a simple sugar that is the
monomer of a carbohydrate

polysaccharide a large polymer
consisting of many monosaccharides; can
form when each ring forms two glycosidic
bonds

OH
6&& CH.0H CH,OH
HO
6%& HO 0K oH 0KOH D
|
HO 0 d HO 0 J0.KOH 0K OH OH Q0.
OH HO , 0
OH HO o~ OH OHIN OH
cellulose starch glycogen

Figure 3 Three polymers of glucose

NEL
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Figure 4 Tortoiseshell contains a
natural polymer. The shell of the
hawksbill turtle was once in high
demand.

amino acid a compound with a carboxyl
group and an amino group attached to the
same carbon atom; the building blocks of
all protein

Q@

Figure 5 Amino acids all have the same
amino group (on the left) and carboxyl
group (at the top), but they all have
different R groups.

peptide two or more amino acids linked
together

102 Chapter 2 e Polymers

All the compounds in Figure 3 are polymers of glucose, differing from each other
in the type of bond, the degree of branching, and molecular mass. Cellulose is a linear
polymer. It is the most common organic compound on Earth and it is found in the
cell walls of plants. Glycogen is a branched polymer that stores energy in animal cells.
Starch, produced by plants, is usually a mixture of linear and branched forms.

Peptides and Proteins

During the eighteenth and nineteenth centuries, the shell of the hawksbill turtle was
highly prized (Figure 4). “Tortoiseshell” was used to make decorative items such as
tea caddies, hair combs, and jewellery. Tortoiseshell contains proteins, a class of mol-
ecules that are natural polymers. The popularity of tortoiseshell drove the hawksbill
turtle almost to extinction. As their shells became more rare and expensive, scientists
worked to develop synthetic polymers to replace them. Bakelite was one of the early
synthetic polymers. Today, the Convention on International Trade in Endangered
Species of Wild Fauna and Flora (CITES) makes it illegal to capture hawksbill turtles
or to sell products made from their shell. Unfortunately, tortoiseshell products
remain so popular that illegal hunting continues.

All proteins are made of amino acids. An amino acid is an organic molecule that
contains a carboxyl group (-COOH), an amino group (-NH,), and a hydrogen atom
all attached to the same carbon atom (Figure 5). The fourth bond on that carbon
atom links to an additional group or chain of atoms, generically designated as R. The
nature of this group gives each amino acid its distinct properties. The 20 amino acids
most commonly found in proteins are shown in Figure 6.

The amino acids are grouped into polar and non-polar classes depending on
their side chains. Non-polar side chains contain mostly carbon and hydrogen atoms,
whereas polar side chains also contain nitrogen, sulfur, or oxygen atoms. Polar side
chains are hydrophilic (water-loving), but non-polar side chains are hydrophobic
(water-fearing). Interactions between side chains of the protein molecule determine
the three-dimensional structure of the protein.

A protein polymer is built by condensation reactions between amino acids. A
peptide is two or more amino acids linked together through a condensation reaction
between the amine and acid groups. Biochemists call the resulting linkage a peptide
bond, but it is identical to an amide linkage. Additional condensation reactions
lengthen the chain to produce a polypeptide, eventually yielding a protein.

The 20 amino acids can be assembled in any order, so there is essentially an infinite
number of possible protein structures. This flexibility allows an organism to tailor
proteins for the many types of functions that must be carried out. § CAREER LINK

Protein Structure

The sequence of amino acids in the protein chain is called the primary structure. Bio-
chemists use the convention that the terminal carboxyl group is on the right and
the terminal amino group is on the left. For example, one possible sequence for a
tripeptide (a chain of three amino acids joined by peptide bonds) containing lysine,
alanine, and leucine is

ITIHZ HC(CH,),
(CH,), (|3H3 CH,
T
H H H O
L v ) L v ) U v
lysine alanine leucine
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Aromatic R Groups

Polar, Uncharged R Groups

phenylalanine (phe) tyrosine (tyr) tryptophan (trp) serine (ser) threonine (thr) cysteine (cys)
C00~ C00~ C00~ C00~ C00~ C00~
+ | o | + | + | + | + |
H3N—(i)—H H3N—(|)—H H3N—(|3—H H3N—(|)—H H3N—(|J—H H3N—(|)—H
CH, CH, (|)H2 CH,0H H—(li—OH (|3H2
C= C\H CHs SH
| NH methionine (met) asparagine (asn) glutamine (gln)
o C00~ C00~ C00~
\ / H3ﬁ—(|;—H H3ﬁ—(|;—H HSN—(lz—H
A
Positively Charged R Groups (|3H2 HN /C§0 (|3H2
lysine (lys) arginine (arg) histidine (his) ? P C S
C00"~ C00"~ C00" o LU
| 3
+ + +
H3N—(|“,—H H3N—(|3—H H3N—(|)—H
(‘3H2 ?Hz CH, Non-polar, Aliphatic R Groups
CH, CH, NN glycine (gly) alanine (ala) valine (val)
H, H, - Go0- co0- co0-
il
éHz o HSN—(li—H H3ﬁ—(|;—H HSN—(li—H
| | .
“NH, C=NH, h Ch ey
| CH; CH,
NH,
leucine (leu) isoleucine (ile) proline (pro)
Negatively Charged R Groups . ?00 . ?OO ?OOH
~
aspartate (asp) glutamate (glu) HsN — (I;_ H HN— (|: —H H N/C \CH
00~ 00~ CH, H—C—CH, g |
+ + | | | H2C - CHQ
H;N—C—H H;N—C—H CH CH,
| | Cﬁ \CH |
CH, (|JH2 3 Vs CH;
C00~ (|}H2
00~ QRO
©-9 8o
Figure 6 The 20 amino acids all have different side chains (R groups), shown here in red. [ )
(Y @
@ carbon © C¥) o
Thousands of amino acids may join together to form very long polypeptide chains © nitrogen [ %) ® (Y
that twist and fold into very complicated structures. The secondary structure of a o% Q
polypeptide chain is determined to a large extent by hydrogen bonding between an 9
oxygen atom in the carbonyl group of an amino acid and a hydrogen atom attached
to a nitrogen atom of another amino acid (Figure 7). ¢ ©
The overall shape of a protein molecule can be long and narrow, sheet-like, or Y

globular. The three-dimensional shape is important to how the protein functions.
This shape is maintained by several different types of interactions: hydrogen bonding,
van der Waals forces, ionic bonds, and covalent bonds.
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Figure 7 Hydrogen bonding within a
protein chain can cause it to form a
stable helical structure.
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DNA deoxyribonucleic acid; a polymer in
the cell nucleus that stores and transmits
genetic information

RNA ribonucleic acid; a polymer in the
cell cytoplasm that stores and transmits
genetic information

nucleic acid the polymer molecules that
make up DNA and RNA

NH,
N7 >SN
L >

N N

adenine (A)

0

N | CH,4
o=k,
thymine (T)

0
N N\
NHZ—::;[N>

guanine (G)

NH,

N/
- |
N
cytosine (C)
Figure 9 The bases that form DNA

nucleotide an ester created when
the DNA or RNA base combines with
phosphoric acid
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Nucleic Acids

Life is possible only because each and every cell, when it divides, is able to transmit
vital information about how it works to the next generation. Scientists have known
since the early twentieth century that this process involves chromosomes in the cell
nucleus. Only since 1953, however, have scientists understood the molecular basis of
this intriguing cellular “talent.”

The substance that stores and transmits the genetic information is a polymer
called deoxyribonucleic acid (DNA): a huge molecule with a molecular mass as high
as several billion grams per mole. Together with other similar nucleic acids called the
ribonucleic acids (RNA), DNA is responsible for the synthesis of the various proteins
needed to carry out all cell functions. RNA molecules, which are found in the cyto-
plasm outside the nucleus, are much smaller than DNA polymers, with molecular
masses of only 20 000 to 40 000 g/mol. Nucleic acids are the polymer molecules that
make up DNA and RNA.

The monomers of the nucleic acids, called nucleotides, are composed of three
distinct parts:

1. a5-carbon sugar: deoxyribose in DNA and ribose in RNA (Figure 8)
2. anitrogen-containing organic base (Figure 9)

3. a phosphoric acid molecule, H;PO,

0C 0 0 0C 0 0
4 1 4 1
3 2 3 2
0 0 0
(a) (b)

Figure 8 The 5-carbon sugars that make up (a) deoxyribose (b) ribose

The base and the sugar combine to form a unit that in turn reacts with phosphoric
acid to create the nucleotide, which is an ester. The nucleotides link together through
condensation reactions that eliminate water to give a polymer. Such a polymer can
contain a billion nucleotides.

The key to DNA’s functioning is its double-helical structure with complementary
bases on the two strands. The bases form hydrogen bonds with each other. The struc-
tures of cytosine and guanine make them perfect partners for hydrogen bonding, and
they are always found opposite each other on the two strands of DNA. Thymine and
adenine form similar hydrogen-bonding pairs.

Evidence suggests that the two strands of DNA unwind during cell division and
that new complementary strands are constructed on the unravelled strands. Because
the bases on the strands always pair in the same way—cytosine with guanine and
thymine with adenine—each unravelled strand serves as a template for attaching the
complementary bases (along with the rest of the nucleotide). This process results in
two double-helix DNA structures that are identical to the original one. Each new
double strand contains one strand from the original DNA double helix and one newly
synthesized strand. This replication of DNA allows for the transmission of genetic
information as the cells divide.

A major function of DNA is protein synthesis. A given segment of the DNA,
called a gene, contains the code for a specific protein. These codes transmit the
primary structure of the protein (the sequence of amino acids) to the construction
“machinery” of the cell. There is a specific code for each amino acid in the protein,
which ensures that the correct amino acid will be inserted as the protein chain
grows. @ CAREER LINK
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m Review

Summary

Carbohydrate polymers, which serve as a food source and structural material
for plants, have the empirical formula C,(H,0),.

A monosaccharide is one monomer of a carbohydrate polymer.

Polysaccharides are large condensation polymers consisting of many
monosaccharides.

Starch, cellulose, and glycogen are polymers of glucose.
Proteins and nucleic acids are condensation polymers.

The primary structure of proteins results from the sequence of amino
acids in the polymer chain. The shape of a protein molecule depends on
intermolecular and intramolecular forces.

DNA stores information for amino acid sequences, enabling the cell to
assemble proteins.

Questions
1. Outline the similarities and differences between 7. DNA and RNA each contain a sugar. [ K
starch and cellulose. Support your answer with a (a) Draw the structural diagram of each sugar.

NEL

diagram. [ K8 (b) Discuss the similarities and differences of the sugars.

Draw the ring structure of glucose. Use this 8
structure to explain why glucose can form

a straight-chain polymer like cellulose and
branched-chain polymers such as glycogen and

starch. [ & =

. Consumers have many natural and synthetic
materials to choose from these days: paper or reusable
plastic shopping bags, wood or plastic chairs, cotton
or polyester clothes. Choose one such consumer
product, identify the natural and synthetic materials

In plants, glucose molecules are joined together to from which it could be made, and research the
form the polymer cellulose. [ K= advantages and disadvantages of the two alternatives.
(a) Draw a structural diagram illustrating this reaction. Create a graphic organizer or use some other format
(b) What type of polymerization reaction is to communicate your findings. &? & w ww
occurring? Explain how you can tell. 9. If you have ever had your hair permed, you have
When a plain, unseasoned, carbohydrate-rich food experienced disulfide bonds. Hair is made mostly of
(such as rice or crackers) is chewed and begins to protein. When sulfur atoms on one polymer chain
dissolve in the mouth, it tastes bland at first and bond to sulfur atoms on another polymer chain,
then starts to taste sweet. Propose a reason for this the resulting cross-links are called disulfide bonds.
change in taste. & Ew Research the chemistry behind perms, including any

health or environmental concerns, and present your
findings in a brochure or blog that could be read by

&

people thinking of getting a perm. & & n

A biochemist forms a tripeptide compound

using glycine (gly), serine (ser), and phenylalanine

(phe). [m Em En

(a) How many unique tripeptides could be made
from these three amino acids? Use the three-
letter codes to list them all.

10. DNA is one of the largest known natural polymers.
DNA molecules can be artificially modified to
change the order of amino acids. Use Internet
resources to research the uses of recombinant DNA
technology. Create an informational web page or
poster describing two of these applications. Include
information on the benefits and drawbacks of each
application. & &m = km

(b) Draw the structural formula of one possible
tripeptide that could be produced.

(c) Explain why so many possible proteins can be
made from only 20 amino acids.

Examine the structures of the following amino acids

in Figure 6. Predict whether each one is hydrophilic
or hydrophobic.

11. Research three proteins to determine their functions
and the number of amino acids in each. Present your

@&

findings in a table or graphic organizer. € &mxn

(a) phenylalanine (c) leucine -
(b) serine (d) arginine '\:\“"u:ﬂ,’ WEB LINK
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Investigations

IRl -Nile] g 2R SR M OBSERVATIONAL STUDY

Preparation of a Polyester

Condensation polymerization reactions produce small
molecules, such as water, as the monomers react. When
an organic acid containing two or more carboxyl groups
reacts with an alcohol with two or more hydroxyl groups,
the resulting polymer is a polyester (Figure 1).

0
I OH OH (l)H
C=OH L CH,—CH—CH,
C—OH
|
0

acid alcohol

Figure 1 Benzene-1,2-dicarboxylic acid (phthalic acid) and propane-
1,2,3-triol (glycerol) can undergo a condensation reaction to form a
polyester polymer.

Many paints and enamels are based on alkyd resins,
which are polyester polymers modified with other
ingredients. (Figure 2).

Figure 2 Alkyd paints have a non-polar organic solvent in which the
other components are dissolved.

In a condensation polymerization, the reaction proceeds
faster if the reaction mixture is heated. Heating tends to
drive the reaction by causing water molecules to evaporate
as they are produced. In some reactions, an alternative
monomer can be used to decrease the amount of water
produced. For example, 2-benzofuran-1,3-dione (phthalic
anhydride), shown in Figure 3, produces half as much
water as benzene-1,2-dicarboxylic acid when it reacts with
alcohols. Since less energy is required to evaporate off the
water, this reactant is often used in place of benzene-1,2-
dicarboxylic acid in polymerization reactions.
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Figure 3 2-benzofuran-1,3-dione (phthalic anhydride)

Purpose

To synthesize the alkyd resin, glyptal, from
2-benzofuran-1,3-dione and propane-1,2,3-triol

To investigate some of the properties of glyptal

Equipment and Materials

chemical safety goggles

laboratory apron

protective gloves

two 100 mL beakers

glass stirring rod

hot plate (O

utility stand with ring clamp

watch glass to fit beakers

beaker tongs

shallow metal container

paper towel

small covered beakers containing

- 3 g 2-benzofuran-1,3-dione (phthalic anhydride
powder) @

~ 2 g propane-1,2,3-triol (glycerol) (&)

- 5 mL paint thinner or nail polish remover (&)

Use caution around the hot plate. Avoid touching the heating
surface with your hands. To unplug the hot plate, pull on the

plug itself rather than the cord.

Phthalic anhydride is toxic, a skin irritant, and can cause
blindness. Handle with care, and wear gloves, eye

%) protection, and a lab apron. Avoid skin contact and wash

2

your hands before leaving the laboratory.

Paint thinner and nail polish remover are flammable. They
should be used only in a well-ventilated area. There should

be no open flames or other sources of ignition in the
laboratory.




Procedure
1.

SKILLS /|
HANDBOOK = AT, A23
Put on your safety goggles, lab apron, and protective
gloves.

Place the phthalic anhydride powder and glycerol in a
100 mL beaker and mix with the stirring rod.

Secure the beaker on the hot plate using a ring holder
attached to a utility stand. Heat the mixture and stir
gently to dissolve the solid.

Cover the beaker with the watch glass and continue
heating until the mixture comes to a boil. Boil for
5 min.

Carefully pour the hot mixture into a metal container.
Let it cool completely at room temperature.

6. Observe the plastic formed and record its properties.

7. Break off a piece of the plastic and place it in the

10.

11.

NEL

second beaker. Add about 5 mL of water to the beaker
and try to dissolve the plastic in the water. Record
your observations.

Retrieve the piece of plastic and pour the water down
the sink. Dry the beaker with the paper towel.

Break off another piece of plastic and place it in the

dry beaker. Add 5 mL of paint thinner or nail polish
remover to the beaker and try to dissolve the plastic
in the solvent. Record your observations.

Place the beaker containing the solvent in the fume
hood. Allow the solvent to evaporate. Observe the
remaining residue.

Dispose of the materials as instructed by your teacher.

Analyze and Evaluate

(a) Organize your observations into a table.

(b) Describe the product and its observed
properties.

(c) Evaluate the procedure. Do you feel that each step
was necessary? For example, was it necessary to
heat the mixture? Was it appropriate to put the
hot mixture into a metal container? Explain.

(d) Evaluate this polymer as an ingredient to use in
paint.

Apply and Extend

(e) Use the structural formulas in Figures 1 and 3,
and your knowledge of intermolecular forces to
explain the observed properties of the polymer.
Include diagrams in your explanation.

(f) Suppose you repeated this investigation using
1,2-ethanediol instead of glycerol. Predict the
reaction that would occur. Illustrate your answer
using structural formulas or line diagrams.
Predict the properties of the resulting
polymer.

UNIT TASK BOOKMARK

Your observations regarding the
solubility of polymers in polar and
non-polar solvents may be relevant as
you work on the Unit Task described on
page 116.
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SUMMARY

Summary Questions

1.

Create a study guide for this chapter based on the
Key Concepts on page 78. For each point, create three
or four sub-points that provide further information,
relevant examples, explanatory diagrams, or general
equations.

3. Create a concept map to summarize what you
have learned in this chapter. Starting with the term
“polymer;” add branches to include various kinds of
polymers, how they are formed, their properties, and
examples.

2. Look back at the Starting Points questions on page 78. 4. Create a quiz based on the summary at the end of each
Answer these questions using what you have learned section. Your quiz could be online or on index cards.
in this chapter. Compare your latest answers with Write a question for each summary point, and then
those that you wrote at the beginning of the chapter. devise a way to present the correct answer.

Note how your answers have changed.
Vocabulary
polymer (p. 80) plastic (p. 88) monosaccharide (p. 101) DNA (p. 104)
monomer (p. 80) condensation polymer (p. 95) polysaccharide (p. 101) RNA (p. 104)
homopolymer (p. 80) polyester (p. 95) amino acid (p. 102) nucleic acid (p. 104)
copolymer (p. 81) polyamide (p. 96) peptide (p. 102) nucleotide (p. 104)
addition polymer (p. 84) carbohydrate (p. 101)

%) oaneen pariwars §

Grade 12 Chemistry can lead to a wide range of careers. Some require a college SKILLS /| a7

HANDBOOK
diploma or a B.Sc. degree. Others require specialized or postgraduate degrees.
This graphic organizer shows a few pathways to careers mentioned in this chapter.
1. Select two careers related to Polymers that you find interesting. Research the
educational pathways that you would need to follow to
pursue these careers. What is involved in the required > LLB. — > patent lawyer
educational programs? Prepare a brief report of your
findings. - N
2. For one of the two careers that you chose above, describe —> M.D. —> clinical geneticist
the career, main duties and responsibilities, working ¢
condl’qons, qnd setting. Also.outllne how the career M.Sc. geneticist
benefits society and the environment.
> B.Sc. polymer chemist
12U Chemistry S biomedical biochemist
materials scientist technology
researcher
0SSD — .
| > structural engineer
11U Chemistry —> B.Eng. — materials engineer
| > paint chemistry technician
> college diploma —> product testing technician
@ CAREER LINK
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SELF-QUIZ

For each question, select the best answer from the four
alternatives.

1.

NEL

The individual units that make up all polymers are
called

(a) monomers (c) plastics

(b) alkanes (d) esters (2.1)

Polymers that are made from many identical units are
called

(a) bipolymers

(b) copolymers

(c) homopolymers

(d) elastomers (2.1)

Bonds can form between polymer chains, creating
sheets of polymers. One of these bonds is called a(n)
(a) atomic link

(b) cross-link

(c) molecular link

(d) peptide link (2.1, 2.2)

What kind of carbon-carbon bonds are involved in
the formation of addition polymers? (2.2)

(a) hydrogenated

(b) cross-linked

(c) saturated

(d) double

Vulcanization of rubber involves heating a mixture of
natural latex and

(a) carbon

(b) hydrogen

(c) oxygen

(d) sulfur (2.2)

Phthalate is commonly added as a plasticizer in the

manufacture of many polymers. However, phthalates
are easily released into the environment because

(a) they are gaseous
(b) they are held within the polymer chains

(c) they are not covalently bonded to the polymers to
which they are added

(d) they are immiscible with the polymerized
monomers (2.3)

What kind of polymer is formed when water is one
of the products during the polymerization reaction?
(2.4)

(a) an addition polymer

(b) a condensation polymer

(c) ahydropolymer

(d) a copolymer

Knowledge/Understanding

10.

Thinking/Investigation Communication Application

What functional groups must the monomers have, to
form a polyester? (2.4)

(a) two carboxyl (—COOH) groups

(b) a hydroxyl (—OH) group and a carbonyl
(—=C=0) group

(¢) ahydroxyl group and a carboxyl group

(d) a carboxyl group and a carbonyl group

What type of polymer is produced by the reaction of

the two compounds in Figure 17 (2.4)

0

|
NHQ_ CH2CH2CH2_NH2 HO_ﬁCHchchzc_oH

Figure 1

(a) a monopolymer

(b) an addition polymer

(c) apolyester

(d) apolyamide

The polyamide linkages in nylon also occur in
(a) amino acids

(b) plasticizers

(c) polyethene

(d) proteins (2.4)

Indicate whether each statement is true or false. If you think
the statement is false, rewrite it to make it true.

11.

12.

13.

14.

15.

16.

17.

18.

Polymers tend to be very strong because they are held
together by ionic bonds. (2.1)

The two polyethene polymers, LDPE and HDPE,
have different properties because they have different
degrees of branching within their chains. (2.2)

All plastics are polymers, but not all polymers are
plastics. (2.2)

Plasticizers are chemicals added to a polymer to
decrease its flexibility. (2.3)

The two most common types of bonds between
monomers in condensation polymers are hydrogen
bonds and disulfide bonds. (2.4)

Wallace H. Carothers’s work on nylon inspired
Hermann Staudinger’s research. (2.5)

Glucose, a product of photosynthesis, has a
pentagonal structure with 5 hydroxyl groups. (2.6)

Proteins are polymers made up of many amino acid
monomers. (2.6)

Go to Nelson Science for an online self-quiz.
i,
awm% WEB LINK
=y
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REVIEW

Knowledge

For each question, select the best answer from the four
alternatives.

1.

110

What do all polymers have in common? (2.1)

(a) They contain double bonds.

(b) They contain cross-links.

(c) They contain long chains of repeating units.

(d) All of the above

Which of the following substances is a natural

polymer? (2.1)

(a) polyester (c) Kevlar

(b) silk (d) polypropene

Which of the following is a property of Teflon?

(2.2)

(a) agood conductor of electricity

(b) flammable

(c) inert

(d) sticky

No atoms are lost from starting material in making

which kind of polymer? (2.2)

(a) addition polymer

(b) branched polymer

(c) condensation polymer

(d) polyester polymer

Which of the following terms describes materials that

recover their shape after being deformed? (2.2)

(a) elastomers

(b) inhibitors

(c) plasticizers

(d) thermoplastic polymers

What gives polyethene polymers their strength and

toughness? (2.2)

(a) the presence of oxygen atoms in the polymer
chains

(b) disulfide bonds that form cross-links between
chains

(c) the large numbers of London dispersion forces
between long chains

(d) many short chains stabilized by strong hydrogen
bonding

Which of the following statements is true about

plastics? (2.2)

(a) All plastics are polymers.

(b) Plastics are generally made from materials
derived from petrochemicals.

(c) Plastics are synthetic, not natural, materials.
(d) All of the above

Chapter 2 e Polymers

Knowledge/Understanding

8.

10.

11.

12.

13.

14.

Thinking/Investigation Communication Application

Which of the following conditions can cause a
plasticizer to be released from a plastic? (2.3)

(a) exposure to visible light

(b) scratching the surface

(c) heating at high temperatures

(d) exposure to arid conditions

When an alcohol reacts with a carboxylic acid, what
type of bond is formed?

(a) peptide bond

(b) amide linkage

(c) carboxyl bond

(d) ester linkage

The carboxyl groups on a polyamide allow many

hydrogen bonds to form between polymer chains.
Together, these hydrogen bonds make polyamides

(a) form loops

(b) form sheets

(c) soluble in water

(d) exceptionally strong (2.4)

Which of the following polymers is not based on a

substituted ethene monomer? (2.2, 2.4, 2.5)

(a) nylon

(b) polypropene (polypropylene)

(c) polystyrene

(d) polyvinyl chloride

What type of reaction results in the formation of

nylon? (2.4, 2.5)

(a) the addition polymerization reaction of
unsaturated hydrocarbons

(b) the addition polymerization reaction of a styrene
with a carboxylic acid

(c) the condensation polymerization reaction of a
dicarboxylic acid with a diol (di-alcohol)

(d) the condensation polymerization reaction of a
dicarboxylic acid with a diamine

Nylon is an example of a

(a) copolymer

(b) monomer

(c) homopolymer

(d) monopolymer (2.4)

What natural polymer was difficult for the United

States to obtain from Japan in the early 1930s,

motivating research to find a synthetic replacement?

(2.5)

(a) silk

(b) wool

(c) cellulose

(d) cotton
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15. Which of the following compounds is not a polymer
of glucose? (2.6)

(a) cellulose
(b) glycogen
(c) an amino acid
(d) a polysaccharide
16. What are the building blocks of proteins? (2.6)
(a) amino acids
(b) esters
(¢) lipids
(d) nucleotides
17. What type of bond is responsible for DNA’s double-
helix structure? (2.6)
(a) hydrogen bonds
(b) amide linkages
(¢) London dispersion forces
(

d) disulfide bonds

Indicate whether each statement is true or false. If you think
the statement is false, rewrite it to make it true.

18. Polymers are large, chain-like molecules built from
small molecules called homomers. (2.1)

19. A copolymer is produced from the reaction between
two or more different types of monomers. (2.1)

20. Addition polymers are produced from the reaction of
unsaturated hydrocarbons. (2.2)

21. Most plastics are chemically reactive and virtually
indestructible. (2.2)

22. A plasticizer is a chemical added to any substance to
improve its flexibility. (2.3)

23. Condensation polymers are composed of repeating
groups of monomers containing two different reactive
functional groups. (2.4)

24. Polyamides are polymers formed by condensation
reactions resulting in ester linkages between
monomers. (2.4)

25. Examples of synthetic polymers are carbohydrates,
silk, and DNA. (2.6)

NEL

Match each term on the left with the most appropriate
description on the right.

26.

(a) amino acid (i) natural protein polymer

(b) amide (ii) type of reaction between

(c) starch unsaturated monomers

(d) PVC (iii) monomer of proteins

(e) silk (iv) component of monomers
(f) ethene that can affect the properties

(g) addition of their polymers

(h) condensation (v) polymer designed to replace

(i) nylon silk
(j) vulcanization (vi) type of linkage within
(k) substituent proteins

(vii) addition polymer

containing chlorine

(viii) process that makes rubber
more heat resistant

(ix) typical monomer of
synthetic polymers

(x) type of reaction releasing
a small molecule as a
by-product

(xi) polymer produced by plants
(2.1,2.2,2.4,2.5, 2.6)

Write a short answer to each question.

27.
28.

29.

30.

31.

32.

Define the term “polymer” (2.1)

Differentiate between the terms “copolymer” and
“homopolymer” (2.1)

(a) Name the compound shown in Figure 1.

(lll

Br— (|3_ CH=CH,
H

Figure 1

(b) Draw the polymer that could be formed from this
monomer. (2.2)

The properties of polymers are affected by the
monomers that compose them. Which feature
increases the rigidity of a polymer? (2.2)

List at least four synthetic polymers and an example
of an application of each one. (2.2)

Teflon is a synthetic polymer of the monomer
tetrafluoroethene. (2.2)

(a) Draw the structure of the monomer.

(b) Explain how Teflon’s structure allows it to
perform its functions.
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33.

34.

35.

36.
37.

38.

39.

40.

112

Health Canada has restricted the use of phthalates in

certain products made from polymers.

(a) Why are phthalates mixed with some polymers?

(b) From what products has Health Canada banned
the use of phthalates? (2.3)

Nylon is a copolymer. (2.1, 2.4, 2.5)

(a) What is a copolymer?

(b) What type of polymerization reaction occurs to
produce nylon?

(c) Draw diagrams to show the polymerization
reaction that produces nylon-6,6.

(d) What types of bonds form between the
monomers during the reaction?

Many workers in hazardous environments—including

race-car drivers—wear protective clothing made from

a polymer called Nomex. Nomex is synthesized using

the two monomers shown in Figure 2. (2.4)

H,N NH,  CIOC cocl

1,3-phenylene diamine
Figure 2

isophthaloyl dichloride

(a) What type of polymerization reaction must occur
to form Nomex?

(b) Will there be a by-product of the polymerization
reaction? If so, what is the by-product?

(c) Draw a structural diagram showing a portion of
the polymer product.

Why is Dacron classified as a polyester? (2.4)
What by-product is commonly released during
condensation polymerization? (2.4)

To form amide linkages in a polyamide, which two
types of organic molecules must react? (2.4)

Oxirane (ethylene oxide) is an important industrial
chemical. It is a cyclic ether (Figure 3). Although
most ethers are unreactive, oxirane is quite reactive.
It can undergo addition polymerization reactions at
one of the C-O bonds. Draw the structure of this
polymer. (2.4)

CQQ_ CH2

0
Figure 3 Oxirane (ethylene oxide)

Wallace H. Carothers developed several synthetic
polymers in the 1930s. Name one, and the natural
product it was designed to replace. (2.5)
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41.

42.

43.

44.

45.

Define the following terms: (2.6)

(a) monosaccharide

(b) polysaccharide

(c) carbohydrate

Which natural polymer is produced by

(a) animals to store energy?

(b) plants to provide structure?

(c) many organisms to pass on genetic information?
(2.6)

Why are the cellulose-rich parts of food plants often

used as animal food? (2.6)

Define each of the following terms: (2.6)

(a) protein

(b) peptide bond

(c) DNA

(a) List the component parts of nucleotides.

(b) What class of organic compounds includes
nucleotides?

(c) Cytosine and guanine pair up in DNA. What
forces hold these two nucleotides together?

(d) What functional groups in the nucleotides enable
these forces to occur? (2.6)

Understanding

46.

47.

48.

49.

50.

Spider silk is a very strong, flexible polymer. Why
might an organic chemist want to determine its
chemical structure? (2.1)

Use a Venn diagram to summarize the differences
between synthetic and natural polymers. (2.1)

In 1868, celluloid was invented to replace ivory in
the manufacture of billiard balls. Since then, many
synthetic polymers have been developed to replace
natural polymers. Why? (2.1)

Vulcanization converts natural rubber, which
becomes soft and sticky when heated, into a form
that maintains its solid form at high temperatures.
The process was discovered by Charles Goodyear,
who found that heating a mixture of rubber and
sulfur improved the rubber’s properties. How did the
addition of sulfur change rubber’s structure to make it
more rigid at high temperatures? (2.1, 2.2)

Make a table listing three common addition
polymers. For each polymer,

(a) write its name

(b) draw a structural formula of the monomer

(c) draw a structural formula of the polymer

(d) give an example of a common use (2.2)
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51.

52.

53.

54.

55.

NEL

For each polymer shown, draw the monomer used in
its synthesis. (2.2)

() CH, clH3

—CH,—CH— CH,—CH—CH;— CH—

CH,

(b) —CH,—CH—CH,—CH—CH;—CH—

I I I
cH, CH, CH,

(© CH, CH, CH,

I I
—CHZ—Cll—CHz— Cl—CHz—Cl —

Cl Cl Cl

Why does the addition of divinylbenzene (Figure 4)
make polystyrene more rigid? (2.2)

ava

CH, CH,

Figure 4 Divinylbenzene is sometimes added to styrene
when producing polystyrene.

The use of plasticizers has become a concern for the

average citizen. (2.3)

(a) What are plasticizers and why are they used?

(b) Why is their use causing concern?

A classmate is having problems determining the

monomer by looking at a polymer. To help your

classmate, explain in point form

(a) how to tell a polymer produced during an
addition reaction from a polymer produced
during a condensation reaction

(b) how to predict the monomer from an addition
polymer

(c) how to predict the monomer from a condensation
polymer (2.2, 2.4)

Given the following monomer(s), predict the structure

of the polymer produced. Draw the structural formula

of each polymer. (2.2, 2.4)

(a) pent-2-ene

(b) 1,5-diaminopentane and propane-1,3-diol

(c) 1,5-dichlorohex-2-ene

56.

57.

58.

59.

60.

61.

Using a graphic organizer, describe the similarities
and differences between addition and condensation
polymers. (2.2, 2.4)

Molecules of lactic acid can be used as monomers in
a condensation polymerization reaction

(Figure 5). The main product is polylactic acid
(PLA), a biodegradable plastic. (2.4)

0

OH

OH
Figure 5 Lactic acid

(a) Predict the structure of polylactic acid.

(b) Is any other product formed? If so, what is it?

(c) Predict any forces or bonds that might occur
between PLA chains.

(d) PLA is used to make packaging for food.
What properties must the plastic have for this
application?

Use a graphic organizer to compare and contrast

polyesters and polyamides. (2.4)

(a) Describe the factors that make synthetic polymers
so useful in our world.

(b) Why can these factors also cause problems?
(2.1,2.2,2.3,2.4,2.5)

Simple sugars are aldehydes or ketones with 5 or

6 carbon atoms per molecule. Figure 6 shows an

example of a simple sugar molecule. (2.4, 2.6)

H\C/O
H—(II—OH
H—(I3—OH
HC—oH

(IDHZOH

Figure 6 A simple sugar

(a) Is this sugar an aldehyde or a ketone?

(b) This sugar can form a ring structure. Look at the
functional groups and predict what type of reaction
occurs when it rearranges to form a ring structure.

(c) Draw the ring structure produced.

Monosaccharides can be classified by the number of

carbon atoms in each molecule. (2.6)

(a) How many carbon atoms would a molecule of
hexose contain?

(b) What would a monosaccharide with 5 carbon
atoms be called?
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Analysis and Application

62. Plastics can be used in a variety of materials, from
plastic wrap used for covering foods to support
structures on the International Space Station.
(2.1,2.2)

(a) Describe the desirable qualities of a plastic used
to wrap food.

(b) Describe the desirable qualities of a plastic used
to build the International Space Station.

(c) Why can there be so many different types of
plastics with so many different properties?

63. Summarize the differences between thermoplastics
and thermoset polymers. Based on these differences,
which would be easier to recycle? Explain. (2.2)

64. (a) For each copolymer shown in Figure 7, draw the
monomers used in its synthesis.
(b) Predict which of these two copolymers would
have more hydrogen bonding between its chains.
How would this affect its heat stability? Explain
your prediction. (2.4)

I I
—O—COC—O—CHZ—CHZ—
0
0

0
H | | H
(i)

Figure 7 Two copolymers

65. (a) Suggest how condensation polymers might be
made biodegradable.
(b) What problems might still occur even though
these plastics can be made biodegradable?
(2.4)

66. Hair is mostly protein. The protein polymer chains
are held together by cross-links involving sulfur. Use
what you know about chemical bonds to explain how
hair perms (permanent wave treatments) can change
the texture of hair from straight to curly.

(2.2, 2.6)

67. Figure 8 shows the hydrogen bonds that form
between adenine and thymine (A-T) and between
guanine and cytosine (G-C) in DNA. When DNA is
heated, the hydrogen bonds holding together the two
strands break, resulting in two single strands. Would
you expect to have to use more heat to separate a
strand composed mostly of G-C pairs or a strand
composed mostly of A-T pairs? Explain. (2.6)
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H

\N—H fffff 0 CH
KN 3

AN % Ny H—N A

Ng %N
J 0\
adenine (A) thymine (T)
H
/

guanine (G) cytosine (C)
Figure 8

68. When you eat food containing starch, your mouth
produces saliva. An enzyme in the saliva immediately
starts to break down the starch into its monomer
molecules. (2.6)

(a) Draw a structural diagram representing starch.

(b) Draw a structural diagram representing the
monomer of starch. Name this monomer.

(c) How could you test the hypothesis that starch is
broken down to form this monomer? (Hint: Your
test could involve eating plain, unsalted crackers.)
Predict the evidence that would support the
hypothesis.

Evaluation

69. (a) For each polymer shown in Figure 9, draw the
monomer used in its synthesis.

(b) Which of these two polymers would be more
rigid? Would either of them be appropriate for
manufacturing structural building components?
Explain. (2.4)

] ]
Ao b

I ] ]
(i) —C—0—(CHy)g—C—0—(CH,)y—C—

Figure 9 Two homopolymers
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70. In your opinion, is it more important that plastics
be durable and long-lasting, or that they be
biodegradable? Defend your position. (2.4)

71. A chemistry class is studying condensation
polymerization reactions. They learn that benzene-
1,2-dicarboxylic acid (phthalic acid) and propane-
1,2,3-triol (glycerol) react to produce a polyester
polymer. When they prepare to carry out the reaction
in the lab, they are given phthalic acid but there is
no glycerol in stock. Two possible substitutes are
available: butan-1,4-diol and propan-1-ol. Which
of these compounds should they use in their
polymerization reaction? Support your answer with
equations. (2.4)

72. When the research department of a petrochemical
company is developing a new polymer, there are
many factors to consider. (2.1, 2.2, 2.3, 2.4, 2.5)

(a) Suggest at least six factors that the company
might consider, regarding the new polymer.

(b) How might the company rank the importance of
these factors?

(c) How would you rank the importance of these
factors?

(d) Comment on any differences in your two
rankings.

Reflect on Your Learning

73. Before you began studying polymers, were you
aware of the existence of both synthetic and natural
polymers? Did you know that the characteristics of
each polymer depend on its chemical structure? Write
a paragraph explaining how your understanding of
the polymers you use every day has changed or been
confirmed as a result of your studies.

74. How has your thinking about the recycling of plastics
changed as a result of your studying this chapter? Do
you think more research should be done to develop
plastics that can be easily broken down into their
monomers for later re-use? Why or why not? Write a
paragraph explaining your thoughts.

Research l\i"-,'g?,\’ WEB LINK

75. Research the methods being used to recycle
carpeting. Are these processes in place in your
region? Prepare a poster that can be displayed in a
public place such as a library or shopping mall, or a
web page, to inform the general public about these
methods. Include information about why recycling
is important as well as information about how it is

)

carried out. &2

NEL

76.

77.

78.

79.

80.

Look for news articles or press releases describing at
least four new polymers being developed for different
purposes. Record notes on each polymer and then use
your notes to create a fictional scenario set 50 years in
the future when these polymers are used in everyday
life. Your fictional scenario may be constructed as a
visual art piece with labels describing each polymer
and its function, or it may be constructed as a

short story that incorporates the polymers into the

i
w9

story. &

Find information about new biodegradable polymers
being developed for medical purposes. Prepare a
news report suitable for your local newspaper or
online news site that explains the concept to readers
and provides a few examples. Be sure to include
information that readers would want to know about

)

the effectiveness and safety of these devices. &

The fashion industry is always searching for new
fabrics with special properties or unique sources.
One such fabric is made from milk protein.
Research the starting materials, manufacturing
process, cost, and environmental impact of this
fabric. From the information you collect, decide
whether you would choose to wear a garment made
from milk. Explain your reasons in a poster, blog, or
cartoon. &

Spider silk is extraordinarily strong. A Dutch

team has used this property to grow a remarkable
substance that incorporates human skin cells.

The resulting material is strong enough to stop a
bullet. Research bulletproof skin. Do you think

this is a useful avenue of scientific discovery?
Present your point of view using a medium of your
choice. @

Vitamin A is a group of organic compounds, one of
which is an alcohol called retinol. Health workers

in some developing countries administer doses of
vitamin A to children who may be suffering from
malnutrition. There is hope that this treatment might
limit blindness caused by vitamin A deficiency.
Conduct research to learn whether vitamin A can
help with vision. Summarize your findings in a blog
post or web page that could be linked to the website

i

of an international aid organization. &
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Using Safer Solvents

Volatile organic compounds (VOCs) are chemical
compounds that evaporate into the air, generally from
liquid solvents. Since the middle of the nineteenth
century, solvents derived from petroleum have been a
part of many everyday products that people use in homes
and businesses. For example, from the 1800s until fairly
recently, most commercially available paints were based on
oil. Paintbrushes had to be cleaned using organic solvents
such as mineral spirits (distilled from petroleum) or
turpentine (distilled from pine resin).

Many other products that you use regularly contain
organic solvents. These include cleaning supplies, glues,
cosmetics, aerosol sprays, and even air fresheners
(Figure 1). Some of the VOCs in these products are, like
mineral spirits, derived from petroleum. Others, such as
methanol and propan-2-one (acetone), are manufactured
in chemical plants. Volatile organic compounds are
often used in products from which they are expected to
evaporate, such as paint, floor wax, or adhesives. Even the
highlighting pen you use when you take notes needs some
sort of solvent for its ink.

Figure 1 Droplets of aerosol spray evaporate, filling the air with
volatile organic compounds.

Unfortunately, many VOCs are extremely toxic and
easily absorbed into the human body through the skin
or lungs. When people use the products, particularly
indoors, they expose themselves to the vapours of the
organic compound as it evaporates. Regulatory agencies
have identified indoor air pollution as a major health
hazard. Exposure to VOCs can cause irritation to the eyes,
nose, and throat, as well as headaches and nausea. Severe
symptoms from frequent exposure or exposure to high
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concentrations of VOCs can even cause damage to the
kidneys, liver, and central nervous system. In addition to
health concerns, VOCs can cause environmental damage,
polluting air and water resources.

For several decades, as the hazards of VOCs have
become better understood, government and industry
researchers have worked to develop alternatives to using
VOCs in home and office products. Because they are so
widely used indoors, paints were one of the first products
to be addressed (Figure 2). Paint forms a polymer coating
on a wall that is embedded with inorganic particles and
dyes. By switching to compounds that are soluble in water,
manufacturers have designed paint products that do not
release organic vapours as they dry. Almost all indoor
paints and most outdoor paints for home use are now
water-based solutions of latex or alkyd resins. As the paint
dries, only harmless water vapour evaporates.

Recycled
Latex Paint

s ATERDH

i
¢ 25 M g
Figure 2 Low-VOC paints are available in every colour that you can

imagine. These paints do not use organic solvents, so they release
only water vapour into the room.

For some household applications, the VOC has a
different purpose. Many cleaning products, particularly
those designed for removing grease and oil, are organic
compounds. Switching to a low-VOC cleaner will reduce
your exposure to volatile toxins. Many “green” products
substitute non-volatile natural oils or their derivatives
for more volatile ingredients. Less volatile compounds
evaporate less readily, so are less likely to be inhaled.

One challenge in creating low-VOC products is that the
replacement must meet the same performance requirements
as existing products. For example, customers expect a
water-based paint to be as durable as an oil-based paint.




In this task, you will act as a delegate to an International
Conference on Green Alternatives. You will work in a
group to explore a household product that emits VOCs.
Possibilities include household cleaners, cosmetics, room
deodorizers, printer inks, and adhesives. Each group
will research their household product and investigate
alternatives that reduce VOC emissions. The group will
present their findings and include scientific, economic,
social, and environmental advantages and disadvantages
for the selected alternative compared with a more
traditional product.

SKILLS

The Issue HANDBOOK - AS

You will investigate a household product that can be
identified as a source of VOCs and try to recommend the
best low-VOC alternative.

Role

Your group will inform the attendees of the International
Conference on Green Alternatives about an alternative (if
you can find one) that could replace a familiar product
that contains VOCs. Your task is to advise the attendees
about your “green alternative” and its benefits.

Audience

Your audience will include the attendees of the
International Conference on Green Alternatives
(represented by your peers at school).

Goal

Your goal is to research and suggest alternatives to
products used in everyday applications that emit VOCs
into the indoor environment. Some additional benefits
could include the reduction of waste, lower costs, and
decreased risk of pollution during disposal of unused
products.

Research and Identify Solutions

Conduct research to find alternatives to fossil fuel-based
products. Use resources at your library, on the Internet,
or at retail stores to identify more environmentally
friendly products that could be substituted for high-VOC
products. & WEB LINK

Make a Decision

Apply what you have learned about VOCs in household
products, their alternatives, and their relative impacts
on the indoor environment in order to establish criteria

by which to evaluate the “green” products. Using these
criteria, which of the alternatives appears to be the best
replacement for the conventional product? Identify

the ways your alternative could be used and develop a
preliminary implementation strategy.

Communicate

Present your findings to the attendees of the International
Conference on Green Alternatives. You may use any
combination of tools to present your findings, such as a
photo slideshow, multimedia presentation, poster board,
audio clip, video recording, or handouts. Engaging your
audience is an important presentation skill and your
presentation could include audience participation.

N
W®?) \WEB LINK
ey

ASSESSMENT CHECKLIST

Your completed Unit Task will be assessed according to
the following criteria:

Knowledge/Understanding

v ldentify a commonly used household product and its
intended uses.

v Describe ways that the use of the product exposes
consumers to volatile organic compounds (VOCs).
Thinking/Investigation

v Investigate the advantages and disadvantages of low-VOC
household products.

v Research alternatives to VOCs in household products, and
their benefits and drawbacks.

v Establish criteria for evaluating comparable low-VOC
products.

v/ Compare the properties of low-VOC products to those of a
traditional high-VOC product.
Communication

v Present findings and comparisons in a visual or
audiovisual format.

v Defend the feasibility of replacing oil-based products with
low-VOC products.
Application

v Propose a course of action for replacing a specific high-VOC
household product.
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Knowledge

For each question, select the best answer from the four
alternatives.

1. What is the main product of the halogenation of an
alkane? (1.1) mm

(a) an alkene
(b) an alkyne
(c) an alkyl halide
(d) ahalogen
2. Which of the following is a structural isomer of
CH,? (1.1) mm
(a) 3,3-dimethylpentane
(b) 3-methylhexane
(c) heptane
(d) all of the above
3. How many carbon atoms does the formula for
3-ethylhexane contain? (1.1)
(a) 4
(b) 6
(c) 8
(d) 12
4. What is the name of the compound with the
condensed formula CH,CH,CH,CH,CH,? (1.1) @m
(a) hydropentane
(b) pentane
(c) hexane
(d) methylbutane
5. Which of the following compounds is a saturated
hydrocarbon? (1.1, 1.2) m
(a) ethene
(b) benzene
(¢) 2,2-dimethylhexane
(d) butane-1,4-diene
6. Stereoisomers have
(a) the same number of atoms
(b) the same types of atoms
(c) the same molecular formula
(d) all of the above (1.2)
7. Which of the following is a property of aromatic
hydrocarbons? (1.3) =m
(a) They are solids at room temperature.
(b) They are insoluble in water.
(c) They have a sweet odour.
(d) none of the above
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@M Knowledge/Understanding

10.

11.

12.

13.

14.

15.

Thinking/Investigation B2 Communication B3 Application

What is the product of the hydration of a
hydrocarbon? (1.2, 1.4) mm

(a) an alkyl halide

(b) a cyclic alkene

(¢) an alcohol

(d) benzene

Which of the following elements is present in all
alcohols? (1.4)

(a) chlorine

(b) sulfur

(c) oxygen

(d) nitrogen

What functional group is present in a propan-2-one
(acetone) molecule? (1.5) mm

(a) hydroxyl

(b) carboxyl

(c) carbonyl

(d) none of the above

What is the IUPAC name of formaldehyde? (1.5) =m
(a) methanol

(b) methanal

(c) formic acid

(d) methanoic acid

The boiling points of aldehydes and ketones

(a) are the same as alcohols of similar mass

(b) are higher than alcohols of similar mass

(c) are lower than alkanes of similar mass

(d) are higher than alkanes of similar mass (1.5) @
What is the product of the oxidation of an aldehyde?
(1.5) mm

(a) aketone

(b) an organic (carboxylic) acid

(c) aprimary alcohol

(d) a secondary alcohol

What are the reactants in an esterification reaction?
(1.6) mm

(a) alcohol and water

(b) an ester and a carboxylic acid

(c) an alcohol and a carboxylic acid

(d) an ester and water

Lipids are esters of

(a) glycerol and fatty acids

(b) an alcohol and a phosphate group

(c) asaltand a carboxylic acid

(d) glycerol and a base (1.6) =m




16. Which type of compound contains a carbonyl group?
(1.7) mm
(a) amine
(b) ether
(c) alcohol
(d) amide
17. Which of the following compounds is a natural
polymer? (2.1)
(a) cellulose
(b) glucose
(c) polyethene
(d) all of the above
18. What are copolymers? (2.1)
(a) compounds that contain two functional groups

(b) compounds made up of two or more different
monomers

(c) two identical monomers bonded together
(d) compounds with the same molecular formulas
but different structural formulas
19. An addition polymerization reaction always involves
(a) at least two different compounds
(b) a water molecule
(¢) a multiple bond
(d) cross-linking (2.2)
20. Which of the following compounds is not a polymer
of glucose? (2.6) mm
(a) glycogen
(b) cellulose
(c) starch
(d) DNA
21. What are the monomers of proteins? (2.6)
(a) lipids
(b) amino acids
(c) simple sugars
(d) nucleic acids
22. DNA and RNA are
(a) made up of amino acids
(b) polymers that store and transmit genetic
information
(c) catalysts for biochemical reactions
(d) monomers that make up proteins (2.6)

Indicate whether each statement is true or false. If you think
the statement is false, rewrite it to make it true.
23. Ethane is the simplest alkane. (1.1) m

24. Carbon dioxide gas is produced when carbon-based
fuels are burned. (1.1) Em

42.

43.

44,

45.

46.

. Cycloalkanes are named by adding cyclo- as a prefix

to the name of the alkane. (1.1)

The general chemical formula for an alkene is
CnH2n+2' (12) /)

. A cis isomer has both groups of interest located on

the same side of the double bond. (1.2) m

. The formula of benzene is C;H,,. (1.3) @

. The structure of aromatic hydrocarbons is based on a

6-carbon ring with six identical carbon-carbon bonds.
(1.3) mm

A secondary alcohol is an alcohol in which the
hydroxyl group is bonded to a carbon with three alkyl
groups bonded to it. (1.4)

. The compound 2-butanone is an alcohol. (1.4, 1.5)

A ketone contains an oxygen atom between two
alkane groups. (1.4, 1.5)

. Aldehydes and ketones are non-polar. (1.5)

Aldehydes have lower boiling points than alcohols of
similar mass. (1.5) @m

. Carboxylic acids contain at least one carboxyl group.

(1.6) mm
A fatty acid is a long-chain carboxylic acid. (1.6) =
Oils have a higher melting point than fats. (1.6)

. Soap is the sodium salt of an ester. (1.6)

. Diethylamine is a primary amine. (1.7) &

Polymers are large molecules that are built from
smaller units called alkanes. (2.1)

. Addition polymers are the only product formed

when smaller molecules are linked during addition
reactions. (2.2) @M

Addition polymers are made from unsaturated
organic compounds. (2.2) &

Nylon is formed in an addition polymerization
reaction. (2.4) [

Nylon was invented to replace natural rubber. (2.5)
[K/u]

The structure of a protein depends on its amino acid
sequence. (2.6)

Nucleic acids are the molecules that make up DNA
and RNA. (2.6)
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Knowledge

For each question, select the best answer from the four
alternatives.

1. Which of the following compounds is an alkane?

(1.1) mm
(a) methyl butanoate
(b) ethene
(c) ethylbenzene
(d) ethane
2. How many isomers have the formula C;H,,? (1.1) =m
(a) 2 (c) 5
(b) 3 (d) 6
3. Which of the following compounds is unsaturated?
(1.2) mm

(a) methylchloride
(b) 2-chloroprop-1-ene
(¢) 1,1-dimethylcyclopropane
(d) heptane
4. Which of the following compounds is an alkene with
the molecular formula C,Hg? (1.2)
(a) methylpropene
(b) but-2-ene
(c) but-1-ene
(d) all of the above
5. Which of the following compounds can exhibit
cis—trans isomerism? (1.2) mm
(a) 2-methylhex-2-ene
(b) 2-methylbut-1-ene
(¢) 5-methylhex-2-ene
(d) methylpropene
6. Which of the following compounds could be a product
of the dehydration of 4-methylhexan-2-ol? (1.4)
(a) 3-methylhexane
(b) 4-methylhex-2-ene
(c) 4-methylhex-2-yne
(d) hex-2-ene
7. How are alcohols classified? (1.4) m
(a) by the number of carbon substituents bonded to
the hydroxyl-bearing carbon
(b) by the number of alkyl groups attached to the
hydroxyl group
(c) by the number of hydroxyl groups attached to the
longest continuous chain of carbon atoms

(d) by the number of organic groups bonded to the
nitrogen atom
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@0 Knowledge/Understanding

Thinking/Investigation B8 Communication E3 Application

8.

10.

11.

12.

13.

14.

15.

A carboxylic acid contains
(a) a carbonyl group and a hydroxyl group bonded to

the same carbon atom
(b) a hydroxyl group bonded to an alkyl group
(c) an oxygen atom bonded to two alkyl groups
(d) a carbonyl group at the end of a carbon chain
(1.6)
Which of the following compounds is a carboxylic
acid? (1.6) mm
(a) acetone
(b) ethanoic acid

(c¢) phosphoric acid
(d) propanal

Which of the following compounds is an ester?
(1.6) mm

(a) ethanamide

(b) propan-2-one

(c) ethanoic acid

(d) methyl ethanoate

Which of the following is a property of all amines?
(1.7) mm

(a) They have distinctive odours.

(b) They are insoluble in water.

(c) They have higher boiling points than alcohols.
(d) They have extremely low melting points.
Which of the following is a synthetic polymer? (2.1)
(a) DNA (c) polyester

(b) silk (d) cellulose

What is the process that results in bonds between
polymer chains? (2.2) mm

(a) condensation

(b) addition

(c) cross-linking

(d) dehydration

Which of the following phrases is always true of the
formation of a condensation polymer? (2.4)

(a) Each monomer molecule has two different
functional groups.

(b) Water is a by-product.

(c) The functional group on one monomer reacts
with the functional group on another monomer.

(d) One of the reactants is a carboxylic acid.
Which of the following is a component of DNA?
(2.6) mm

(a) pentose sugar

(b) phosphate group

(c) nitrogen-containing base

(d) all of the above




Indicate whether each statement is true or false. If you think
the statement is false, rewrite it to make it true.

16.

Hydrocarbons contain only carbon and hydrogen.
(1.1)

Alkanes are unsaturated hydrocarbons. (1.1)

In methane, each carbon atom is connected to 3
hydrogen atoms. (1.1)

Butane molecules contain 2 carbon atoms. (1.1)

Alkanes can be solids, liquids, or gases depending on
the number of carbon atoms. (1.1)

. Alkyl groups are named by replacing the -ane ending

of the parent alkane with -ol. (1.1) =1

. In the trans isomer, the two matching alkyl groups are

on the same side of the double bond. (1.2) =m

. Alkenes have at least one triple bond between

adjacent carbon atoms. (1.2)

The compound illustrated in Figure 1 is a tertiary
alcohol. (1.4)

CH3_ ?H - CH2_ CH3
OH
Figure 1

. Ethers are formed by the condensation reaction of

two alcohols. (1.4) m=m

Aldehydes and ketones are polar due to the presence
of the carbonyl group. (1.5) &

. A carbonyl group consists of a carbon atom double-

bonded to an oxygen atom and single-bonded to a
hydroxyl group. (1.6) =

. Most carboxylic acids are strong acids. (1.6) =m
. Cellulose is a polymer made up of glucose. (2.1) [

Addition polymers are the result of the reaction
between monomers with unsaturated carbon—carbon
bonds. (2.2) mm

. Thermoplastics are plastics that can be heated and

formed in moulds. (2.2) mm

Bonds form between monomers by either addition
reactions or condensation reactions. (2.2, 2.4) =m

. To undergo condensation polymerization, a

compound must have at least one functional group.
(2.4) =

Monosaccharides may be aldehydes or ketones and
may have chain or ring structures. (2.6) &

. Proteins are polymers built from amino acids. (2.6)

The repeating units in nucleic acids are called
monosaccharides. (2.6) mm

Match each term on the left with the most appropriate
description on the right.

37.

saturated
hydrocarbon
unsaturated
hydrocarbon
alcohol
ether
aldehyde
carboxylic
acid

amine
addition
polymer

(i) polyester

(j) polyamide
(k) polysaccharide

()
(b)

()
(d)
(e)
(f)

(g)
(h)

. (a) addition

reaction

(b) hydrogenation
reaction

(c) condensation
reaction

(d) hydration
reaction

(i)

(ii)

(iii)

(iv)

v)

(vi)

(vii)

(viii)

(ix)

(xi)

(i)

(ii)

(iii)

(iv)

a synthetic compound
incorporating many
—N—C=0 groups

formed by breaking

C=C bonds

named by adding -al to

the root of the alkane name
a compound containing
only carbon atoms and the
maximum possible number
of hydrogen atoms

a compound that can be
produced by combining
two alcohols

made up of many simple
sugar molecules

a compound containing
double or triple carbon-
carbon bonds

a natural compound that
includes nitrogen
produced by the
condensation reaction

of a diol and a dicarboxylic
acid

named by adding -ol to

the root of the alkane name
an organic compound

that releases hydrogen

ions when mixed with
water (1.1, 1.2, 1.4, 1.5,
1.6,1.7,2.2,2.4,2.6)

the reaction of water with
an unsaturated hydrocarbon
to produce an alcohol

the combination of two
reactants to form one new
product with no extra atoms
the combination of two
reactants to form a large
molecule and a smaller
molecule

a reaction that results in a
more saturated hydrocarbon
(1.2, 1.4, 1.6, 2.4)
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Write a short answer to each question.

39. Name each of the following compounds: (1.1)
(a) CH,
CH3—(|3—CH2— CH—CH,—CH,
oo

(b) Cle—CHz—CHZ—(llH—CHZ—CHZ—(liHZ
CH, CH, CH,

(c) (|:H3 CH,
CH3—C—CH2—(|3—CH3

CH, CH,

(d) (|:H2—CH3
CH3—Cl—CHZ—CHZ—CHZ—CHZ—CH3

CH,—CH,

(e) Cl—CHz—CHz—(le—CH3
Cl

(f) CH,CH,CH,CCl,
(|:1
H3C—C|—$H—C|ZH—CH3

H,C Cl CH,—CH,

(h) CH,FCH,F

40. Draw a structural formula for each of the following
compounds: (1.1) @ K=

(a) 2-methylbutane
(b) methylcyclopropane
(c) 1-chloro-3-methylhexane
(d) 1,3-difluorocyclopentane
(e) 4-ethyl-2,3-dimethylheptane
(f) 1-bromo-4-ethylcyclohexane
41. Write the names and molecular formulas of the four

possible products of the reaction of methane with
chlorine, Cl,. (1.1) =m &=

42. What is the name of the straight-chain alkane with
the molecular formula C,,H,,? (1.1) =

43. Draw and name the 5 structural isomers of hexane.
(1.1) Em e

44. What is the relationship between the boiling point
of an alkane and the length of its carbon chain?
(1.1)
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45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

(a) What is an alkyl group?

(b) Give an example of two compounds that contain
alkyl groups. (1.1) =

How many hydrogen atoms does a molecule of each

of the following compounds contain? (1.1)

(a) butane

(b) the straight-chain alkane with 6 carbon atoms

(c) 2-chloropentane

Write the general chemical formula for each of the
following types of compounds: (1.1)

(a) a straight-chain alkane (b) a cyclic alkane

How many carbon atoms are in a molecule of each of
the following compounds? (1.1, 1.2)

(a) cyclopentane (b) but-1-yne

What are the differences between a saturated
hydrocarbon and an unsaturated hydrocarbon?
(1.1,1.2)

Name each of the following alkenes: (1.2)
(a) CH,=CH—CH,—CH,

C|H2CH3
(b) CH,—CH=CH— CHCH,

T
(c) CH,CH,CH—CH= CH—(leCH3
CH,

Draw a structural formula for each of the following
unsaturated hydrocarbons: (1.2) &=

(a) non-2-ene

(b) 1-chloro-2-fluorohex-3-yne
(c) cis-2,3-dichloropent-2-ene
(d) butane-1,3-diene

Compare substitution reactions and addition
reactions in alkenes. (1.2) @m

What rule is used to determine the results of the
addition of a hydrogen halide to an alkene? (1.2)

The names of the following compounds are incorrect.
Write the correct name for each compound. (1.2)

(a) 2-methylhex-4-ene
(b) 2,5-hexadiene
(c) 1,2-dimethylcyclohex-3-ene

Briefly explain the difference between a cis isomer
and a trans isomer. Include diagrams. (1.2) K

Why are alkenes, alkynes, and aromatic compounds
classified as unsaturated compounds? (1.2, 1.3) m

Describe the structure of benzene. (1.3)




NEL

For each of the following alcohols, give the systematic
TUPAC name and specify whether the alcohol is
primary, secondary, or tertiary. (1.4) &

(a) CH,;CH,CH,CH,CH,OH

(b) Cll
CH3CHCH2(|JH2
OH

(c) ClHZCHZCH3
CH3C|CH2CH3
OH

(d) CH,

OH 66.

Draw a structural diagram to show each of the
following alcohols: (1.4) [ k=

(a) pentan-2-ol

(b) 1-chlorohexan-3-ol

(c) 2,6-dimethylheptan-1-ol

(d) 2,4-dibromobutane-1,3-diol
(e) 3-methylphenol

. Why are alcohols polar compounds? (1.4) &
. What is the product of the oxidation of a secondary

alcohol? (1.4) m

. Name the four isomers of butanol. Determine

whether each isomer is a primary, secondary, or
tertiary alcohol. (1.4) =m

. What is the product of each of the following

reactions? (1.4, 1.5) mm
(a) oxidation of a secondary alcohol
(b) hydrogenation of an aldehyde

Name the following compounds: (1.4, 1.5) 67.

(a) H HHH O 68

N
BRI
H H H H

(b) OH

|
CH3CH2CH2(|3HCHCH3

CH, 69.

I
CH,

()
0
(d) OH
CH,
(e)

OH

Q

. (a) Predict the product of the oxidation of

cyclohexanol.
(b) Write the chemical equation for this reaction,
showing the structural formulas. (1.5) @

Classify each of the following compounds as an
aldehyde or ketone, then name each one: (1.5)

() ?I)
CH,CCH,CH,CH,

(b) ?
HCCH,CH,CH,

© ¢ 9
CH3CH(|ZHC(|)H2

Cl CH,
(d O CH,CH,
HCCllHCHCH3

CH,

Compare and contrast aldehydes and ketones.
(1.5)

. Draw a structural formula to represent each of the

following compounds, and classify each one as an
aldehyde or a ketone: (1.5) [ ke

(a) octan-3-one

(b) 2-methylpropanal

(c) 2-chloro-3-methylpentanal

(d) 1,2-dichlorohexan-3-one

What is wrong with the name hexan-1-one? (1.5)
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70. Name the following compounds: (1.6)

() (”)
H~  “OH
(b) CH,
CH3(|3HC —OH
g
(©) CH, O

I l
CH,CH,CHCH— C—OH
CH,CH,CH,

(d) O

|

71. Using appropriate reactants, some alcohols can be
oxidized into aldehydes or ketones. (1.4, 1.5, 1.6) [0 K
(a) Draw the structure of the product(s) resulting
from the oxidation of each of the following
alcohols:

(i) 3-methylbutan-1-ol
(ii) 3-methylbutan-2-ol
(iii) 2-methylbutan-2-ol

(b) Which of the products that you listed in (a) could
undergo further controlled oxidation? What
would be the product in each case?

72. What two compounds react to produce ethyl
butanoate? (1.6) mm

73. What category of organic compounds includes
triglycerides? (1.6) m

74. What compounds are produced by the hydrolysis of
ethyl benzoate? (1.6)

75. Classify each of the following compounds as a
carboxylic acid, an ester, a ketone, an aldehyde, or an
amine: (1.5, 1.6, 1.7)

(a) CH,CH,CHO

(b) CH,COCH,

(c) CH,CH,CH,NH,
(d) CH,CH,CH,COOH
(e) o)
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76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

() o

() ?I)
CH,

Describe or draw the structure of an amine. Name its
functional group(s). (1.7) =
What is the difference between natural and synthetic
polymers? Give at least two examples of each. (2.1)
(a) What is the difference between a homopolymer
and a copolymer?
(b) Can you tell from looking at the structure of
a polymer whether it is a homopolymer or a
copolymer? Explain. (2.1) =m
(a) Describe the necessary features of a compound that
can undergo addition polymerization reactions.
(b) Briefly describe the process of addition
polymerization. (2.2)
Draw structural diagrams of the monomer of each of
the following addition polymers: (2.2) @ &=
(a) polypropene (b) polyethene
Draw three repeating units of the polymer formed
from each of the following monomers: (2.2) =1 &
(a) but-2-ene
Distinguish between the terms in the following pairs.
Include examples with your answer. (2.2) @

(b) methylpropene

(a) plastic and polymer

(b) thermoset and thermoplastic

(c) plasticizer and elastomer

Many polymers have bonds holding the polymer
chains together. (2.2)

(a) What are these bonds called?

(b) How are they able to form? Include an example.
(c) How do they affect a polymer’s properties?

Why has Health Canada placed restrictions on the use
of some phthalates in children’s products? (2.3) [ A |
Can a condensation polymer be made from just one
type of monomer? Explain your answer. (2.4) &

Explain why water is often a by-product of a
condensation polymerization reaction. (2.4) [




87. Figure 2 shows a section of an addition polymer.
Draw and name the monomer that reacts to form this
polymer. (2.4) = k=

H Cl H C H Cl | I |
B 5
BRENaNS
CH;H CH;H CHyH 90. What chemical properties of plastics result in disposal
Figure 2 problems? (2.4) [ A |
88. Draw the polymer that can be formed from each of the fol- L. Wallace. Carothers developed some of the first
lowing monomers or pairs of monomers, and classify each synthetic polymers. (2.5) £ s
polymer as either a polyester or a polyamide: (2.4) rm e (a) What natural polymer was neoprene designed to
lace?
(a) O P
(b) Carothers developed a polymer to replace silk.
CH,CH,CH,C—OH What was this synthetic polymer called and what
('!)H type of polymer was it?
(c) What two types of organic compounds were
(b) 0 combined to make the silk substitute?
92. List at least three polymers of monosaccharides. For
H,N— CH,CH,CH,CH,C—OH each polymer, state its function, and whether it is
poly
produced by plants or animals. (2.6) =1
c O O
© I I 93. Amino acids all have at least two functional groups
HO—C C—OH and on each molecule. The functional groups enable the
molecules to form polymers. (2.6)
(a) What two functional groups are common to all
HO—CH,CH,—OH
e amino acids?
(d) H,N— CH,CH,CH,CH,CH,—NH, and (b) What are the main product and by-product of the
polymerization of amino acids?
ﬁ ﬁ (c) What type of synthetic polymer is formed from a
HO— CCHZCHZC —OH similar reaction?
89. Copy the following structural formulas into your 94. A pep t%d? bond is ap articular kind of e}(midg linkage.
. When is it appropriate to use the term “peptide
notebook. Classify each polymer as a polyester or a bond”? (2.6
polyamide, circle the linkages, and identify the types ond’? (2.6)
of monomers involved. (2.4) Understanding
() 0] 95. Is ethane soluble in water? Explain. (1.1) @m
CCHLCILCH.CH (L[_ O0— CHLCH.—O 96. Why are alkanes relatively stable, compared to alkenes
i S and alkynes? (1.1, 1.2)
0o 97. What enables cis-trans isomerism to occur in
alkenes? (1.2)
r 98. What are functional groups, and how are they used to
(b) | o 0 group Y
I I classify organic molecules? (1.2)
TC Co O/\/O 99. A classmate mentions a compound called methene. Is
this an appropriate name? Explain. (1.2)
- 100. Use a Venn diagram to compare and contrast benzene
_ _ and cyclohexane. (1.1, 1.3) @0 k=
(© 101. Two conventions are used when naming compounds
H H O e} containing an aromatic group. Outline when each of
| | | these conventions is used, giving an example of each.
TN N—C C (1.3) coEm
102. Predict which has a higher boiling point: ethanol or
chloroethane. Justify your prediction. (1.4)
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103. Why are the boiling points of aldehydes and ketones
lower than those of similar alcohols? (1.5)

Name and draw the condensed structural formula for
the product of the oxidation of butanal. (1.5, 1.6) m

Explain why the boiling points of carboxylic acids are
higher than the boiling points of alkanes of similar
size. (1.6) [m

104.

105.

106. Copy and complete Table 1 in your notebook. (1.1,
1.2,1.4,1.5, 1.6, 1.7) @ kn
Table 1
Condensed
Type of structural

Name compound | formula
methylpropane

CH;CH,CHCH,
chloroethyne

CH,

CH3(|)HOH
1-chlorobutan-2-ol

CH;CH,CHO
2-methylbutanal
2-chloropentan-3-one

CH,4
CH3(|3HCOH
0

methyl butanoate

CH50CH,CH;

CH;NHCH,CH;,

107. Draw a structural formula equation for each of the
following reactions: (1.2, 1.4, 1.5, 1.6) & k=

(a) methanol + propan-1-ol

(b) propene + chlorine

(c) 2-methylbutan-1-ol + (O)

(d) butanoic acid + propan-1-ol

(e) hex-3-yne + excess hydrogen

(f) pentanal + (O)

Arrange the following compounds in order of increasing
boiling point: propanamine, propane, and propan-1-ol.
Briefly explain your reasoning. (1.1, 1.4, 1.7)

108.

109. Create a table to organize the following information

regarding hydrogen bonding: (1.4, 1.6, 1.7) [ c |

(a) List at least three types of organic compounds
that can form hydrogen bonds.

(b) Draw the functional group that makes hydrogen

bonding possible in each case.
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110.

111.

112.

113.

(c) Predict the solubility of these compounds in
water and in a non-polar solvent.

(d) Predict how the boiling point of a compound
of this type compares to the boiling point of an
alkane of similar size.

Using a graphic organizer, compare and contrast addition
polymers and condensation polymers. (2.2, 2.4)

Explain the role of hydrogen bonding in the structure
of DNA. (2.6) &m ks

Create a graphic organizer to compare the
polymerization of amino acids and the
polymerization of monosaccharides. (2.6) @ &

Create a table summarizing at least 10 different types
of organic compounds. Use the following column
headings: Type of compound; Functional group;
Sample structure; Sample name. (1.2, 1.3, 1.4, 1.5, 1.6,
1.7,2.2,2.4,2.6) [ & A

Analysis and Application

114.

115.

116.

117.

118.

List and discuss at least four properties of organic

compounds that can cause health or environmental

problems. (1.1) Em Ew

For an investigation, you are expected to design a

procedure to determine the identity of two unlabelled

samples. You know that one is cyclohexene and the

other is 2-methylpropan-2-ol. (1.2, 1.4)

(a) Using a flow chart, summarize the steps you
would carry out to identify each sample.

(b) List any necessary materials or chemicals.

(c) Describe your expected results.

(d) List any necessary safety precautions.

Many industrial solvents are non-polar compounds

with low molecular masses. (1.3, 1.4, 1.5) @ & v

(a) List at least three organic compounds that are (or
used to be) widely used as industrial solvents.

(b) What types of compounds will dissolve in these
solvents?

(¢) What potential health hazards do they pose?

(d) How might industrial solvents damage the
environment?

A mixture of organic compounds is known to contain

pentane, pentan-1-ol, and pentanoic acid. (1.1, 1.4, 1.6)

(a) Describe a procedure that could be used to
separate these compounds.

(b) Outline any safety concerns and describe how to
reduce the hazards.

Create a table listing the following compounds, the

WHMIS symbols that should be displayed on their

containers, and the safety precautions you should take

when handling them: (1.1, 1.4, 1.5, 1.6) [0 i=a Ew

(a) propan-2-ol (c) concentrated ethanoic acid

(b) propane (d) methanal (formaldehyde)




119. (a) Explain how the structure of lipid molecules

affects the physical properties of the fat or oil.

(b) How do margarine manufacturers manipulate the
lipid molecules to obtain a more desirable product?

(c) Unsaturated fats tend to break down very
quickly and become rancid. In order to delay
rancidity, food manufacturers add more
hydrogen to unsaturated fats in a process called
hydrogenation. How does hydrogenation change
the structure of unsaturated fats? (1.6) & Ew

120. When ethanol reacts with benzoic acid, a cherry-

scented ester is produced. (1.6) [ c |

(a) Draw structural formulas to illustrate the
reactants and product(s) of this reaction. Name
the product(s).

(b) When performing this reaction in the lab, a
student added hot water to rinse the benzoic acid
crystals into the reaction vessel. What effect will
this have on the reaction? Explain your reasoning.

121. Fish odour is caused by amines. Explain why lemon
juice can be used to remove fish odour from a

person’s hands. (1.7) & Ew

122. (a) List at least three drawbacks to using plastics.

(b) Suggest how you, personally, could reduce the
effects of these problems. (1.1, 2.2, 2.3, 2.4) &=

Modern medicine uses polymers in many ways. Heart

valve replacements and stints placed in blood vessels

are often made of plastic. (2.2, 2.3, 2.4) [ Ew

(a) List the properties of plastic that make it ideal for
these uses.

(b) What dangers might be associated with using
plastics in this way?

124. Nylon-5,10 was synthesized by DuPont before
nylon-6,6. It is not as widely used, however, because
it is more expensive to make. Predict the names and
structures of the monomers used to make nylon-5,10.
(Hint: The “5” refers to a diamine.) (2.4, 2.5) [ c |

123.

Evaluation

125. Write a one-page paper giving your opinion about
which functional group is the most biologically
important, and which has the least importance in the
body. (1.2, 2.6) m =

The phenols commonly known as BHT and

BHA are antioxidants. They prevent or reduce
oxidation reactions from occurring. Why are these
compounds used as preservatives in foods that
contain unsaturated fats? List the potential positive
and negative effects of the use of these preservatives.
Do the benefits of their use outweigh the negative
aspects? (1.3, 2.6) im

126.

127.

128.

Since fossil fuels are a non-renewable resource, many
industries are searching for alternative sources of
chemical energy. One possibility is the manufacture
of ethanol from the sugars in corn. Is this a good
idea? Give reasons for your answer. (1.4, 2.6) [ A |

Many synthetic organic compounds have been
developed as an alternative to natural compounds.
Citing at least two examples, argue whether it is
more environmentally responsible to use synthetic or
natural polymers. (2.1, 2.2, 2.6) i3 k=2

Reflect on Your Learning

129.

130.

131.

Construct a concept map using organic compounds
as the central concept and including all of the key
terms from this unit. [ &0 K

Consider the concepts you learned in this unit.
Which do you think are most relevant and important
to your future education and career goals? Why? im

What concepts in this unit do you think are most
confusing? Why? How could you help another
student understand them? [ &

A

WE%) WEB LINK

Research -7
132. What is gasohol and what is it used for? Research

133.

134.

135.

the compounds that go into this mixture, and

their sources. Research the drawbacks and benefits
(including the environmental impact) of gasohol. Do
you think gasohol should be more or less commonly
used? Summarize your conclusions as a letter to the
editor of a daily newspaper or as a comment posted
to an online news source. L c ] Al

Morphine, codeine, and heroin are closely related
compounds. Research these three drugs. Write a brief
illustrated report that includes their historical uses,
their structures and properties, and the benefits and
drawbacks of their medical uses. i &=

Car manufacturers are using plastics to make more
and more of their vehicles’ components. List at least
five car parts that are made of plastic. Research the
properties of the plastic that make it appropriate for
each specific use, and the benefits and drawbacks
of using plastics rather than the more traditional
materials. Summarize your findings as a table or
graphic organizer. & =i v

There are many applications of organic chemical
reactions in the world in which we live. Research

how organic reactions affect living organisms and

the environment. Focus on four specific examples.
Summarize your findings in a format of your choice,
including complete chemical equations for all
reactions. Describe the implications or applications of
each reaction. & k=
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Structure and Properties of Matter

UNIT

OVERALL
EXPECTATIONS

e assess the benefits to society and
evaluate the environmental impact
of products and technologies that
apply principles related to the
structure and properties of matter

e investigate the molecular shapes
and physical properties of various
types of matter

e demonstrate an understanding
of atomic structure and chemical
bonding, and how they relate to
the physical properties of ionic,
molecular, covalent network, and
metallic substances

BIG IDEAS

o The nature of the attractive forces
that exist between particles in
a substance determines the
properties of that substance.

e Technological devices that are
based on the principles of atomic
and molecular structures can have
societal benefits and costs.

UNIT TASK PREVIEW

In this Unit Task, you will perform a thought experiment in which

you will develop a detailed description of an alternative universe.

At the heart of this universe will be a periodic table, for which the
rules for working with quantum numbers are different than the

accepted rules in our universe.

The Unit Task is described in detail on page 268. As you work
through the unit, look for Unit Task Bookmarks to see how the
section relates to the Unit Task.
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NANOTECHNOLOGY:
A TINY TECHNOLOGICAL REVOLUTION

Nanotechnology is a branch of technology that involves engineering functional systems
at the molecular or atomic scale. A functional system is a series of connected compo-
nents that work together to carry out a specific function. A nanometre is one billionth of
a metre—a human hair is 50 000 to 100 000 as thick. Nanotechnology first emerged in
the 1980s and, since then, has been applied widely to many different fields. For example,
medical scientists are trying to develop tiny cellular-repair nanobots that can be injected
into the human body. Once in the body, these nanobots could repair damaged or sick cells
or Kill harmful ones, such as cancer cells. Researchers in the pharmaceutical industry
are experimenting with nanotechnology to produce microscopic needles that can inject
drugs into single cells.

Nanotechnology also plays (or will play) a role in advancing the fields of electronics,
materials science, and biomaterials. Nanotechnology may also be used in the toy, food,
and beverage industries. Some nanomaterials, such as carbon nanotubes, are extraordi-
narily strong, despite their small size. This makes them extremely useful in the manufac-
ture of construction materials used in space vehicles, airplanes, and even new types of
reinforced concrete. Nanochemicals can be added to fabrics and textiles to resist stains
and eliminate unwanted odours. Solar cells, lighting, and chemical imaging all involve
the use of nanomaterials and can be less expensive than those made using conventional
materials. Nanotechnology has many practical applications. You likely own some devices
that were constructed using nanotechnology!

Although there are many exciting potential uses of nanotechnology, this new field is
not without risks. Since nanomaterials are not naturally occurring substances, we cannot
predict their possible negative consequences. For example, researchers Niraj Kumar and
Virginia Walker of Queen’s University in Kingston, Ontario, made a discovery regarding the
negative effects of nanoparticles on the Arctic ecosystem. They found that silver nanopar-
ticles, which are commonly used as antibacterial agents in fabrics (such as those used in
socks), are toxic to nitrogen-fixing bacteria. When the populations of these bacteria are
reduced, plants do not grow as quickly or as vigorously. It is amazing and concerning that
these silver nanoparticles were found in regions that are largely undisturbed by human
activity. This is one example of why, as we move forward in the field of nanotechnology,
we need to be cautious to minimize any unforeseen negative consequences.

Questions
1. What is unique about nanotechnology, compared with other branches of science?

2. What are some current applications of nanotechnology?
3. What are some areas of research for future uses of nanotechnology?

4. Are technologies always beneficial to society and the environment? Give an
example of another technology that has benefits for and negative impacts on
society and/or the environment.

Focus on STSE




UNIT 2 / ARE YOU READY?

CONCEPTS

e predict the nature of a chemical bond
e outline major historical accomplishments in atomic theory

SKILLS

draw Bohr—Rutherford diagrams and Lewis structures
name substances and write chemical formulas

e describe characteristics of the atom e classify compounds

e describe elements, including isotopes and radioisotopes e understand safety in the laboratory

e identify periodic trends e use IUPAC rules to name compounds

e identify properties of ionic and molecular compounds

Concepts Review 8. Predict whether compounds with the following

1. Predict whether the chemical bonds in the following
substances are ionic or covalent: [

(a) KCI
(b) SFq
(c) LiBr
(d) N,O,
(e) RbS

2. Construct a timeline or a graphic organizer that
illustrates the major historical accomplishments in
atomic theory by Dalton, Thomson, and Rutherford.
[k/ull C |

3. Use the Dalton model of the atom to explain the law of
conservation of mass in chemical reactions.

4. What are the major components of the atom?
5. State the number of protons, neutrons, and electrons
in each of the following entities:
(a) a neutral atom with atomic number 5 and
mass number 11

a neutral atom with atomic number 25 and
mass number 54

(b)

a neutral atom with atomic number 25 and
mass number 55

(©)

an ion with atomic number 17, mass number 35,
and a charge of —1

(d)

6. Explain the difference between isotopes and
radioisotopes of an element.

7. (a) What are periodic trends?

(b) Name two properties that exhibit periodic
behaviour and discuss their trends.
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10.

11.

12.

properties are ionic or molecular, based on the given
information: m

(a) insoluble in water

(b) low melting point

(c) high boiling point

(d) solid at SATP

(e) forms an electrolyte in water

(f) brittle

Describe the structure of a solid ionic compound using
the terms “crystalline” and “formula unit” @

Ionic and molecular compounds have certain
characteristic properties. Summarize these by copying
Table 1 into your notebook and completing it. [ n

Table 1

Molecular
compounds

lonic

Characteristic compounds

Classes of elements involved?

Melting point (high/low)?

State at SATP (solid, liquid, gas)?

Electrolyte (yes/no)?

Distinguish between the following terms: scientific
model, scientific law, and scientific theory. [

Define the following terms, and state the trends for
each on the periodic table: m

(a)
(b)
()
(d)

atomic radius
ionization energy
electron affinity
electronegativity




13. Copy the periodic table in Figure 1 into your notebook, Skills Review

and identify the following groups: alkali metals, alkaline
earth metals, transition metals, halogens, noble gases,
lanthanides, and actinides. [ &

1 18

2 1314151617
Group¢

3456789101112

N o A WN =

. .6
Period
— 7

Figure 1

. What information is included in the WHMIS symbol
for a chemical? mm

. What does MSDS stand for? What information is
included in an MSDS? zm

. What is meant by the term “stable octet”? Explain
how the octet rule works when drawing Lewis
structures. [E0 D 9

. State the similarities and differences between the
Bohr-Rutherford diagrams of the atoms in each pair
below. Explain their relative location on the periodic
table based on these similarities and differences. [ k=
(a) lithium and potassium
(b) magnesium and sulfur

18. Copy Table 2 into your notebook and complete it. =1 K

Table 2
Are electrons | Lewis
lost or gained | symbol
Element Lewis | whenion of ion Charge
name Symbol | symbol | forms? formation | on ion
magnesium
Br
sulfur
Na
tin
P

19

(@ CAREER PATHWAYS PREVIEW

. Draw a Bohr-Rutherford diagram for each of the
following elements: [ & k=1

(@ H (d K
(b) C (e) Na
(c) P

. Draw the structural formula for each of the following
molecular compounds: 1 & k=1

(a) H,0 (d) C,H,
(b) CH, (e) NH,
(c) CO,

. Give the IUPAC name for the following
compounds: [
(a) CBr, (d) SEq
(b) ClO, (e) N,O,
(¢) N,O

. In a graphic organizer, show the steps involved in
drawing the Lewis structure of

(a) an ionic compound
(b) a covalent compound =
. Draw Lewis structures showing the formation of the

following compounds, and state whether each is ionic
or covalent. =

(a) sodium fluoride (¢) aluminum oxide
(b) hydrogen sulfide  (d) methane

Write the IUPAC name for each of the following
compounds: [

(a) CaCl, (f) (NH,),S

(b) Fe(NO,), (g) Cu(ClOy),
(c) CO (h) NaClO

(d) CaSO, (i) HgS

(e) NH,NO, (j) Ca(C,H;0,),

. Design and create a poster that clearly states and
illustrates an important safety rule in your chemistry
classroom. [ &

Throughout this unit you will see Career Links. Go to the Nelson
Science website to find information about careers related to
Structure and Properties of Matter. On the Chapter Summary page
at the end of each chapter you will find a Career Pathways feature
that shows you the educational requirements of the careers. There
are also some career-related questions for you to research.

Are You Ready?
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KEY CONCEPTS

After completing this chapter you will
be able to

describe atomic structure
and theory, including key
experiments

understand the basics of
quantum mechanics, the wave
model, quantum numbers, and
electron configuration

explain energy levels, subshells,
orbitals, and electron spin

use the aufbau principle, the
Pauli exclusion principle, and
Hund’s rule to write electron
configurations for elements

explain how the arrangement of
elements in the periodic table is
directly related to their electron
configurations

compare characteristic
properties of elements

apply atomic theories to help
explain methods in analytical
chemistry and medical
diagnosis, and assess the
impact of such technologies

STARTING POINTS

What Is the Nature of Atoms and Molecules?

Modern medicine has many different tools to help physicians look for evi-
dence of disease without having to resort to surgery. For example, an MRI
(magnetic resonance imaging) machine uses powerful magnets to align
hydrogen atoms in the same direction in the body. (Hydrogen atoms usually
spin in random patterns.) When a specific radio frequency is applied to the
aligned hydrogen atoms, some of them emit energy, which can be used to
create detailed images. MRI technology allows medical professionals to scan
a living person in a matter of minutes and see images of what is happening
inside the tissues. Each of the 3 MRI scans on the facing page shows an adult
human brain. The first is a three-dimensional MRI scan, the second is an MRI
scan of a brain with a cancerous tumour, and the third is an MRI scan of a
healthy brain. Can you identify the tumour by comparing these?

The invention of medical imaging machines such as MRI depended on
scientists understanding the nature of atoms and molecules. Before MRI,
doctors were limited to X-ray imaging, which provides only limited views of
soft tissues (such as muscles inside the body). CAT scans (computerized axial
tomography, also sometimes called CT scans), which also use X-rays, were
commonly used before MRI became accessible. These technologies are still
widely used, but MRI has revolutionized the field of medical treatment by
providing a way to diagnose disease and monitor the effects of treatment in a
way that is safer, more accurate, and more detailed than ever before.

As our knowledge of the nature of atoms and molecules advances, so does
the development of useful applications. The new field of nuclear medicine
is one example: further non-invasive diagnostic imaging techniques that
interact with atoms, such as positron emission tomography (PET), allow
physicians even clearer images of living tissues.

Many of the devices you use every day have been developed thanks to
advances in understanding the nature of atoms and molecules. These devices
include cellphones, televisions, sensors in automobiles, and computers. As
well as making life more interesting and convenient, a greater understanding
of atomic structure plays an important economic role.

Answer the following questions using your current
knowledge. You will have a chance to revisit these questions
later, applying concepts and skills from the chapter.

1. (a) If you could see a single carbon atom, what do you
think it would look like?

(b) Based on your answer to (a), what are the strengths
and weaknesses of your model of a carbon atom?

2. Describe an electron, where it is found in an atom, and
the evidence that supports its existence.

3. Describe a proton, where it is found in an atom, and the
evidence that supports its existence.

4. Compare and contrast MRI to X-ray imaging.

(@) In what situations do you think MRI techniques can
be used?

(b) What are the risks to patients or doctors and
technicians using MRI technology?

(¢) In your opinion, do the benefits of MRI technology
outweigh the risks?

Chapter 3 ® Atoms



Mini Investigation

Exploring the Black Box

Skills: Planning, Performing, Observing, Analyzing, Evaluating, Communicating

In this activity, you will work with a sealed box that has a
small hole on the side and a raised pattern on the inside
bottom surface that forms a maze. You will insert a ball
bearing or marble and move it around to infer the pattern of
the hidden maze.

Equipment and Materials: rectangular box with an internal
raised maze and a small hole in one wall; ball bearing or
marble; pencil; paper
1. Work with a partner to determine a strategy to figure out
the pattern of the maze hidden inside the box.
2. Place the ball bearing or marble inside the box and carry
out your strategy.

3. Describe to your partner what you think the maze looks

like. Have your partner draw the maze as you describe it.
4. Switch roles with your partner, and repeat Steps 2 and 3.

5. If time permits, trade boxes with another group and
repeat Steps 2—4, but this time allow your partner to
describe the maze first.

o

SKILLS /
HANDBOOK « = A2, A2.4

. What strategy did you use to solve the maze?
B. What were the challenges of not being able to see inside

the black box?

. What strategies helped you to successfully communicate

your findings to your partner?

Were you able to solve the maze using your partner’s
map and vice versa? Explain any difficulties you
encountered.

. How do you think this activity compares with trying to

determine the structure of an atom?

. This activity is a simple analogy of how scientists try to

determine the structure of the atom. Do you think you
should be able to open up your black box and see inside
it? Justify your response.
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Early Atomic Theories and the
Origins of Quantum Theory

What is matter made of? People have wondered about the answer to this question for
thousands of years. Around 460 BCE, the Greek philosopher Democritus specu-
lated that matter is composed of elementary particles called atoms. However, it was not
until thousands of years later, after collecting a lot of evidence and developing very
complex technology, that scientists were able to state with some certainty that matter
is composed of atoms. Recently, something very exciting happened. For the first
time, scientists are able to “see” individual atoms through a special microscope, called
a scanning tunnelling microscope (STM). The STM passes an extremely fine, electrically
charged needle over the surface of an object. Changes in the current through the needle
indicate changes in the distance between the surface and the needle. These changes indi-

Figure 1 STM image of atoms on the cate the “bumps” of atoms and the “valleys” between them. An STM image of the surface
surface of graphite (a form of carbon) of graphite shows an orderly arrangement of carbon atoms (Figure 1). @& WEB LINK

Early Developments in Atomic Structure

To understand chemistry, it helps to be able to visualize matter at the atomic level. Before
the invention of the STM, scientists speculated that matter consisted of individual atoms.
When Democritus first suggested the existence of atoms, his ideas were based on intu-
ition and reason, not experimentation. For the following 20 centuries, no convincing
experimental evidence was available to support the existence of atoms. As new tools to
experiment with matter were developed, our understanding of the structure of matter
grew. In the late 1700s, French chemist Antoine Lavoisier and others used experimenta-
tion to gather the first accurate quantitative measurements of chemical reactions. These
measurements were made possible by the invention of instruments that could precisely
measure mass and volume. Based on the results of these experiments, John Dalton
(1766-1844) proposed the first modern atomic theory: elements consist of atoms, which
cannot be created, destroyed, or divided, and atoms of the same element have identical
size, mass, and other properties. Dalton’s theory, although simple, has stood the test of
time extremely well. In the past 200 years, a great deal of experimental evidence has accu-
mulated to support atomic theory.

Discovering the Electron

Figure 2 The English physicist The experiments by the English physicist ].J. Thomson (Figure 2) were the first to

J.J. Thomson (1856-1940) studied provide evidence for the existence of the electron, a negatively charged subatomic
electrical discharges in partially evacuated  particle. In his experiments, Thomson applied high voltage to a partially evacuated

tubes called cathode ray tubes.

tube with a metal electrode at each end. He observed that a ray was produced that

electron a negatively charged subatomic started from the negative electrode, or cathode. As a result of these observations, he

particle
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called his tube a cathode ray tube (Figure 3(a)). & WEBLINK

source of applied
electric electric —
potential field

) stream of negatively
charged particles

- ‘__q_____h
metal =‘REH_H‘

electrode &) partially

evacuated metal
glass tube electrode

(@) (b)

Figure 3 (a) A cathode ray tube under high voltage produces a visible ray. (b) A cathode ray is
deflected away from the negative pole in an applied electric field, which is consistent with the ray
being composed of a stream of negatively charged particles (electrons).
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Thomson also observed that the negative pole of an applied electric field repelled the
ray (Figure 3(b)). He explained these observations by hypothesizing that the ray was
composed of a stream of negatively charged particles, which we now know to be electrons.

By measuring the deflection of the beam of electrons in a magnetic field, Thomson
was able to determine the charge-to-mass ratio of an electron, using the formula

e
— = —1.76 X 10°C/g
m

where e represents the charge on the electron in coulombs (C), and m represents the
electron mass in grams (g).

One of Thomson’s goals in his cathode ray tube experiments was to understand the
structure of the atom. He reasoned that since electrons could be produced from elec-
trodes made of various metals, all atoms must contain electrons. Since atoms are electri-
cally neutral, Thomson further reasoned that atoms must also contain a positive charge.
Thomson postulated that an atom consists of a diffuse cloud of positive charge with nega-
tively charged electrons embedded randomly in it. This model is sometimes called the
“blueberry muffin model”; the electrons are analogous to negatively charged blueberries
dispersed in a positively charged muffin (Figure 4).

spherical cloud of
positive charge

electrons

(@) (b)

Figure 4 (a) According to Thomson’s model, electrons are randomly embedded in a cloud of
positive charge. (b) Thomson’s model of an atom is sometimes called the “blueberry muffin model.”
In the model, electrons are represented by the blueberries.

In 1909, scientist Robert Millikan conducted experiments at the University of
Chicago in which he used charged oil drops to determine the charge of an electron.
Using the apparatus shown in Figure 5, Millikan discovered that the fall of charged
oil droplets due to gravity could be halted by adjusting the voltage across two charged
plates. He was able to calculate the charge on the oil drop from the voltage and the mass
of the oil drop. Using this value and the charge-to-mass ratio determined by Thomson,
Millikan calculated the mass of an electron to be 9.11 X 107! kg.

atomizer to

produce oil .
oil spray

microscope —
X-rays produce
charges on the
electrically oil drops

charged plates
(a)

Figure 5 (a) A schematic representation of the apparatus Millikan used to determine the charge of
an electron. (b) Robert Millikan using his apparatus
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radioactivity the spontaneous decay or
disintegration of the nucleus of an atom

Figure 6 Ernest Rutherford (1871-1937)
did much of the early work
characterizing radioactivity at McGill
University in Montréal, Québec. He
received the Nobel Prize in Chemistry
in 1908.
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Exploring Radioactivity

In the late nineteenth century, scientists discovered that certain elements emit high
levels of energy. In 1896, French scientist Henri Becquerel found that, in the absence
of light, a piece of mineral containing uranium produces an image on a photographic
plate. He attributed this phenomenon to uranium atoms spontaneously emitting
radiation: energy, particles, or waves that travel through space or substances.
Elements that emit radiation are said to be radioactive.

Today we know that radioactivity is the spontaneous decay of the nucleus of an
atom. This idea was first proposed by Ernest Rutherford (Figure 6). Rutherford
showed that radioactivity resulted from the disintegration of atoms. He also discov-
ered the alpha particle and named the beta particle and the gamma ray (Table 1).

Table 1 Characteristics of Three Types of Radioactive Emissions

Alpha particle Beta particle Gamma ray
Symbol a Or 3o or 3He porp-ore Y
Atomic mass (u) 4 1 0
2000

Charge +2 —1 0

Speed slow fast very fast (speed of light)
lonizing ability high medium none

Penetrating power low medium high

Stopped by paper aluminum lead

Rutherford’s Model of the Atom

In 1911, Rutherford carried out a series of experiments to look for evidence in support
of Thomson’s “blueberry muffin model” of the atom. Rutherford devised experiments in
which positively charged alpha particles were fired at a thin sheet of gold foil. He hypoth-
esized that if Thomson's model was accurate, the massive alpha particles should break
through the thin foil like bullets through paper, with only minor deflections (Figure 7).

some alpha particles most particles
are scattered pass straight
through the foil

beam of
alpha particles

source of
alpha particles

e ‘

thin
gold foil

screen to detect
scattered alpha particles

Figure 7 Rutherford’s experimental design for the alpha particle bombardment of gold foil

The results of the experiments were very different from what Rutherford had
anticipated. Although most of the alpha particles passed straight through the gold
foil, some were deflected at various angles while others were reflected back toward
the source, never reaching the detector.

Rutherford realized that these experimental results did not support Thomson’s
model of the atom (Figure 8(a)). The only possible explanation was that the observed
deflection of alpha particles was caused by a concentrated positive charge at the
centre of the atom. Rutherford predicted that the positive charge at the centre of the
atom must contain most of the atomic mass, which would account for the deflection
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of the massive alpha particles. Rutherford also reasoned that since most of the alpha
particles passed directly through the foil, the atom must be made up of mostly empty
space, and the positive centre must be small in volume relative to the atom (Figure 8(b)).
The deflected alpha particles must have travelled close to the positively charged
centres of the atoms and, since like charges repel, changed paths. The alpha particles
that bounced back must have made a direct hit on the much more massive positively
charged centres.

diffuse
positive
charge

electrons scattered
throughout

Figure 8 (a) Rutherford predicted that the alpha particles would pass right through the gold foil if
Thomson’s model was correct. (b) The actual results of Rutherford’s experiments revealed that the atom
is mostly open space with a small, positively charged centre that contains the bulk of the atomic mass.

Rutherford concluded that these results could be explained only in terms of an

atom with a nucleus: a dense, positively charged atomic centre. He proposed that elec- ~ nucleus the dense centre of an atom with
trons move around the nucleus at a relatively far distance, similar to planets orbiting  a positive charge
the Sun. Rutherford later named the positive charges in the nucleus protons. proton a positively charged subatomic

Scientist James Chadwick worked with Rutherford to determine the masses of the particle
nuclei of different elements. In these experiments, he found that the observed masses
of the nuclei were not the same as the sum of the masses of the protons. Chadwick
concluded that a nucleus must contain not only positively charged protons, but also
neutral (uncharged) particles called neutrons. neutron an electrically neutral subatomic
particle

Atoms and Isotopes

An atom can be described as consisting of a tiny nucleus with a diameter of about 10> m
and electrons that move around the nucleus at an average distance of about 107'° m.
The nucleus is very small compared to the overall size of the atom: if an atom were
the size of a sports stadium, the nucleus would be about the size of a ball bearing
(Figure 9). However, nuclear material is so dense that a ball bearing-sized piece would
have a mass of 226 million tonnes!

The nucleus of an atom contains protons, which have a positive charge equal in
magnitude to the negative charge of an electron, and neutrons, which have virtually
the same mass as a proton but no charge. Table 2 summarizes the masses and charges

of the electron, proton, and neutron. Figure 9 If the atomic nucleus were the
size of this ball bearing, a typical atom
Table 2 The Mass and Charge of the Electron, Proton, and Neutron would be the size of this stadium.
Particle Mass (kg) Charge*
electron (e 7) 9.109 x 10~ -1
proton (p*) 1.673 X 10~% +1
neutron (n°) 1.675 x 10-% none

*The magnitude of the charge of the electron and the proton is 1.60 X 10~ C.
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isotopes atoms with the same number of
protons but different numbers of neutrons
atomic number (Z) the number of
protons in a nucleus

mass number (A) the total number of
protons and neutrons in a nucleus

radioisotope an isotope that emits
radioactive gamma rays and/or subatomic
particles (for example, alpha and/or beta
particles)
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If all atoms are composed of these same particles, why do different atoms have dif-
ferent chemical properties? The answer lies in the number of electrons in each atom.
An electrically neutral atom has the same number of electrons as protons. Electrons
constitute nearly all of the volume of an atom, but an insignificant amount of its
mass. Electrons of different atoms interact when atoms combine to form molecules.
The number of electrons in an atom and their arrangement determine the chemical
behaviour of the atom. Neutral atoms of different elements have unique numbers of
protons and electrons and, therefore, different chemical properties.

What makes the atoms of a certain element radioactive? You know that a neutral
atom by definition has an equal number of protons and electrons in its nucleus.
However, the number of neutrons in a neutral atom can differ. Two atoms with the
same number of protons but different numbers of neutrons are called isotopes.

The nucleus of each carbon isotope in Figure 10 has the same atomic number (Z)
which is the number of protons. However, each nucleus has a different mass number
(A) which is the total number of protons and neutrons. The symbols for these two
isotopes are written as '2C and '¢C. Notice that the atomic number is written as a
subscript and the mass number is written as a superscript. These carbon isotopes can
also be written as carbon-12 or C-12, and carbon-14 or C-14. Isotopes have almost
identical chemical properties because they have the same number of electrons and
protons. In nature, most elements contain mixtures of isotopes. In addition to occur-
ring in nature, radioisotopes can be synthesized from certain elements.

nucleus ~ nucleus ~
[ — -
6 protons / 6 protons

£

6 neutrons 8 neutrons

N AN

6 electrons 6 electrons
120 140
(a) (b)
Figure 10 (a) Carbon-12 contains 6 protons and 6 neutrons. (b) Carbon-14 is an isotope of carbon
that has 8 neutrons.

Recall that Henri Becquerel observed the spontaneous emission of radiation
by uranium. When the nuclei of isotopes are unstable, as is the case for some ura-
nium isotopes, they are radioactive and are called radioisotopes. A radioisotope is
an isotope with an unstable nucleus, meaning that the nucleus decays and emits
radioactive gamma rays and/or subatomic particles. Scientists and engineers use
the radiation emitted by radioisotopes in many applications, including carbon
dating, nuclear energy, and medicine. For example, carbon-14 is used in archaeo-
logical dating.

The Nature of Matter and Energy

During the first half of the twentieth century, scientists realized that the results of
several key experiments were not consistent with the classical theories of physics
developed by Isaac Newton and other scientists. To account for the observed
behaviour of light and atoms, physicists developed a radical new idea called
quantum theory. This new physics provided many surprises, but it also more
accurately explains the behaviour of light and matter. & WEB LINK
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Classical Theories of Light

Light, or light energy, is electromagnetic radiation. Visible light is the portion of this
spectrum that can be seen by the human eye. The nature and properties of light have
been debated for centuries. Around 300 BCE, Greek philosophers proposed that light
existed as a stream of particles. In the seventeenth century, Dutch scientist Christiaan
Huygens conducted investigations that led him to theorize that light is a wave. Not all
scientists agreed with Huygens. For example, Isaac Newton believed that light was com-
posed of tiny particles, which he called “corpuscles.” Investigations continued and new
evidence from experiments with refraction, diffraction, and reflection provided a great
deal of support for the wave hypothesis proposed by Huygens.

In the mid-nineteenth century, physicist James Maxwell proposed a theory regarding
the properties of magnetism, light, and electricity. Maxwell theorized that light could act
on charged particles because it existed as an electromagnetic wave made of magnetic and
electric fields. Over time, Maxwell’s electromagnetic wave theory gained wide acceptance
and came to be the classical theory of light. According to Maxwell’s theory, light is an elec-
tromagnetic wave composed of continuous wavelengths that form a spectrum (Figure 11).

Electromagnetic Spectrum

frequency, f(Hz) visible light
10¢ 100 108 100 1072 101 X 100 108 10 102 102
| | | | | | | | | | |
microwaves uv cosmic rays
radio waves infrared X-rays gamma rays
| | | | | | | | | | |
104 102 1 1072 10 106 108 10710 10712 101 10-16

wavelength, A (m)
Figure 11 Visible light is only a very narrow band on the electromagnetic spectrum.

At the end of the nineteenth century, matter and energy were considered to be
distinct, and unrelated, entities. Matter was thought to be composed of particles that
had mass and a specific position in space at a particular time. Light energy was con-
sidered to be an electromagnetic wave that had no mass or specific position in space.

However, in 1887 German physicist Heinrich Hertz was attempting to generate
electromagnetic waves using induction coils, and instead, discovered the photoelectric
effect, in which light shining on a metal surface causes the emission of electrons from
the metal. Hertz reported the photoelectric effect, but did not attempt to explain it.
The discovery of the photoelectric effect had a major impact on the classical theories
of light and matter. & WEBLINK

According to the classical theory of light, the intensity (brightness) of the light
shining on the metal should determine the kinetic energy of the electrons emitted.
Therefore, the more intense the light, the more energy the emitted electrons should
have. However, Hertz’s experiments demonstrated that the frequency of the light was
more important in determining the energy of the emitted electrons (Figure 12). Since
the classical theory of light and matter could not explain these observations, it began
to be viewed as flawed.

high-frequency

metal surface

low-frequency

(a) metal surface (b)

Figure 12 Hertz’s experiments showed that light with frequency less than a certain frequency,
called the threshold frequency, produces no electrons (a), whereas light with frequency higher than
the threshold frequency causes electrons to be emitted from the metal (b).
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photoelectric effect electrons are
emitted by matter that absorbs energy
from shortwave electromagnetic radiation
(for example, visible or UV light)

[VESICE il 3.1.1

The Photoelectric Effect (page 179)
Einstein was later able to explain

the photoelectric effect through
experimentation, for which he received
a Nobel Prize. In this investigation, you
will observe what Einstein observed,
which ultimately led to the modern
theory of light and atoms.
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Figure 13 Max Planck (1858-1947),

at right, is regarded as the founder of
quantum theory. He studied the light
emitted by hot objects. His experiments
led him to hypothesize that energy could
be gained or transferred in whole-
number multiples.

quantum a unit or packet of energy
(plural: quanta)
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Planck’s Quantum Hypothesis

In 1900, German physicist Max Planck (Figure 13) was studying the spectra of the
radiant energy emitted by solid bodies (called blackbodies) heated to incandescence
(glowing). When a solid is heated to very high temperatures, it begins to glow, first
red, then white, then blue. The changes in colour and the corresponding light spectra
do not depend on the composition of the solid. The intensity of the light of different
colours can be measured and plotted on a graph, to produce a curved line (or energy
curve). & WEBLINK

Classical physics predicted that the energy curve should go up continuously
as temperature increases: physicists thought that matter could absorb or emit any
quantity of energy. However, Planck’s experiments showed that the curve reached a
peak and then decreased. The position of the peak correlated to the temperature and
moved toward higher light frequencies as an object became hotter. Compare the posi-
tions of the peaks for a red-hot and a white-hot object in Figure 14. Now compare
these to the curved line that would result as predicted by the classical theory of light.

1
I
1
1
1

classical theory/’
of light ,/

Intensity

-
-
-
-

infrared visible ultraviolet
low energy high energy
Figure 14 A white-hot wire and a red-hot wire emit light at different colours and intensities. The light
emitted does not follow the expected results of the classical theory of light.

Planck accounted for the unexpected results of his heating experiments by pos-
tulating that matter can gain or lose energy, E, only in whole-number multiples,
according to the equation

E = nhf

where # is an integer (1, 2, 3, ...), fis the frequency of the radiation and # is Planck’s
constant. Planck’s constant is a constant of nature and has the value 6.63 X 107 %*]-s.

Planck knew that radiation was emitted as atoms vibrated back and forth (oscil-
lated). He hypothesized that the energies from the oscillating atoms in the heated
object were multiples of a small quantity of energy. Light was emitted in bursts of this
discrete (separate and distinct) quantity of energy rather than as a continuous stream.
Albert Einstein later brought Planck’s hypothesis to its logical conclusion—the light
emitted by a heated solid is quantized. One burst or packet of energy is now known
as a quantum of energy.

A quantum is a difficult concept. It may help to imagine a quantum of energy as
a unit of money. Any value of money can be understood as equal to, for example, a
number of pennies, the smallest unit of money. Similarly, that same value of money
can be described in terms of other units of money. For example, $2.00 is equal to 200
pennies, but it is also equal to 8 quarters or 20 dimes or 40 nickels. Quanta of light
are similar to units of money in that the colours of light emitted are analogous to the
value of a particular coin. Infrared light may be thought of as being analogous to a
penny, red light to a nickel, blue light to a dime, and ultraviolet light to a quarter.

Heating a solid until it glows in the infrared range is analogous to it emitting pen-
nies of light energy. Similarly, a red-hot solid emits quantities of light energy analo-
gous to nickels, a white-hot solid emits quantities of light energy analogous to dimes,
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and so on. It is important to keep in mind that there are no intermediate quantities
of light energy, just as there are no seven-and-a-half-cent coins.

PlancK’s results were a surprise to the scientific community. It was now clear that
energy can occur only in discrete quanta and, therefore, a system can transfer energy
only in whole quanta. PlancKs observations (for example, the bell-shaped curves shown
in Figure 14) revealed that as the temperature of an object increases, more of the larger
quanta and fewer of the smaller quanta of energy are emitted. Also, the colour of the light
emitted by a hot object depends on the proportion of the quanta of different energies
that are emitted. In this way, light energy seems to have properties similar to particles.

Photons

Investigation and discovery of the photoelectric effect was critical to the development of
quantum theory. In 1905, Albert Einstein explained the photoelectric effect by applying
PlancKs idea of a quantum of energy (Figure 15). Einstein suggested that electromag-
netic radiation could be viewed as a stream of particles called photons. A photon is a
unit of light energy. Einstein proposed that an electron was emitted from the surface of
the metal because a photon collided with the electron. During the collision, the energy
of the photon transferred to the electron. Some of the transferred energy caused the
electron to break away from the atom, and the rest was converted to kinetic energy. To
free an electron from the atom requires the energy from a minimum of one photon.

An electron stays in place because of electrostatic forces. If a single electron
absorbs a single photon with the right quantity of energy, the electron can escape
the metal surface. If a photon does not have enough energy, no electrons can escape
the metal no matter how many photons strike it. The kinetic energy of the ejected
electrons depends on the frequency of the light used. When the frequency is below a
certain level, called the threshold frequency, no electrons are ejected.

Quantum theory has provided explanations for observations, namely, the photo-
electric effect and blackbody radiation, that no other theory could explain. For this
reason, quantum theory is one of the greatest achievements in modern science. In
upcoming sections you will learn about other observations that only quantum theory
has been able to explain.

Research This

The Large Hadron Collider—A Smashing Success

Skills: Researching, Analyzing, Communicating, Defining the Issue, Defending a Decision

The Large Hadron Collider (LHC) at CERN in Geneva, Switzerland,
is the world’s most powerful particle accelerator (Figure 16).
Scientists are using it to investigate how atomic and subatomic
particles are structured. A Toroidal LHC ApparatuS (ATLAS) was
built to detect the particles and energy present after protons
collide. Canadian scientists, including University of Alberta
professor James Pinfold, have been working on the ATLAS
project alongside scientists from across the globe.

1. Research Canada’s participation in the ATLAS project.
2. Research string theory and the grand unified theory.
A. Briefly outline the premises of string theory and the grand

unified theory. Figure 16

B. An enormous amount of money has been spent on LHC and
ATLAS projects. Do you think it is worth it? What are the
benefits to science and society? [ A |

C. Summarize your research and choose an appropriate, interesting
presentation format to share what you learned. & = 2w

Figure 15 Albert Einstein (1879-1955)
received a Nobel Prize in 1921 for a paper
explaining the photoelectric effect in terms
of quantum theory.

photon a unit of light energy

SKILLS /
HANDBOOK « = AS-1

D. Should further investments in these projects and this type of
research continue? Explain your reasoning. & sl
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m Review

Summary

According to modern atomic theory, the atom has a small, dense nucleus
containing protons and neutrons. Electrons reside outside the nucleus in the

relatively large remaining atomic volume.

The atomic number, Z, is the number of protons in an atom’s nucleus. The mass
number, A, is the total number of protons and neutrons in an atom’s nucleus.

Isotopes of an element have the same atomic number but different mass
numbers. Radioisotopes have unstable nuclei that decay and emit radiation.

According to quantum theory, electromagnetic energy is not continuous;
instead, energy exists as packets or quanta, called photons.

Questions

1.

For each of the following atoms, identify
(a) the number of protons and neutrons in the nucleus

(b) the number of electrons present in the neutral
atom for that element [

(i) 7Br (iv) Cs
(i) *Br ) °H
(iii) 2°Pu (vi) Fe

Write the atomic symbol (4X) for each of the
following isotopes: [
(a) Z = 8; number of neutrons = 9
(b) the isotope of chlorine in which A = 37
() Z=27;A =60
(d) number of protons = 26;

number of neutrons = 31
(e) the isotope of I with a mass number of 131
(f) Z = 3; number of neutrons = 4
For each of the following ions, indicate the number
of protons and electrons the ion contains:

(a) Ba*" (d) Rb*
(b) Zn** (e) Co**
(c) N> (f) Te~

What is the atomic symbol of an ion with
(a) 16 protons, 18 neutrons, and 18 electrons?
(b) 16 protons, 16 neutrons, and 18 electrons?

5. Explain the photoelectric effect.

6. Use a series of diagrams and a few point-form notes
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to create a flow chart that summarizes the history of
atomic theory, beginning with Dalton and ending
with Einstein. [ ka
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7. Copy Table 3 in your notebook and complete it. & i=n

Table 3
Symbol | Protons | Neutrons | Electrons | Net charge

il 0
20 20 +2
23 28 20

Y 0
35 44 36
26 33 +3
13 14 10

8. Scientists record their experimental observations

and conclusions in a lab book or journal. Write
a journal entry that would reflect the results of
Rutherford’s gold foil experiment. @0 & K=

. According to the latest developments in nuclear

theory, protons and neutrons are composed of

smaller subatomic particles called quarks. Research

quarks and their properties &% tm g iw

(a) How are quarks named?

(b) Describe the composition of a proton, and explain
how its composition accounts for its charge.

(c) Which Canadian scientist provided some of the
first supporting evidence for the existence of
quarks and received a share of the Nobel Prize?

. The newly updated periodic table includes pie charts

for each element. Each pie chart represents the
isotopes of that element found in nature, and each
pie segment represents the abundance of that isotope
in nature. Evaluate the usefulness of this new format
compared to the classic table format. = &z s
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Bohr’s Model of the Atom

If you have seen a fireworks display, then you have experienced a fantastic example
of chemistry in action. The different colours that appear in fireworks arise when
electrons in the atoms of various chemicals become excited by absorbing electrical
or thermal energy, and then emit that energy at various wavelengths. This seemingly
simple explanation comes from decades of work on the structure of the atom by some
of the world’s most talented scientists.

Limits of the Rutherford Model of the Atom

In the previous section you read about some of the experiments that led to the dis-
covery of the electron, proton, and neutron, and to Ernest Rutherford’s model of the
atom. The model of the atom proposed by Rutherford predicted that electrons move
around the nucleus of the atom, much like planets orbit the Sun. This idea seemed
reasonable because even though the Sun’s gravity pulls planets toward it, this pull is electron
counteracted by the planets’ movement. It seemed reasonable that electrons orbiting p
an atomic nucleus would behave in the same way.
However, it became apparent that there was a problem with this idea. A body that
is moving in an orbit is constantly changing direction, and a body that is changing
direction or speed is accelerating. Physicists had demonstrated that when a charged photon
particle accelerates, it continuously produces electromagnetic radiation (emitted as
photons). According to classical light theory, an electron travelling in an orbit emits
energy as photons and, therefore, loses energy. If an electron loses energy as it orbits,
it should spiral in toward the positively charged nucleus (Figure 1). Since the electron
is negatively charged and opposite charges attract, the atom would eventually col-
lapse. However, this prediction is not supported by evidence. Generally, most atoms  Figure 1 An electron accelerating
are stable and do not appear to be collapsing. This suggests that, although electrons  around the nucleus would continuously
are constantly moving, they do not lose energy. Rutherford’s model, therefore, is not ~ emit electromagnetic radiation and lose

ble t lain the stability of at ' energy. Therefore, it would eventually
able 1o explain the stabllity of atoms fall into the nucleus and the atom would

collapse. However, this is not consistent
Atomic Spectra with real-world observations.

nucleus

Spectroscopy is the scientific study of spectra (plural of spectrum) in order to deter- spectroscopy the analysis of spectra to
mine properties of the source of the spectra. Spectrometers and spectrophotometers  determine properties of their source
measure the intensity of light at different wavelengths in similar ways. Light first passes

through a sample, and then is dispersed by a prism or, more commonly, a diffraction

grating. The dispersed light forms a spectrum. A detector in the instrument then scans

the spectrum and calculates the amount of light absorbed or transmitted at each wave-

length. Figure 2 shows an early spectroscope and a more modern spectrophotometer.

(b)

Figure 2 (a) Early spectroscopes used a candle and a gas lamp as light sources and focused
light using a prism. (b) Modern spectrophotometers have a sealed area for the sample that does
not allow interfering light to enter the unit, and can be adjusted to allow analysis at different
wavelengths.
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emission spectrum the spectrum of
electromagnetic radiation emitted by an
atom; results when an atom is returned to a
lower energy state from a higher energy state

continuous spectrum an emission
spectrum that contains all the wavelengths
in a specific region of the electromagnetic
spectrum

line spectrum an emission spectrum

that contains only those wavelengths
characteristic of the element being studied

slit

electric arc; a solid light source

@

Investigation U4

Bright-Line Spectra (page 180)

All atoms absorb and emit
electromagnetic radiation. In this
investigation, you will observe the
visible spectra of various substances.

144 Chapter 3  Atoms

The earliest analytical instrument invented expressly for spectroscopy was a
spectroscope similar to the one shown in Figure 2(a). Robert Bunsen and Gustav
Kirchhoft invented the spectroscope to use in the first spectroscopy investigations,
which they conducted in 1859. They viewed and analyzed the spectra produced by
emission of energy by various substances, especially elements. As with most fields of
scientific study, advances in spectroscopy dovetailed with advances in technology.
Investigations of light emitted from excited substances led to further developments
in atomic theory.

The Atomic Spectrum of the Hydrogen Atom

The atomic spectrum of the hydrogen atom played an important role in advancing
atomic theory. Hydrogen gas, H,(g), is a molecular element. When a high-energy
spark is applied to a sample of hydrogen gas, the hydrogen molecules absorb energy,
which breaks some of the H-H bonds. The resulting hydrogen atoms are excited:
they contain excess energy. The excited hydrogen atoms release this excess energy by
emitting light of various wavelengths. When this light is passed through a spectro-
scope, it forms an emission spectrum. An emission spectrum is the spectrum (or pat-
tern of bright lines) seen when the electromagnetic radiation of a substance is passed
through a spectrometer.

Two types of emission spectra can be produced, depending on the nature of the
source. A continuous spectrum contains every wavelength in a particular region of the
electromagenetic spectrum. For example, when white light passes through a prism,
a continuous spectrum appears (Figure 3(a)) containing all the wavelengths of vis-
ible light. In contrast, a line spectrum contains only particular wavelengths, and arises
when excited electrons emit energy. Figure 3(b) shows the line spectrum of the
hydrogen atom. Each coloured band corresponds to a discrete wavelength.

detector
arc (photographic plate)
detector slit
(photographic plate)
voltage
continuous hydrogen gas
spectrum discharge tube
410 nm434 nm 486 nm 656 nm
(b)

Figure 3 (a) A continuous spectrum contains all wavelengths of visible light (indicated by the initial
letters of the colours of the rainbow). (b) The line spectrum for the hydrogen atom contains only a
few discrete wavelengths.

The investigations of Bunsen, Kirchhoff, and other scientists in the late nineteenth
century revealed that each element has its own unique line spectrum. The spectra of
the known elements were quickly catalogued. The line spectrum is like a fingerprint
of a specific element. If a new spectrum was found, it provided evidence of a new
element. In fact, the elements cesium and rubidium were discovered within a year
of the invention of spectroscopy. There are many applications of line spectra. For
example, astronomers use line spectra to identify the composition of stars.
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The unique line spectrum of the hydrogen atom is significant to atomic theory
because it indicates that the electron of the hydrogen atom can exist only at discrete
energy levels. In other words, the energy of the electron in the hydrogen atom is
quantized. This observation is consistent with Planck’s quantum theory. The par-
ticular wavelengths of light emitted by the electrons of hydrogen atoms are produced
by changes in energy. When excited electrons in hydrogen atoms move to a lower
energy level, they emit a photon of light. This is true of excited electrons in other
atoms as well.

The Bohr Model of the Atom

Niels Bohr was a Danish physicist who studied under J.J. Thomson at Cambridge
University in the United Kingdom (Figure 4). In 1913, Bohr used the emission spectrum
of the hydrogen atom to develop a quantum model for the hydrogen atom. He knew
that his model had to account for the experimental evidence provided by spectroscopy:
that electrons could have only particular discrete energy levels. Bohr accounted for this
data by proposing that electrons could move only in specific orbits around the nucleus.
He assigned each orbit a specific energy level, and postulated that the energy level of an
orbit increased with its distance from the nucleus. When an electron gained more energy
(for example, became excited), it could move into an orbit farther from the nucleus.
Although Bohr’s atomic model did not explain why electrons behaved this way, it was
consistent with the observed line spectrum of the hydrogen atom. Figures 5(a) and 5(b)
show electron transitions in the Bohr model for the hydrogen atom. Compare these to
the line spectrum of the hydrogen atom, shown in Figure 5(c).
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Figure 5 Electron transitions in the Bohr model for the hydrogen atom. An energy-level diagram (a)
and an orbit-transition diagram (b), each showing electron transitions in the Bohr model for the
hydrogen atom. Both of these account for the observed line spectrum of the hydrogen atom (c).
The orbits are not drawn to scale. The lines in the visible region of the spectrum correspond to
transitions from higher levels to level 2.

To help you envision how the orbits in Bohr’s model relate to the line spectrum
of the hydrogen atom, imagine a ball sitting on a staircase. Since the ball can only
be positioned on a stair, it can only ever be found at specific distances from the
ground. Applying Bohr’s theory to this analogy, the higher up the staircase the ball
is, the more potential energy it has. If the ball moves up the staircase (that is, to a
higher energy level), it gains potential energy. If it moves down the staircase (that
is, to a lower energy level), it loses potential energy. The ball in Figure 6 is moving
down the staircase, so it is losing potential energy.
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Figure 4 Niels Bohr (1885-1962)
developed a quantum model for the
hydrogen atom and, even though his
model was later proved to be incorrect,
Bohr was awarded the Nobel Prize in
Physics in 1922.

wavelength

(©)

Figure 6 The position of the ball on
the stairs determines its quantity of
potential energy.
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transition the movement of an electron
from one energy level to another

ground state the lowest energy state for
an atom

Figure 8 Electron energies for a
neutral sodium atom, as predicted by
the Bohr—Rutherford model. Current
atomic theories do not support this
arrangement of electron energies.
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In the Bohr model of the atom, the electron is analogous to the ball in Figure 6
and the orbits are analogous to the different stairs. As with the ball on the stairs,
electrons can only be at specific positions (energy levels or orbits) in relation to
the nucleus of the atom. In Figure 7, the radius, r,, of each orbit is analogous to
the height of a stair from the floor in Figure 6. The electron gains or loses potential
energy by moving from one position (orbit) to another.

Figure 7 The position of an electron relative to the nucleus of an atom determines its quantity of
potential energy.

The movement of an electron from one energy level to another is called a transition.
During a transition to a higher energy level, an electron absorbs a specific quantity of
energy, such as when it is struck by a photon. During a transition to a lower energy
level, an electron emits a photon of a particular quantity of energy. The lowest possible
energy state for an atom is called the ground state. There are no excited electrons in the
ground state.

Successes and Failures of the Bohr Model

Recall that in a Bohr-Rutherford diagram, the numbers of protons, p*, and neu-
trons, n’, are noted in the nucleus. The concentric circles represent the different
energy levels of electrons, and each contains a specific number of electrons. In an
attempt to be consistent with observations related to the quantization of energy
in atoms, Bohr’s model assumes that each energy level can hold a maximum
number of electrons. For the first 18 elements in the periodic table, the Bohr
model predicts that the first, second, and third orbits can contain a maximum of
2, 8, and 18 electrons, respectively, and that the lower energy levels must fill first.
The corresponding Bohr-Rutherford diagrams are especially useful for the first
20 elements of the periodic table, in which atoms of all the elements are arranged
according to the number of protons and electrons in a neutral atom. Beyond the
first 20 elements, however, Bohr-Rutherford diagrams become too cumbersome
to be useful.

Bohr’s model of the atom initially appeared to be very promising for under-
standing the behaviour of atoms because it appeared to be consistent with observed
chemical and physical properties. For example, the energy levels Bohr calculated
for the electron in the hydrogen atom were very similar to values obtained from the
hydrogen atom’s emission spectrum by spectroscopy. However, the electron energies
predicted by Bohr’s model were not consistent with observed data for atoms with
more than one electron (Figure 8). Scientists eventually concluded that Bohr’s model
did not fully describe the structure of an atom. Still, the Bohr model is of great historic
importance because it included the quantization of energy in atoms and paved the
way for later theories. Bohr-Rutherford diagrams are so widely recognized, however,
that it can be easy to forget that according to current theories of the atom, electrons
do not actually orbit the nucleus.
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m Review

Summary

Spectroscopy is the study of light emitted by excited sources.

Spectroscopy of excited gaseous elements led to the discovery of line spectra,

which are unique to specific atoms and elements.

Line spectra are consistent with Planck’s quantum theory.

Niels Bohr proposed a model of the atom that was consistent with
experimental observations of the line spectrum of the hydrogen atom.

In the Bohr model of the atom, electrons travel in circular orbits of quantized

energy around the atomic nucleus.

Questions

NEL

1.

Explain the main weakness with the Rutherford model
of the atom and how Bohr addressed it.

Describe what happens when atoms or molecules
absorb light.

Scientists use emission spectra to confirm the
presence of an element in materials. Explain why
this is possible. @

Using a series of diagrams, show what happens to
the electrons of an atom when they are excited and
how they can produce spectra that can be viewed in
a spectroscope. @1 Kl

Explain why the emission spectrum of an atom or
molecule depends on its arrangement of electrons. 1

The emission spectrum of an element is
unique. [@ Ew

(a) Explain why the emission spectrum is sometimes
referred to as an element’s fingerprint.

(b) Give a real-life example of how the emission
spectrum could be used to help determine the
nature of an unknown chemical.

(c) Would using an emission spectrum be
considered qualitative or quantitative analysis?
Explain your answer.

In both ground-state sodium and magnesium
atoms, the electrons are found in the first, second,
and third energy levels. These electrons will jump to
higher energy levels when energy is applied, and
then fall back down, releasing their energy and giving
off a spectrum. Why do you think the spectra for
sodium and magnesium are not the same? Why
might you think they would be the same?

(a) What is spectroscopy?
(b) Discuss how spectroscopy was useful to the
development of early atomic theory. mm

(a) Describe the Bohr model of the atom, including
quantization and emission spectra.

10.

11.

12.

13.

14.

(b) Discuss the successes and failures of the Bohr
model. @@

Why is the work of Bohr and Rutherford on atomic
theory sometimes referred to collectively as the
Bohr-Rutherford model? m

(a) What part of the original Bohr model still seems
to be well supported by experimental evidence?

(b) Identify one weakness in Bohr’s atomic theory.

When drawing the energy levels of an atom with one
electron, your friend draws the diagram shown in
Figure 9. Describe the line spectra that will be pro-
duced by an atom with this arrangement of energy
levels. Provide evidence that this is not an accurate
representation of the energy levels in an atom.

5

Figure 9

Using a graphic organizer or a chart,

(a) compare and contrast Thomson’s and Bohr’s
models of the atom

(b) compare and contrast Bohr’s and Rutherford’s
models of the atom [ &

Summarize the evolution of atomic theory, starting
with Thomson and ending with Bohr. Use a labelled
diagram or a flow chart. (You may want to add this
information to your answer to Question 6 in
Section 3.1 to create a complete flow chart showing
the development of atomic theory.) =m k=

3.2 Bohr’s Model of the Atom
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Bohr’s Model of the Atom

If you have seen a fireworks display, then you have experienced a fantastic example
of chemistry in action. The different colours that appear in fireworks arise when
electrons in the atoms of various chemicals become excited by absorbing electrical
or thermal energy, and then emit that energy at various wavelengths. This seemingly
simple explanation comes from decades of work on the structure of the atom by some
of the world’s most talented scientists.

Limits of the Rutherford Model of the Atom

In the previous section you read about some of the experiments that led to the dis-
covery of the electron, proton, and neutron, and to Ernest Rutherford’s model of the
atom. The model of the atom proposed by Rutherford predicted that electrons move
around the nucleus of the atom, much like planets orbit the Sun. This idea seemed
reasonable because even though the Sun’s gravity pulls planets toward it, this pull is electron
counteracted by the planets’ movement. It seemed reasonable that electrons orbiting p
an atomic nucleus would behave in the same way.
However, it became apparent that there was a problem with this idea. A body that
is moving in an orbit is constantly changing direction, and a body that is changing
direction or speed is accelerating. Physicists had demonstrated that when a charged photon
particle accelerates, it continuously produces electromagnetic radiation (emitted as
photons). According to classical light theory, an electron travelling in an orbit emits
energy as photons and, therefore, loses energy. If an electron loses energy as it orbits,
it should spiral in toward the positively charged nucleus (Figure 1). Since the electron
is negatively charged and opposite charges attract, the atom would eventually col-
lapse. However, this prediction is not supported by evidence. Generally, most atoms  Figure 1 An electron accelerating
are stable and do not appear to be collapsing. This suggests that, although electrons  around the nucleus would continuously
are constantly moving, they do not lose energy. Rutherford’s model, therefore, is not ~ emit electromagnetic radiation and lose

ble t lain the stability of at ' energy. Therefore, it would eventually
able 1o explain the stabllity of atoms fall into the nucleus and the atom would

collapse. However, this is not consistent
Atomic Spectra with real-world observations.

nucleus

Spectroscopy is the scientific study of spectra (plural of spectrum) in order to deter- spectroscopy the analysis of spectra to
mine properties of the source of the spectra. Spectrometers and spectrophotometers  determine properties of their source
measure the intensity of light at different wavelengths in similar ways. Light first passes

through a sample, and then is dispersed by a prism or, more commonly, a diffraction

grating. The dispersed light forms a spectrum. A detector in the instrument then scans

the spectrum and calculates the amount of light absorbed or transmitted at each wave-

length. Figure 2 shows an early spectroscope and a more modern spectrophotometer.

(b)

Figure 2 (a) Early spectroscopes used a candle and a gas lamp as light sources and focused
light using a prism. (b) Modern spectrophotometers have a sealed area for the sample that does
not allow interfering light to enter the unit, and can be adjusted to allow analysis at different
wavelengths.
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emission spectrum the spectrum of
electromagnetic radiation emitted by an
atom; results when an atom is returned to a
lower energy state from a higher energy state

continuous spectrum an emission
spectrum that contains all the wavelengths
in a specific region of the electromagnetic
spectrum

line spectrum an emission spectrum

that contains only those wavelengths
characteristic of the element being studied

slit

electric arc; a solid light source

@

Investigation U4

Bright-Line Spectra (page 180)

All atoms absorb and emit
electromagnetic radiation. In this
investigation, you will observe the
visible spectra of various substances.
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The earliest analytical instrument invented expressly for spectroscopy was a
spectroscope similar to the one shown in Figure 2(a). Robert Bunsen and Gustav
Kirchhoft invented the spectroscope to use in the first spectroscopy investigations,
which they conducted in 1859. They viewed and analyzed the spectra produced by
emission of energy by various substances, especially elements. As with most fields of
scientific study, advances in spectroscopy dovetailed with advances in technology.
Investigations of light emitted from excited substances led to further developments
in atomic theory.

The Atomic Spectrum of the Hydrogen Atom

The atomic spectrum of the hydrogen atom played an important role in advancing
atomic theory. Hydrogen gas, H,(g), is a molecular element. When a high-energy
spark is applied to a sample of hydrogen gas, the hydrogen molecules absorb energy,
which breaks some of the H-H bonds. The resulting hydrogen atoms are excited:
they contain excess energy. The excited hydrogen atoms release this excess energy by
emitting light of various wavelengths. When this light is passed through a spectro-
scope, it forms an emission spectrum. An emission spectrum is the spectrum (or pat-
tern of bright lines) seen when the electromagnetic radiation of a substance is passed
through a spectrometer.

Two types of emission spectra can be produced, depending on the nature of the
source. A continuous spectrum contains every wavelength in a particular region of the
electromagenetic spectrum. For example, when white light passes through a prism,
a continuous spectrum appears (Figure 3(a)) containing all the wavelengths of vis-
ible light. In contrast, a line spectrum contains only particular wavelengths, and arises
when excited electrons emit energy. Figure 3(b) shows the line spectrum of the
hydrogen atom. Each coloured band corresponds to a discrete wavelength.

detector
arc (photographic plate)
detector slit
(photographic plate)
voltage
continuous hydrogen gas
spectrum discharge tube
410 nm434 nm 486 nm 656 nm
(b)

Figure 3 (a) A continuous spectrum contains all wavelengths of visible light (indicated by the initial
letters of the colours of the rainbow). (b) The line spectrum for the hydrogen atom contains only a
few discrete wavelengths.

The investigations of Bunsen, Kirchhoff, and other scientists in the late nineteenth
century revealed that each element has its own unique line spectrum. The spectra of
the known elements were quickly catalogued. The line spectrum is like a fingerprint
of a specific element. If a new spectrum was found, it provided evidence of a new
element. In fact, the elements cesium and rubidium were discovered within a year
of the invention of spectroscopy. There are many applications of line spectra. For
example, astronomers use line spectra to identify the composition of stars.
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The unique line spectrum of the hydrogen atom is significant to atomic theory
because it indicates that the electron of the hydrogen atom can exist only at discrete
energy levels. In other words, the energy of the electron in the hydrogen atom is
quantized. This observation is consistent with Planck’s quantum theory. The par-
ticular wavelengths of light emitted by the electrons of hydrogen atoms are produced
by changes in energy. When excited electrons in hydrogen atoms move to a lower
energy level, they emit a photon of light. This is true of excited electrons in other
atoms as well.

The Bohr Model of the Atom

Niels Bohr was a Danish physicist who studied under J.J. Thomson at Cambridge
University in the United Kingdom (Figure 4). In 1913, Bohr used the emission spectrum
of the hydrogen atom to develop a quantum model for the hydrogen atom. He knew
that his model had to account for the experimental evidence provided by spectroscopy:
that electrons could have only particular discrete energy levels. Bohr accounted for this
data by proposing that electrons could move only in specific orbits around the nucleus.
He assigned each orbit a specific energy level, and postulated that the energy level of an
orbit increased with its distance from the nucleus. When an electron gained more energy
(for example, became excited), it could move into an orbit farther from the nucleus.
Although Bohr’s atomic model did not explain why electrons behaved this way, it was
consistent with the observed line spectrum of the hydrogen atom. Figures 5(a) and 5(b)
show electron transitions in the Bohr model for the hydrogen atom. Compare these to
the line spectrum of the hydrogen atom, shown in Figure 5(c).
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Figure 5 Electron transitions in the Bohr model for the hydrogen atom. An energy-level diagram (a)
and an orbit-transition diagram (b), each showing electron transitions in the Bohr model for the
hydrogen atom. Both of these account for the observed line spectrum of the hydrogen atom (c).
The orbits are not drawn to scale. The lines in the visible region of the spectrum correspond to
transitions from higher levels to level 2.

To help you envision how the orbits in Bohr’s model relate to the line spectrum
of the hydrogen atom, imagine a ball sitting on a staircase. Since the ball can only
be positioned on a stair, it can only ever be found at specific distances from the
ground. Applying Bohr’s theory to this analogy, the higher up the staircase the ball
is, the more potential energy it has. If the ball moves up the staircase (that is, to a
higher energy level), it gains potential energy. If it moves down the staircase (that
is, to a lower energy level), it loses potential energy. The ball in Figure 6 is moving
down the staircase, so it is losing potential energy.

NEL

Figure 4 Niels Bohr (1885-1962)
developed a quantum model for the
hydrogen atom and, even though his
model was later proved to be incorrect,
Bohr was awarded the Nobel Prize in
Physics in 1922.

wavelength

(©)

Figure 6 The position of the ball on
the stairs determines its quantity of
potential energy.
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transition the movement of an electron
from one energy level to another

ground state the lowest energy state for
an atom

Figure 8 Electron energies for a
neutral sodium atom, as predicted by
the Bohr—Rutherford model. Current
atomic theories do not support this
arrangement of electron energies.
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In the Bohr model of the atom, the electron is analogous to the ball in Figure 6
and the orbits are analogous to the different stairs. As with the ball on the stairs,
electrons can only be at specific positions (energy levels or orbits) in relation to
the nucleus of the atom. In Figure 7, the radius, r,, of each orbit is analogous to
the height of a stair from the floor in Figure 6. The electron gains or loses potential
energy by moving from one position (orbit) to another.

Figure 7 The position of an electron relative to the nucleus of an atom determines its quantity of
potential energy.

The movement of an electron from one energy level to another is called a transition.
During a transition to a higher energy level, an electron absorbs a specific quantity of
energy, such as when it is struck by a photon. During a transition to a lower energy
level, an electron emits a photon of a particular quantity of energy. The lowest possible
energy state for an atom is called the ground state. There are no excited electrons in the
ground state.

Successes and Failures of the Bohr Model

Recall that in a Bohr-Rutherford diagram, the numbers of protons, p*, and neu-
trons, n’, are noted in the nucleus. The concentric circles represent the different
energy levels of electrons, and each contains a specific number of electrons. In an
attempt to be consistent with observations related to the quantization of energy
in atoms, Bohr’s model assumes that each energy level can hold a maximum
number of electrons. For the first 18 elements in the periodic table, the Bohr
model predicts that the first, second, and third orbits can contain a maximum of
2, 8, and 18 electrons, respectively, and that the lower energy levels must fill first.
The corresponding Bohr-Rutherford diagrams are especially useful for the first
20 elements of the periodic table, in which atoms of all the elements are arranged
according to the number of protons and electrons in a neutral atom. Beyond the
first 20 elements, however, Bohr-Rutherford diagrams become too cumbersome
to be useful.

Bohr’s model of the atom initially appeared to be very promising for under-
standing the behaviour of atoms because it appeared to be consistent with observed
chemical and physical properties. For example, the energy levels Bohr calculated
for the electron in the hydrogen atom were very similar to values obtained from the
hydrogen atom’s emission spectrum by spectroscopy. However, the electron energies
predicted by Bohr’s model were not consistent with observed data for atoms with
more than one electron (Figure 8). Scientists eventually concluded that Bohr’s model
did not fully describe the structure of an atom. Still, the Bohr model is of great historic
importance because it included the quantization of energy in atoms and paved the
way for later theories. Bohr-Rutherford diagrams are so widely recognized, however,
that it can be easy to forget that according to current theories of the atom, electrons
do not actually orbit the nucleus.
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m Review

Summary

Spectroscopy is the study of light emitted by excited sources.

Spectroscopy of excited gaseous elements led to the discovery of line spectra,

which are unique to specific atoms and elements.

Line spectra are consistent with Planck’s quantum theory.

Niels Bohr proposed a model of the atom that was consistent with
experimental observations of the line spectrum of the hydrogen atom.

In the Bohr model of the atom, electrons travel in circular orbits of quantized

energy around the atomic nucleus.

Questions

NEL

1.

Explain the main weakness with the Rutherford model
of the atom and how Bohr addressed it.

Describe what happens when atoms or molecules
absorb light.

Scientists use emission spectra to confirm the
presence of an element in materials. Explain why
this is possible. @

Using a series of diagrams, show what happens to
the electrons of an atom when they are excited and
how they can produce spectra that can be viewed in
a spectroscope. @1 Kl

Explain why the emission spectrum of an atom or
molecule depends on its arrangement of electrons. 1

The emission spectrum of an element is
unique. [@ Ew

(a) Explain why the emission spectrum is sometimes
referred to as an element’s fingerprint.

(b) Give a real-life example of how the emission
spectrum could be used to help determine the
nature of an unknown chemical.

(c) Would using an emission spectrum be
considered qualitative or quantitative analysis?
Explain your answer.

In both ground-state sodium and magnesium
atoms, the electrons are found in the first, second,
and third energy levels. These electrons will jump to
higher energy levels when energy is applied, and
then fall back down, releasing their energy and giving
off a spectrum. Why do you think the spectra for
sodium and magnesium are not the same? Why
might you think they would be the same?

(a) What is spectroscopy?
(b) Discuss how spectroscopy was useful to the
development of early atomic theory. mm

(a) Describe the Bohr model of the atom, including
quantization and emission spectra.

10.

11.

12.

13.

14.

(b) Discuss the successes and failures of the Bohr
model. @@

Why is the work of Bohr and Rutherford on atomic
theory sometimes referred to collectively as the
Bohr-Rutherford model? m

(a) What part of the original Bohr model still seems
to be well supported by experimental evidence?

(b) Identify one weakness in Bohr’s atomic theory.

When drawing the energy levels of an atom with one
electron, your friend draws the diagram shown in
Figure 9. Describe the line spectra that will be pro-
duced by an atom with this arrangement of energy
levels. Provide evidence that this is not an accurate
representation of the energy levels in an atom.

5

Figure 9

Using a graphic organizer or a chart,

(a) compare and contrast Thomson’s and Bohr’s
models of the atom

(b) compare and contrast Bohr’s and Rutherford’s
models of the atom [ &

Summarize the evolution of atomic theory, starting
with Thomson and ending with Bohr. Use a labelled
diagram or a flow chart. (You may want to add this
information to your answer to Question 6 in
Section 3.1 to create a complete flow chart showing
the development of atomic theory.) =m k=

3.2 Bohr’s Model of the Atom
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What Is Quantum Mechanics?
Classical mechanics is the branch
of physics that studies the motion
of macroscopic objects. Quantum
mechanics is the study of motion at
the atomic level, where the laws

of classical mechanics do not

apply because particles behave

like waves.

quantum mechanics the application of
quantum theory to explain the properties
of matter, particularly electrons in atoms
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The Quantum Mechanical Model
of the Atom

Weaknesses in theories and models provide opportunities for science to improve. It is
impossible to devise a perfect theory or model the first time around. Instead, science
usually involves years and years of revisions and new discoveries. Science is constantly
changing by identifying and improving on weaknesses. The success of the Bohr atomic
model was important because it showed that electrons exist in discrete energy levels.
Also, it explained experimental observations of line spectra in terms of quantum
theory. But there were weaknesses in this model that other scientists identified, which
paved the way for the complete development of the quantum model of the atom.

By the mid-1920s, it had become apparent that the Bohr model could not explain
and make predictions about multi-electron atoms. A new approach was needed. Three
physicists were at the forefront of this effort: Erwin Schrédinger, Louis de Broglie, and
Werner Heisenberg. The approach they developed to explain properties of matter is called
wave mechanics or, more commonly, quantum mechanics. & CAREER LINK

Schrédinger’s Standing Wave

Louis de Broglie, a French physicist, originated the idea that the electron, previously
considered just a particle, has wave properties. Pursuing this line of reasoning, Erwin
Schrodinger, an Austrian physicist, decided to approach the problem of atomic
structure by focusing on the wave properties of the electron. To Schrodinger and
de Broglie, an electron bound to a nucleus in an atom resembled a standing wave, so
they began research on a description of the atom based on wave behaviour instead
of particle behaviour.

The strings on instruments such as guitars and violins are attached at both ends.
When you pluck the string, it vibrates and produces a musical tone. The waves pro-
duced by the plucking are standing waves. They are called “standing” because they
appear to be stationary. The motions of the string are a combination of simple waves of
the type shown in Figure 1.

unplucked string

2 half-wavelengths

3 half-wavelengths

Figure 1 The standing waves caused by the vibration of a guitar string fastened at both ends. Each
black dot represents a node (a point of zero displacement), which never moves.

The black dots in Figure 1 represent the nodes, or points, of zero lateral (sideways)
displacement for a given wave. Between two nodes, at the point where the amplitude
of the wave is at its maximum, is the antinode. Note that there are limitations on the
allowed wavelengths of the standing wave. Each end of the string is fixed, so there is
always a node at each end. This means that there must be a whole number of half-
wavelengths in any of the allowed motions of the string.
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Figure 2 shows how standing waves can be produced by a wave generator.

Figure 2 This wave generator is set to produce standing waves that are two half-wavelengths
(one wavelength) long.

Mini Investigation

Modelling Standing Electron Waves

Skills: Performing, Observing, Analyzing, Evaluating, Communicating HANSE'O%E L A23

Schrodinger’s standing waves can be simulated with a mechanical model. A mechanical
oscillator causes a loop of wire to vibrate at varying frequencies. Creating vibrations at one
point along the wire causes waves throughout the remainder of the wire. This activity is
like holding the edge of a stretched Slinky and moving it up and down to produce waves
along it. When waves return toward the original direction, they encounter other waves: If
they meet constructively, there will be an increase in amplitude. If they meet destructively,
there will be a decrease in amplitude. Standing waves result in stationary nodes (no amplitude)
and antinodes (at maximum amplitude).

Equipment and Materials: oscillator; stand; loop of wire 0

@ When unplugging the oscillator, pull on the plug, not the cord.

Ask your teacher to check the attachment of the wire to the oscillator.

1. Position the oscillator on a laboratory stand. Attach the wire. Position the wire so that
its loop is horizontal.

2. Turn the frequency as low as it will go. Plug in the oscillator, then turn it on.
3. Increase the frequency a little. Observe the changes in the waves on the wire.

4. Increase the frequency setting slowly until you can no longer see the nodes and
antinodes.

5. Decrease the frequency slowly to the starting point. Observe the simulation in
reverse order.

Repeat this procedure as necessary.

Describe what the nodes and antinodes look like.

Do all frequencies result in standing wave patterns? Explain.

List the number of nodes and antinodes you were able to observe.

O 0 w2

How do the waves produced by the oscillator compare with waves in an atom? What
are some limitations of the standing wave model of the atom?
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orbital the region around the nucleus
where an electron has a high probability of
being found

Heisenberg’s uncertainty principle the
idea that it is impossible to know the exact
position and speed of an electron at a
given time
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Schrodinger and de Broglie took the idea of standing waves and applied it to
the electron in a hydrogen atom. In their model, the electron is a circular standing
wave around the nucleus (Figure 3). This circular standing wave consists of
wavelengths that are multiples of whole numbers (n = 1, 2, 3, 4, ...). Only certain
circular orbits have a circumference into which a whole number of wavelengths
can fit.

Any other orbits of the standing electron wave are not allowed because they would
cause the standing wave to cancel out or collapse, that is, undergo destructive inter-
ference (Figure 3(c)). This model seemed like a possible explanation for the observed
quantization of the hydrogen atom: the whole-number multiples of wavelengths
correspond to multiples of fixed quanta of energy that the electron can have in the
hydrogen atom. However, the new question that this model raised was this: where is
the electron located in the hydrogen atom?

(a)
Figure 3 The hydrogen electron visualized as a standing wave around the nucleus. In (a) and (b),
the circumference of a particular circular orbit corresponds to a whole number of wavelengths. (c)
Otherwise, destructive interference occurs. This model is consistent with the idea that only certain
electron energies are allowed, because the atom is quantized. Although this idea encouraged
scientists to use a wave theory, it does not mean that the electron travels in circular orbits around
the nucleus.

Orbitals and Probability Distributions

Schrédinger’s work on quantum mechanics led to his development of a mathematical
equation, called the Schrodinger wave equation, that could be used to calculate elec-
tron energy levels. If an electron has a definable energy, then it can be localized in
an orbital, which is the region around the nucleus where there is a high probability of
finding an electron. But how can you locate something as small as an electron?

Werner Heisenberg, who studied with Bohr, came up with a statistical approach
for locating electrons. To measure the location and speed of an object, you must be
able to observe it. Life-sized objects are easy to locate because you can see them.
You can determine both the speed and the location of a moving car using a radar
gun and a GPS unit. For atomic-sized particles and smaller, any attempt to probe
them changes their position, direction of travel, or both. This idea formed the basis
of Heisenberg’s uncertainty principle. Heisenberg demonstrated using mathematics
that there are limits to knowing both where a subatomic particle is and its speed at a
given time. According to Heisenberg’s uncertainty principle, it is therefore impossible to
simultaneously know the exact position and speed of an electron. The best we can do
is to describe the probability of finding an electron in a specific location.

An electron orbital is analogous to students at school moving from classroom to
classroom during a scheduled break. The students are like electrons, the school is like
the atom, and the classrooms are like orbitals. Someone who does not know a stu-
dent’s exact schedule may be able to determine the probability of that student being
in a particular classroom at a particular time, but it is not certain. Another analogy
with more appropriate relative sizes is a bee in a closed stadium. You know that the
bee is inside the stadium, and you can reason that it will most likely be near its nest.
However, you cannot pinpoint its exact location.
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A wave function is a mathematical description of an orbital in an atom where an
electron of a certain energy is likely to be found. Note that an orbital is not a Bohr
orbit—the electron is not moving around the nucleus in a circle. How, then, is the
electron moving? The answer is surprising: we do not know. The wave function gives
no information about the detailed pathway of the electron. This idea is somewhat dis-
turbing. When we solve problems involving the motions of objects in the macroscopic
world, we are able to predict their pathways. For example, when 2 billiard balls with
known velocities collide, we can predict their motions after the collision. However,
we cannot predict the electron’s motion. It is a mystery what electrons do in the atom.
Quantum mechanics does not describe how an electron moves or even if it moves. It
only tells us the statistical probability of finding the electron in a given location in an
atom. The area or region where we are likely to find an electron is an orbital.

Using wave functions, physicists have created a three-dimensional electron
probability density, which is a plot that indicates regions around the nucleus with
the greatest probability of finding an electron. The electron probability density
plot for a hydrogen electron in the ground state (lowest energy state) is spherical and
is called the 1s orbital (Figure 4(a)). The greatest probability of finding the electron
occurs at a distance r,,,, from the nucleus (Figure 4(b)). This distance is the same
as the distance Bohr calculated for the radius of the first circular orbit of hydrogen’s
electron.

Radial probability
(4nr?R?)

3>

Distance from nucleus (r)

(@) (b)
Figure 4 (a) The probability distribution for the hydrogen 1s orbital in three-dimensional space.

(b) The radial probability distribution is a plot of the total probability of finding the electron as a
function of distance from the nucleus.

Figure 5 illustrates different electron orbitals, or clouds. The electron can jump
to any of these orbitals if it absorbs sufficient quanta of energy. Furthermore,
these orbitals overlap, rather than being distinct levels as in the Bohr model. You
will learn more about electron orbitals in the next sections. @& WEB LINK

Figure 5 The electron probability density of various orbitals

The two main ideas of the quantum mechanical model of the atom are that electrons
can be in different orbitals by absorbing or emitting quanta of energy, and that the
location of electrons is given by a probability distribution. The quantum mechanical
model is a radical departure from earlier atomic models because it is based on uncer-
tainty—the uncertainty of an electron’s location within the atom. According to this
model, the structure of a tiny atom is much more complex than anyone would have
thought possible, as you will see in the next section.

wave function the mathematical
probability of finding an electron in
a certain region of space

electron probability density the
probability of finding an electron at a given
location, derived from wave equations and
used to determine the shapes of orbitals;
also called electron probability distribution
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Orbitals versus Orbits
The table below outlines the main
differences between orbitals and orbits.
Orbitals Orbits
2 electrons 2n? electrons
three two
dimensions dimensions
distance from | distance from
nucleus varies | nucleus is
fixed
no set path path is
elliptical or
circular

quantum mechanical model a model
for the atom based on quantum theory
and the calculation of probabilities for the
location of electrons

NEL 3.3 The Quantum Mechanical Model of the Atom 151



m Review

Summary

Louis de Broglie originated the idea that the electron has both particle

and wave properties.

The quantum (wave) mechanical model describes an electron as a standing wave.
The electron can occupy a series of orbitals. Each orbital has a prescribed
possible energy value and spatial distribution.

The exact position of the electron and how it is moving can never both be
known. This is consistent with Heisenberg’s uncertainty principle, which states
that it is impossible to know both the position and the speed of a particle
simultaneously.

Orbitals are described as probability distributions and depicted as electron
density plots.

In the ground state, the single electron in a hydrogen atom resides in a
low-energy orbital.

The two main ideas of the quantum mechanical model of the atom are that
electrons can move between orbitals by absorbing or emitting quanta of
energy, and that the location of electrons is given by a probability distribution.

Questions
1. Define the following terms and provide an 7. Science is divided into the arbitrary groups of
expanded description: [ biology, chemistry, and physics. [ & s
(a) orbital (a) Why do you think science has been so divided?
(b) electron probability density (b) This section highlights one area where physics
(¢) quantum mechanics and chemistry overlap. Identify three more
(d) wave function areas where the different groups overlap.
(e) quantum mechanical model (¢) Do you think it makes sense to divide up science
(f) Heisenberg’s uncertainty principle into these groups? Explain your reasoning.
2. (a) Draw a concept map illustrating the important 8. When most people visualize an atom, they use the
aspects of the quantum mechanical model of the Bohr-Rutherford model. L
atom. Include a brief description of each point. (a) Why do you think this is?
Include the terms “wave function,” “orbital,” (b) Do you think it is important for most people
“probability density;” and “uncertainty principle.” to understand exactly how the atom functions?
(b) Expand on your concept map from (a) by Explain your reasoning.
including the contributions by Planck, Bohr, 9. Dr. Richard Bader and his research group at
de Broglie, Schrodinger, and Heisenberg. [ ks McMaster University, Hamilton, are well known
3. Explain how an electron orbital is not the same as for their work on the structure of chemical entities.
an orbit. EW Research Bader, and determine the nature of his
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groups work. Prepare a brief, general description of
@&

What information about the electron cannot be - .
how it relates to quantum mechanics. &% [ 4]

determined from quantum mechanics? [ Es
10. Research Schrodinger’s wave equation, and identify the

Explain the value of scientists working together . > S
P § 08 different mathematical symbols in it. &%

and sharing information. How do you think this

networking has contributed to current knowledge 11. Research the thought experiment called
and understanding of major scientific principles? Schrédinger’s cat. What does this thought
[ I experiment tell us about the quantum mechanical

) _ ) model of the atom? & rm & xw
Heisenberg, de Broglie, and Schrodinger were all

theoretical physicists. Explain why their work is studied

. . s . = l“i‘\’\
in such detail in a chemistry course. [ & Ew ,‘==‘) WEB LINK
v’
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What Is Quantum Mechanics?
Classical mechanics is the branch
of physics that studies the motion
of macroscopic objects. Quantum
mechanics is the study of motion at
the atomic level, where the laws

of classical mechanics do not

apply because particles behave

like waves.

quantum mechanics the application of
quantum theory to explain the properties
of matter, particularly electrons in atoms

148 Chapter 3  Atoms

The Quantum Mechanical Model
of the Atom

Weaknesses in theories and models provide opportunities for science to improve. It is
impossible to devise a perfect theory or model the first time around. Instead, science
usually involves years and years of revisions and new discoveries. Science is constantly
changing by identifying and improving on weaknesses. The success of the Bohr atomic
model was important because it showed that electrons exist in discrete energy levels.
Also, it explained experimental observations of line spectra in terms of quantum
theory. But there were weaknesses in this model that other scientists identified, which
paved the way for the complete development of the quantum model of the atom.

By the mid-1920s, it had become apparent that the Bohr model could not explain
and make predictions about multi-electron atoms. A new approach was needed. Three
physicists were at the forefront of this effort: Erwin Schrédinger, Louis de Broglie, and
Werner Heisenberg. The approach they developed to explain properties of matter is called
wave mechanics or, more commonly, quantum mechanics. & CAREER LINK

Schrédinger’s Standing Wave

Louis de Broglie, a French physicist, originated the idea that the electron, previously
considered just a particle, has wave properties. Pursuing this line of reasoning, Erwin
Schrodinger, an Austrian physicist, decided to approach the problem of atomic
structure by focusing on the wave properties of the electron. To Schrodinger and
de Broglie, an electron bound to a nucleus in an atom resembled a standing wave, so
they began research on a description of the atom based on wave behaviour instead
of particle behaviour.

The strings on instruments such as guitars and violins are attached at both ends.
When you pluck the string, it vibrates and produces a musical tone. The waves pro-
duced by the plucking are standing waves. They are called “standing” because they
appear to be stationary. The motions of the string are a combination of simple waves of
the type shown in Figure 1.

unplucked string

2 half-wavelengths

3 half-wavelengths

Figure 1 The standing waves caused by the vibration of a guitar string fastened at both ends. Each
black dot represents a node (a point of zero displacement), which never moves.

The black dots in Figure 1 represent the nodes, or points, of zero lateral (sideways)
displacement for a given wave. Between two nodes, at the point where the amplitude
of the wave is at its maximum, is the antinode. Note that there are limitations on the
allowed wavelengths of the standing wave. Each end of the string is fixed, so there is
always a node at each end. This means that there must be a whole number of half-
wavelengths in any of the allowed motions of the string.
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Figure 2 shows how standing waves can be produced by a wave generator.

Figure 2 This wave generator is set to produce standing waves that are two half-wavelengths
(one wavelength) long.

Mini Investigation

Modelling Standing Electron Waves

Skills: Performing, Observing, Analyzing, Evaluating, Communicating HANSE'O%E L A23

Schrodinger’s standing waves can be simulated with a mechanical model. A mechanical
oscillator causes a loop of wire to vibrate at varying frequencies. Creating vibrations at one
point along the wire causes waves throughout the remainder of the wire. This activity is
like holding the edge of a stretched Slinky and moving it up and down to produce waves
along it. When waves return toward the original direction, they encounter other waves: If
they meet constructively, there will be an increase in amplitude. If they meet destructively,
there will be a decrease in amplitude. Standing waves result in stationary nodes (no amplitude)
and antinodes (at maximum amplitude).

Equipment and Materials: oscillator; stand; loop of wire 0

@ When unplugging the oscillator, pull on the plug, not the cord.

Ask your teacher to check the attachment of the wire to the oscillator.

1. Position the oscillator on a laboratory stand. Attach the wire. Position the wire so that
its loop is horizontal.

2. Turn the frequency as low as it will go. Plug in the oscillator, then turn it on.
3. Increase the frequency a little. Observe the changes in the waves on the wire.

4. Increase the frequency setting slowly until you can no longer see the nodes and
antinodes.

5. Decrease the frequency slowly to the starting point. Observe the simulation in
reverse order.

Repeat this procedure as necessary.

Describe what the nodes and antinodes look like.

Do all frequencies result in standing wave patterns? Explain.

List the number of nodes and antinodes you were able to observe.

O 0 w2

How do the waves produced by the oscillator compare with waves in an atom? What
are some limitations of the standing wave model of the atom?
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orbital the region around the nucleus
where an electron has a high probability of
being found

Heisenberg’s uncertainty principle the
idea that it is impossible to know the exact
position and speed of an electron at a
given time

150 Chapter 3 ® Atoms

Schrodinger and de Broglie took the idea of standing waves and applied it to
the electron in a hydrogen atom. In their model, the electron is a circular standing
wave around the nucleus (Figure 3). This circular standing wave consists of
wavelengths that are multiples of whole numbers (n = 1, 2, 3, 4, ...). Only certain
circular orbits have a circumference into which a whole number of wavelengths
can fit.

Any other orbits of the standing electron wave are not allowed because they would
cause the standing wave to cancel out or collapse, that is, undergo destructive inter-
ference (Figure 3(c)). This model seemed like a possible explanation for the observed
quantization of the hydrogen atom: the whole-number multiples of wavelengths
correspond to multiples of fixed quanta of energy that the electron can have in the
hydrogen atom. However, the new question that this model raised was this: where is
the electron located in the hydrogen atom?

(a)
Figure 3 The hydrogen electron visualized as a standing wave around the nucleus. In (a) and (b),
the circumference of a particular circular orbit corresponds to a whole number of wavelengths. (c)
Otherwise, destructive interference occurs. This model is consistent with the idea that only certain
electron energies are allowed, because the atom is quantized. Although this idea encouraged
scientists to use a wave theory, it does not mean that the electron travels in circular orbits around
the nucleus.

Orbitals and Probability Distributions

Schrédinger’s work on quantum mechanics led to his development of a mathematical
equation, called the Schrodinger wave equation, that could be used to calculate elec-
tron energy levels. If an electron has a definable energy, then it can be localized in
an orbital, which is the region around the nucleus where there is a high probability of
finding an electron. But how can you locate something as small as an electron?

Werner Heisenberg, who studied with Bohr, came up with a statistical approach
for locating electrons. To measure the location and speed of an object, you must be
able to observe it. Life-sized objects are easy to locate because you can see them.
You can determine both the speed and the location of a moving car using a radar
gun and a GPS unit. For atomic-sized particles and smaller, any attempt to probe
them changes their position, direction of travel, or both. This idea formed the basis
of Heisenberg’s uncertainty principle. Heisenberg demonstrated using mathematics
that there are limits to knowing both where a subatomic particle is and its speed at a
given time. According to Heisenberg’s uncertainty principle, it is therefore impossible to
simultaneously know the exact position and speed of an electron. The best we can do
is to describe the probability of finding an electron in a specific location.

An electron orbital is analogous to students at school moving from classroom to
classroom during a scheduled break. The students are like electrons, the school is like
the atom, and the classrooms are like orbitals. Someone who does not know a stu-
dent’s exact schedule may be able to determine the probability of that student being
in a particular classroom at a particular time, but it is not certain. Another analogy
with more appropriate relative sizes is a bee in a closed stadium. You know that the
bee is inside the stadium, and you can reason that it will most likely be near its nest.
However, you cannot pinpoint its exact location.
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A wave function is a mathematical description of an orbital in an atom where an
electron of a certain energy is likely to be found. Note that an orbital is not a Bohr
orbit—the electron is not moving around the nucleus in a circle. How, then, is the
electron moving? The answer is surprising: we do not know. The wave function gives
no information about the detailed pathway of the electron. This idea is somewhat dis-
turbing. When we solve problems involving the motions of objects in the macroscopic
world, we are able to predict their pathways. For example, when 2 billiard balls with
known velocities collide, we can predict their motions after the collision. However,
we cannot predict the electron’s motion. It is a mystery what electrons do in the atom.
Quantum mechanics does not describe how an electron moves or even if it moves. It
only tells us the statistical probability of finding the electron in a given location in an
atom. The area or region where we are likely to find an electron is an orbital.

Using wave functions, physicists have created a three-dimensional electron
probability density, which is a plot that indicates regions around the nucleus with
the greatest probability of finding an electron. The electron probability density
plot for a hydrogen electron in the ground state (lowest energy state) is spherical and
is called the 1s orbital (Figure 4(a)). The greatest probability of finding the electron
occurs at a distance r,,,, from the nucleus (Figure 4(b)). This distance is the same
as the distance Bohr calculated for the radius of the first circular orbit of hydrogen’s
electron.

Radial probability
(4nr?R?)
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Distance from nucleus (r)

(@) (b)
Figure 4 (a) The probability distribution for the hydrogen 1s orbital in three-dimensional space.

(b) The radial probability distribution is a plot of the total probability of finding the electron as a
function of distance from the nucleus.

Figure 5 illustrates different electron orbitals, or clouds. The electron can jump
to any of these orbitals if it absorbs sufficient quanta of energy. Furthermore,
these orbitals overlap, rather than being distinct levels as in the Bohr model. You
will learn more about electron orbitals in the next sections. @& WEB LINK

Figure 5 The electron probability density of various orbitals

The two main ideas of the quantum mechanical model of the atom are that electrons
can be in different orbitals by absorbing or emitting quanta of energy, and that the
location of electrons is given by a probability distribution. The quantum mechanical
model is a radical departure from earlier atomic models because it is based on uncer-
tainty—the uncertainty of an electron’s location within the atom. According to this
model, the structure of a tiny atom is much more complex than anyone would have
thought possible, as you will see in the next section.

wave function the mathematical
probability of finding an electron in
a certain region of space

electron probability density the
probability of finding an electron at a given
location, derived from wave equations and
used to determine the shapes of orbitals;
also called electron probability distribution
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Orbitals versus Orbits
The table below outlines the main
differences between orbitals and orbits.
Orbitals Orbits
2 electrons 2n? electrons
three two
dimensions dimensions
distance from | distance from
nucleus varies | nucleus is
fixed
no set path path is
elliptical or
circular

quantum mechanical model a model
for the atom based on quantum theory
and the calculation of probabilities for the
location of electrons
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Summary

Louis de Broglie originated the idea that the electron has both particle

and wave properties.

The quantum (wave) mechanical model describes an electron as a standing wave.
The electron can occupy a series of orbitals. Each orbital has a prescribed
possible energy value and spatial distribution.

The exact position of the electron and how it is moving can never both be
known. This is consistent with Heisenberg’s uncertainty principle, which states
that it is impossible to know both the position and the speed of a particle
simultaneously.

Orbitals are described as probability distributions and depicted as electron
density plots.

In the ground state, the single electron in a hydrogen atom resides in a
low-energy orbital.

The two main ideas of the quantum mechanical model of the atom are that
electrons can move between orbitals by absorbing or emitting quanta of
energy, and that the location of electrons is given by a probability distribution.

Questions
1. Define the following terms and provide an 7. Science is divided into the arbitrary groups of
expanded description: [ biology, chemistry, and physics. [ & s
(a) orbital (a) Why do you think science has been so divided?
(b) electron probability density (b) This section highlights one area where physics
(¢) quantum mechanics and chemistry overlap. Identify three more
(d) wave function areas where the different groups overlap.
(e) quantum mechanical model (¢) Do you think it makes sense to divide up science
(f) Heisenberg’s uncertainty principle into these groups? Explain your reasoning.
2. (a) Draw a concept map illustrating the important 8. When most people visualize an atom, they use the
aspects of the quantum mechanical model of the Bohr-Rutherford model. L
atom. Include a brief description of each point. (a) Why do you think this is?
Include the terms “wave function,” “orbital,” (b) Do you think it is important for most people
“probability density;” and “uncertainty principle.” to understand exactly how the atom functions?
(b) Expand on your concept map from (a) by Explain your reasoning.
including the contributions by Planck, Bohr, 9. Dr. Richard Bader and his research group at
de Broglie, Schrodinger, and Heisenberg. [ ks McMaster University, Hamilton, are well known
3. Explain how an electron orbital is not the same as for their work on the structure of chemical entities.
an orbit. EW Research Bader, and determine the nature of his
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groups work. Prepare a brief, general description of
@&

What information about the electron cannot be - .
how it relates to quantum mechanics. &% [ 4]

determined from quantum mechanics? [ Es
10. Research Schrodinger’s wave equation, and identify the

Explain the value of scientists working together . > S
P § 08 different mathematical symbols in it. &%

and sharing information. How do you think this

networking has contributed to current knowledge 11. Research the thought experiment called
and understanding of major scientific principles? Schrédinger’s cat. What does this thought
[ I experiment tell us about the quantum mechanical

) _ ) model of the atom? & rm & xw
Heisenberg, de Broglie, and Schrodinger were all

theoretical physicists. Explain why their work is studied

. . s . = l“i‘\’\
in such detail in a chemistry course. [ & Ew ,‘==‘) WEB LINK
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Quantum Numbers

Mathematical equations are the language of scientists as they try to model natural
phenomena. Schrodinger’s wave equation is a very complex equation. It describes
the quantized energies of the electron in an atom as well as wave functions that
determine the probability of finding electrons in various regions in an atom. In this
section, you will explore the results of Schrodinger’s equations.

The Four Quantum Numbers

Solutions to Schrédinger’s equation for the hydrogen atom give many wave functions
that describe various types of orbitals. Each of these types of orbitals has a set of four
numbers called quantum numbers, which describe various properties of the orbital.
These numbers are like addresses for locating the position of an electron by its city,
street, number, and apartment number. In this subsection, you will learn about the
four quantum numbers and what each quantum number represents.

The Principal Quantum Number (n)

Energy levels in an atom are sometimes called shells. Bohr devised this numbering
system and called the shell number the principal quantum number. The principal
quantum number (n) is the quantum number that describes the size and energy of an
atomic orbital. It has whole-number values (1, 2, 3, and so on). It is important to
note that the spaces between atomic shells are not equal (Figure 1). As n increases,
the energy required for an electron to occupy that orbital increases. Each successive
orbital is larger, meaning that an electron occupying that orbit spends more time
farther from the nucleus. This also means that electrons with higher energy are less
tightly bound to the nucleus.

/—n 7
n==6
n=>5
n=4
n=23
n=2
n=1 ¥

Figure 1 The principal quantum number, n, represents the position of an electron in an atom. If
an electron moves from a higher shell, such as n = 5, to a lower shell, such as n = 1, the energy
difference between the shells is released as a photon.

Recall that Bohr took up the challenge of explaining the line spectrum of the
hydrogen atom. Bohr’s success led other scientists to pursue the investigation of
line spectra in detail because there were observations that still required explanation.
In 1891, Albert Michelson discovered that the distinct lines in the hydrogen atom’s
spectrum actually consisted of many smaller lines. These smaller lines were difficult
to see and were unexplained for many years. In 1915, a German physicist, Arnold
Sommerfeld, studied the hydrogen atom’s spectrum in detail. To explain the extra
lines, Sommerfeld proposed the secondary quantum number as a way to describe
electron energy sublevels, or subshells.

NEL

quantum numbers numbers that
describe the quantum mechanical
properties of orbitals; from the solutions to
Schrodinger’s wave equation

shell an atom’s main energy level, where
the shell number is given by the principal
quantum number,n=1,2,3, ...

principal quantum number (n) the
quantum number that describes the size
and energy of an atomic orbital

subshells orbitals of different shapes
and energies, as given by the secondary
quantum number; often referred to as s,
p, d,and f
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secondary quantum number (/) the
quantum number that describes the shape
and energy of an atomic orbital, with
whole-number values from 0 to n— 1 for

each value of n

magnetic quantum number (m) the
quantum number that describes the
orientation of an atomic orbital in space
relative to the other orbitals in the atom,
with whole-number values between
+/and —/ including 0
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Subshells are part of the primary energy level. If an energy level is described as a
staircase, one regular step actually represents a group of several smaller energy steps
(Figure 2).

n=3
n=2
N =1 e— —
energy-level energy
diagram “staircase”

Figure 2 Sommerfeld’s atomic model includes multiple energy levels within shells, called subshells,
except when n = 1.

The Secondary Quantum Number (/)

The secondary quantum number (/) describes the shape of an atomic orbital. It has
whole-number values from 0 to n — 1 for each value of n. This quantum number also
describes the energy of atomic orbitals. Whenn =1,/ = 0. Whenn = 3,1 =10, 1, and
2. The numbers used to describe / are usually replaced by letters to avoid confusion
with #. These letters are given in Table 1.

Table 1 Secondary Quantum Numbers and Corresponding Letters Used to Designate Atomic Orbitals

Value of / 0 1 2 3 4
Letter used S p d f g
Name sharp principal diffuse fundamental

In other words, at an energy level of n = 1, only an s orbital exists. However, at the
third energy level (n = 3), there can be s, p, and d orbitals. Each of these orbital types is
a subshell. Higher-energy subshell symbols follow the alphabet (g, k, i), but no stable
element in its ground state has electrons in subshells higher than f. This system of
using letters to identify the various subshells arises from early spectral studies.

Compared to different values of n, different values of | represent smaller differ-
ences in the amount of energy an electron requires to occupy any of the orbitals.

The Magnetic Quantum Number (m))

The magnetic quantum number (m)) is the quantum number that describes the orien-
tation of an atomic orbital in space relative to the other orbitals in the atom. It has
whole-number values between +/ and —/, including 0. The value of m; is related to
the orientation of an orbital in space relative to the other orbitals in the atom. The
number of different values that m; can have equals the number of orbitals that are
possible.
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For example, when [ = 1, there are three possible orbitals: +1, 0, and —1 (Table 2).
These three types of orbital are all p orbitals, but they differ from each other by their

orientation in space. Think about an xyz coordinate system (Figure 3).

Table 2 Quantum Numbers for the First Four Levels of Orbitals of Hydrogen

Number of
electrons in
Sublevel Number of each energy
n I | designation m orbitals level (2n?)
1 0 | 1s 0 1 2
2 0 | 2s 0 1
8
1 | 2p -1,0,1 3
3 0 | 3s 0 1
1 |3p -1,0,1 3 18
2 | 3d -2,—-1,0,1,2 5
4 0 | 4s 0 1
1 | 4p -1,0,1 3
32
2 | 4d -2,-1,0,1,2 5
3 | 4f -3,-2,-1,0,1,2,3 7

Figure 4 shows the relative energies of the s, p, and d orbitals in their respective

energy levels.

[ )]

Energy level

Sublevel

Orbital

n

/

1s —

Figure 4 The energies of orbitals relative to each other. The farther the orbitals are from the

nucleus, the closer together they are, and the subshells “overlap.”
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Figure 3 The magnetic quantum number
describes an orbital’s orientation in three-

dimensional space.
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nodes
node

1s 2s 3s

Investigation GERH|

Simulation of Electron Orbitals
(page 181)

You have learned about the first three
quantum numbers related to the model
of the atom. This observational study
will give you an opportunity to use the
numbers to simulate electron orbitals.
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Shapes and Orientations of Orbitals

You have read that orbitals represent electron probability distributions and that each
orbital has a unique probability distribution, shape, and orientation. Note that the 2s
and 3s orbitals contain areas of high probability separated by areas of zero probability
(Figure 5(a), top). These areas of zero probability are called nodes. For simplicity, you
can think of s orbitals in terms of their overall spherical shape, which becomes larger
as the value of n increases. Figure 5(a), bottom, illustrates the characteristic spherical
shape of each of the s orbitals.

z
S A
e
X
z z z
p A
X X X
Py Py p,
d Z z Z 7 z
y y y y y
X X X X X
d, d, d,, de_ 2 dp

(b)

Figure 5 (a) In these representations of the hydrogen 1s, 2s, and 3s orbitals, the nodes are the
areas of zero probability. The top diagram is a cross section of the electron probability distribution;
the nodes are spherical, too. Bottom: the surface contains 90 % of the total electron probability (the
size of the orbital, by definition). (b) Shapes and orientations of s, p, and d orbitals

The p orbitals are not spherical like s orbitals, but have two lobes separated by a
node at the nucleus (Figure 5(b)). The p orbitals can exist in any of the three dimen-
sions and are labelled using the xyz coordinate system along which the lobes lie. For
example, the 2p orbital with its lobes centred along the x-axis is the 2p, orbital.

Figure 6 shows how the 2p, orbital is identified using the first three quantum numbers.

nvalue (shell)

2Py <— m, value (orientation in space)

/value (subshell)
Figure 6

The 3p orbitals have the same boundary surface shapes shown in Figure 5(b),
except that they are larger because the value of # is greater.

The d orbitals (I = 2) first occur in level n = 3. The five 3d orbitals have the shapes
shown in Figure 5(b). Four of the orbitals (d,,, d,,, d,,, and d._ ;) have four lobes
centred in the plane indicated in the orbital label. Note that d,, and d,._ > are both
centred in the xy plane, but the lobes of d,._: lie along the x- and y-axes, whereas
the lobes of d,, lie between the axes. The fifth orbital, d:, has a unique shape with
two lobes along the z-axis and a belt centred in the xy plane. The d orbitals for levels
n > 3 look like the 3d orbitals but have larger lobes.
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The Spin Quantum Number (m,)

Samuel Goudsmit and George Uhlenbeck, graduate students at the University of Leiden
in the Netherlands, found that a fourth quantum number (in addition to #, I, and m,)
was necessary to account for the details of the emission spectra of atoms. The spectral
data indicated that the atom has a magnetic property, called a magnetic moment, when
the atom is placed in an external magnetic field. The magnetic moment of an atom
has two orientations. Since they knew from classical physics that a spinning charge
produces a magnetic moment, it seemed reasonable to assume that the electron could
have two oppositely directed “spin states” (Figure 7). The new quantum number related
to the spin of an electron, called the electron spin quantum number (m,), can have one of
two values: +1 and —1. These two values mean that the electron can spin in one of two
opposite directions, although other interpretations have been suggested.

Research This

Magnetic Fields and Sunspots

SKILLS

Skills: Researching, Analyzing, Communicating, Identifying Alternatives HANDBOOK L - As.1

Sunspots are temporary dark spots on the surface of the Sun. They are areas of intense
magnetic activity at a reduced temperature. Solar activity and sunspot cycles are important
factors in forecasting space weather, which can affect satellite communications.

Energy levels in atoms, transitions between energy levels, and associated spectral
lines of energy levels are assumed not to be under the influence of any magnetic field.
However, when a magnetic force is present, the energy levels split into sublevels, and
so do the spectral lines. This splitting is called the Zeeman effect. The idea of magnetic
quantum numbers was developed to explain the Zeeman effect.

The Zeeman effect is a way to identify, explain, and measure characteristics of sunspots.
Since the distance between the spectral lines produced by the split energy sublevels is
proportional to the strength of the magnetic field, scientists can use the Zeeman effect to
measure the magnetic fields of the Sun and other stars.

1. Research sunspots and their spectrographs. Find an image of a sunspot and its
associated spectrograph.

2. Determine what the spectrograph shows and how it relates to the sunspot.
3. Research how scientists use this information and why it is important.
A. Summarize your research. Provide an image, and describe your sunspot and

spectrograph.
B. What else do you think this technology could be used for? Are there any examples of
this application? RS
PP {\i‘%’::/\l WEB LINK

The Pauli Exclusion Principle

The Austrian physicist Wolfgang Pauli (1900-1958) formulated an important prin-
ciple, the Pauli exclusion principle, which states the following:

Pauli Exclusion Principle

In a given atom, no two electrons can have the same set of four quantum numbers (n, /, m,
and my).

Since electrons in the same orbital have the same values of #, [, and m;, the Pauli
exclusion principle implies that they must have different spin quantum numbers, m,.
Since only two values of m, are allowed, an orbital can hold only two electrons, which
must have opposite spins. This principle will have important implications when you
apply the quantum mechanical atomic model to account for electron arrangements
of the atoms in the periodic table.

NEL
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Figure 7 (a) By spinning in one
direction, the electron produces a
magnetic field oriented toward north.
(b) By spinning in the opposite direction,
the electron produces a magnetic field
in the opposite orientation.

spin quantum number (m,) the quantum
number that relates to the spin of the

electron; limited to +5 or —5

Pauli exclusion principle the principle
that no two electrons in the same atom
can be in the same quantum state

UNIT TASK BOOKMARK

Refer to the Pauli exclusion principle as
you work on the Unit Task on page 268.
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Tutorial 1

By working with the quantum numbers in this Tutorial, you will better understand the
rules that govern their use.

Sample Problem 1: Solving the Secondary Quantum Number

For principal quantum number n = 5, determine the value(s) of the secondary quantum
number, /, and the types of orbitals in each case.

Solution

For n = 5, the allowed values of /are 0to n — 1, 0r 0, 1, 2, 3, and 4. The types of orbitals
in each case are shown in Table 3.

Table 3
/=0 /=1 =2 /=3 /=4
58 5p 5d 5f 59

Sample Problem 2: Solving the Magnetic Quantum Number

How many possible values of m, are there for / = 0, 1, 2, and 3? What pattern do you
notice in these numbers?

Solution

The principal quantum number, n, determines the values of the secondary quantum number,
I, which in turn determines the possible values of the magnetic quantum number, m,.

The magnetic quantum number m; is equal to whole numbers from /to —/.
For /=0, 1, 2, and 3, the values of m, are shown in Table 4.

Table 4

) m,

0 0

1 1,0, -1

2 2,1,0,—1, -2

3 3,2,1,0,-1,-2,-3
Practice

1. For n = 7, what are the possible values for the quantum numbers /and m;?
[ans: /= 0to 6; m, = 6to —6]

2. Identify which of the following orbital designations do not exist: 1s, 1p, 7d, 3f,
41, 2d

[ans: 1p, 3f, 2d] & CAREER LINK
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m Review

Summary

Four quantum numbers, #, I, m;, and mg, define the electron’s position in the

atom.

The principal quantum number, 1, represents the main energy levels, or shells,
the electrons can occupy in an atom and has whole-number values 1, 2, 3, ...

The secondary quantum number, /, represents subshells, gives the shape of the

orbital, has values 0 to n — 1, and letters spdf.

The magnetic quantum number, m,, represents the orientations of the

subshells and has values —[ to +1.

The spin quantum number, m,, represents electron spin and has a value of

. 1 1
either +3 or —3.

The Pauli exclusion principle states that no two electrons in an atom can have

the same set of four quantum numbers (#, I, m;, m,).

Questions
1. What are quantum numbers? Create a chart 8. Which of the following sets of quantum numbers
showing the information you can obtain from the are not allowed? For each set that is not allowed,
quantum numbers #, [, and m;. [0 K= explain why it is not allowed. 1 & &
2. Suggest an analogy not mentioned in this section (@ n=3,1=2,m=2
to help explain the four quantum numbers. Share it by n=41=3,m=4
with a classmate and get his or her feedback. Revise () n=0,1=0,m=0
your analogy if necessary. [ & = s d) n=21=-1,m=1
3. How do 2p orbitals differ from each other? How do () n=11=1,m=2
2p and 3p orbitals differ from each other? 9. Which of the following sets of quantum numbers
4. Draw a sketch to compare the following orbitals. are not allowed? For each set that is not allowed,
In a few words, highlight the similarities and explain why it is not allowed. m &z k=
differences. @ K= @ n=31=3m=0m=—1
EE)) ;S andd3; (b) n=4,1=3,m=2,m = —;3
an
P Py (c)n=4,l=1,m,=1,msz+%
(c) 2sand 2p,
. (d)n=21=1m=-1,m;=-1
5. What are the possible values for the quantum numbers s - _ 1
n, I, and my, in the first three shells? [ em (€ n=51=-4m=2m= -'1_2
6. List all the possible quantum numbers for an ®) n=31=1Lm=2m=—;
electron in the 10. Science looks for ways to explain what is observed;
(a) 2s orbital theoretical knowledge forms the basis of these
. explanations. Explain the fourth quantum number.
(b) 6s orbital planati Explain the fourth g b
. Why was it needed? [ &m Ew
(c) 5forbital = EmEw - q hell ]
7. Which of the following orbital designations do not 11 The second energy shell (n = 2) inan atom
. . can hold no more than 8 electrons. Explain this
exist? Explain your answer. [ o
limitation. Em
(a) 1d . .
() 0 12. Every electron requires four unique quantum
P numbers. How many different sets of these numbers
() 4g are there for n = 1 and n = 2? [0 kW
(d) 5s
(e) 2f
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Atomic Structure
and the Periodic Table

As the study of chemistry progressed from the seventeenth through the nineteenth
centuries, it became evident to scientists that Earth is composed of a great many ele-
ments, each with very different properties. Scientists realized that the structure of
matter is much more complicated than the simple model of earth, air, fire, and water
suggested by ancient philosophers. As more elements were separated and identified,
chemists learned more about their properties. Gradually, chemists began to notice
patterns in the properties of elements.

The Periodic Table
Have you ever wondered why elements in the periodic table are arranged the way

they are? (Refer to the periodic table in Appendix B1). The elements of the periodic
Use the information in this section as table are arranged according to the way electrons arrange themselves around the
you work on the Unit Task on page 268. nuclei of atoms. Electron arrangement determines the chemical behaviour of every
element. After reading this section, you will be able to look at the position of an ele-
ment in the periodic table and predict its electron arrangement. You will also be able
to apply the quantum mechanical model of the atom to explain the periodicity of
chemical properties.
Understanding how electrons are arranged in atoms has allowed engineers to make
new products and develop new technologies. For example, lithium (Figure 1(a)) is
a very reactive element found in Group 1 of the periodic table. Lithium’s reactivity
is due to the arrangement of its electrons and their location relative to the nucleus.
When lithium is exposed to water, it reacts noticeably (Figure 1(b)). Scientists have
learned to maximize the potential of lithium by using it in batteries for cellphones,
MP3 players, laptop computers, radios, cameras, pacemakers, hybrid and electric cars,
and many other devices (Figure 1(c)).

Figure 1 (a) The lithium atom is reactive. (b) Lithium reacts readily with water. (c) Lithium is used
in many batteries because of its reactivity.

Multi-electronic Atoms

The Bohr-Rutherford model of the atom provides only a limited explanation of how
electrons are configured in the atom. Bohr-Rutherford diagrams are useful for the
first 20 elements, up to calcium. The quantum mechanical atomic model, with its four
quantum numbers, not only describes all atoms in the periodic table, but also allows
us to make theoretical predictions about atoms and their chemical properties.

To see how the quantum mechanical model applies to multi-electronic atoms
(atoms with more than 1 electron), consider helium, which has 2 protons in its
nucleus and 2 electrons in the 1s orbital.
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Three energy contributions must be considered in the description of the helium
atom: (1) the kinetic energy of the electrons as they move about the nucleus, (2) the
potential energy of attraction between the nucleus and the electrons, and (3) the poten-
tial energy of repulsion between the 2 electrons. Even though the helium atom can be
described in terms of the quantum mechanical model, the Schrodinger wave equa-
tion cannot be solved because the repulsions between electrons cannot be calculated
exactly. This problem is called the electron correlation problem.

The electron correlation problem occurs with all multi-electronic atoms. To treat
these systems using the quantum mechanical model, it is necessary to make approxima-
tions. The most common approximation is to treat each electron as if it were moving in
a field of charge that is the net result of the nuclear attraction and the average repulsions
of all the other electrons. For example, a sodium atom has 11 electrons: 10 electrons in
the first and second energy shells and 1 electron in the third shell (Figure 2). Now con-
sider the single outermost electron and the forces acting on it. The outermost electron
is attracted to the positively charged nucleus, but it is also repelled by the 10 electrons
in the first and second energy shells. The net effect is that the outer electron is not
bound to the nucleus as tightly as it would be if the other electrons were not present.
In essence, it is screened, or shielded, from the nuclear charge by the repulsions of the
other electrons.

The orbitals of multi-electronic atoms have the same general shapes as the orbitals for
hydrogen, but their sizes and energy values are different. These differences occur because
of the interplay between nuclear attraction and the repulsions from other electrons.

One important difference between multi-electronic atoms and the hydrogen atom
is that, for hydrogen, all the orbitals of a given principal quantum level (shell) have
the same energy. For example, in a hydrogen atom, electrons in the 2s and 2p orbitals
possess the same energy. In multi-electronic atoms, for a given principal quantum
level, n, the energies of electrons in the different orbitals vary as follows:

E,<E, <E,<E,

In other words, electrons in a particular quantum shell fill orbitals in order of
increasing energy: s, p, d, and then f. The reason for this has to do with the prob-
ability distributions of these orbitals. For example, notice in Figure 3 that an elec-
tron in a 2p orbital has its maximum probability closer to the nucleus than does
an electron in the 2s orbital. You might predict that a 2p orbital electron has lower
energy than a 2s orbital electron. However, notice the small increase in electron
density that occurs in the 2s orbital very near the nucleus. This means that for a
small but very significant time, the 2s electron is closer to the nucleus than the 2p
electron. This effect, called “penetration,” causes an electron of a 2s orbital to be
attracted to the nucleus more strongly than an electron of a 2p orbital. To summa-
rize, electrons in the 2s orbital possess less energy than electrons in the 2p orbital
of a multi-electronic atom. The probability distributions can also be represented by
the probability profiles in Figure 4.

(@ 2s (b) 2p
Figure 4 The probability profiles of (a) the 2s orbital and (b) the 2p orbital

The same rule applies to the other principal quantum levels. The relative energies
of the electrons in the n = 3 orbitals are E;; < E;, < Es;. In general, the more effec-
tively electrons of an orbital penetrate the shielding electrons, the lower the energy of
the electrons in that orbital.

fw

T

Figure 2 Sodium has 11 electrons and
11 protons.

2p 2s

Radial probability

Distance from nucleus

Figure 3 The probability profile of
2s orbital electrons and 2p orbital
electrons
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electron configuration the location and
number of electrons in the electron energy
levels of an atom

aufbau principle the theory that an atom
is “built up” by the addition of electrons,
which fill orbitals starting at the lowest
available energy orbital before filling
higher energy orbitals (for example,

i

Figure 6 An aufbau diagram shows

how electrons are added to each orbital,
beginning with the 1s orbital (bottom left),
until no electrons remain (top right).

—h
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The relative energies of the orbitals of the various sublevels are shown in Figure 5.

6p
s 900 S9000 4f
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Figure 5 Relative energies of electron orbitals. Each orbital (dot) can contain up to 2 electrons.

The Aufbau Principle
and Writing Electron Configurations

You can apply the quantum mechanical model to show how the electron arrange-
ments in atoms in the ground state account for the organization of the periodic table.
The location and number of electrons in the energy levels of an atom or ion is called
electron configuration.

As you move across a row of the periodic table from left to right, atoms are
arranged in order of increasing atomic number (proton number). Note that, in a
neutral atom, the atomic number is also equal to the number of electrons. The result
is that, as you move across the periodic table from left to right, the electron number
of the elements also increases. The electron configuration of an atom can be deter-
mined using the aufbau principle, which hypothesizes that an atom is “built up” by
progressively adding electrons. Furthermore, it states that as electrons are added,
they assume their most stable condition (energy orbital) by filling the lowest available
energy orbitals before filling higher energy orbitals. Figure 6 shows how an aufbau
diagram can be used as a tool for determining the electron configuration of an atom.
The word aufbau is German for “building up”
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The aufbau principle can be demonstrated by examining the electron configura-
tion of the elements, moving from left to right along the periodic table. The following
examples illustrate this. The hydrogen atom has 1 electron, which occupies the 1s
orbital in its ground state. The electron configuration for hydrogen is written as 1s',

which can be represented by the following energy-level diagram, or orbital diagram: energy-level diagram (orbital diagram) a
2p diagram that represents the relative energies
Djj of the electrons in an atom
28
1s

H: 1s'

The next element, helium, has 2 electrons. According to the Pauli exclusion prin-
ciple, since 2 electrons with opposite spins can occupy an orbital, the electrons in helium
are in the 1s orbital with opposite spins. Helium therefore has a 1s* configuration:

2p

25

[]

1s
He: 152

The atom of the element lithium has 3 electrons, 2 of which can go into the 1s
orbital, which is now full. The third electron occupies the next lowest energy orbital
(n = 2), the 2s orbital, so lithium has a 1s*2s' configuration:

2p

[T 1]

2s

1s
Li: 1s22s?
The atom of the next element, beryllium, has 4 electrons, which occupy the 1s and
2s orbitals:
2p

[T 1]

2s

1s
Be: 152252

The boron atom has 5 electrons, 4 of which occupy the 1s and 2s orbitals. The fifth
electron goes into the second type of orbital with n = 2, the 2p orbital:

2p
]

2s

1s
B: 1s22s22p

All the electrons in the 2p orbitals have the same energy, so it does not matter

which 2p orbital the fifth electron occupies. By convention, we write it in the left-
hand orbital.
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Hund’s rule a rule stating that in a
particular set of orbitals of the same
energy, the lowest energy configuration
for an atom is the one with the maximum
number of unpaired electrons allowed

by the Pauli exclusion principle; unpaired
electrons are represented as having
parallel spins

LearninG TP N

Energy-level Diagrams

You may sometimes see energy-level
diagrams expressed in different
ways. The method used in this text
(arrows in square boxes) is probably
the most common. Two alternative
ways to draw energy-level diagrams
are shown below:
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For an atom with unfilled orbitals, the most stable energy level (lowest energy) is
achieved when electrons occupy separate orbitals with parallel spins. An atom of carbon,
the next element, has 6 electrons. Two electrons occupy the 1s orbital, 2 electrons occupy
the 2s orbital, and 2 electrons occupy 2p orbitals. Since there are three 2p orbitals with
the same energy, the electrons occupy separate 2p orbitals. This configuration is sum-
marized by Hund’s rule, which states that in a particular set of orbitals that have the
same energy, the lowest energy configuration for an atom is the one with the maximum
number of unpaired electrons allowed by the Pauli exclusion principle. In simple terms,
this means that before any 2 electrons occupy an orbital in a subshell, other orbitals in
the same subshell must first each contain 1 electron. Electrons filling a subshell will have
parallel spin before the shell starts filling up with electrons having the (after the first
orbital gains a second electron).

The electron configuration for the carbon atom could be written as 15°25°2p,2p,'
to indicate that the electrons occupy separate 2p orbitals. However, the configuration
is usually written as 15°2s*2p?, and it is understood that the electrons are in different
2p orbitals. The energy-level diagram for carbon is

2p
]
28

1s
C: 15%22522p?

Note that the unpaired electrons in the 2p orbitals are shown with parallel spins.

The higher-energy orbitals have some anomalies in the order of filling orbitals. For
example, in Figure 5 on page 162, the energy of the 4s orbital is lower than the energy
of the 3d orbitals. Therefore, the 4s orbital must be filled before the 3d orbitals. When
building the electron configuration of atoms, it is important to strictly follow this
order. Use an aufbau diagram to write electron configurations in order of increasing
energy. To do this you will also need to know the number of orbitals in each type of
subshell: s=1,p=3,d=5,and f= 7.

Procedure for Writing an Electron Configuration

1. Use the periodic table to determine the number of electrons in the
atom or ion.
2. Assign electrons by main energy level and then by sublevel, using
an energy-level diagram or an aufbau diagram.
3. Distribute electrons into orbitals that have the same energy
according to Hund’s rule.
4. Fill each sublevel before starting with the next sublevel. Continue
until all electrons are assigned.
e For anions (negatively charged ions), add an appropriate number
of additional electrons.
e For cations (positively charged ions), remove an appropriate
number of electrons.

The electron configuration for the nitrogen atom (7 electrons) is 1s*2s*2p>. The
3 electrons in the 2p orbitals occupy separate orbitals with parallel spins:

2p
28

1s
N: 152252 2p3
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The configuration for the oxygen atom, which has 8 electrons, is 1s°2s°2p*. One of
the 2p orbitals is now occupied by a pair of electrons with opposite spins, as required

by the Pauli exclusion principle:

2p
7]

25

1s

0:1s22s22p*

The energy-level diagrams and electron configurations for atoms of the elements

fluorine (9 electrons) and neon (10 electrons) are as follows:

2p 2p
1] 1] 1T
2s

2s
1) ]
1s 1s

F:1s22522p° Ne: 1s22s22p®

For neon, the orbitals » = 1 and n = 2 are now completely filled.

In atoms of sodium, Na(s), the first 10 electrons occupy the 1s, 2s, and 2p orbitals,
so the eleventh electron must occupy the first orbital with n = 3, the 3s orbital.
The electron configuration for sodium atoms is 15*2s”2p®3s'. To avoid writing the
increasing string of inner-level electrons, a shorthand using noble gas configurations
is used. In this abbreviated form of the electron configuration, the nearest noble
gas preceding the element is notated in brackets, and the electron configuration is

continued from that point forward. For example, the noble gas con-
figuration for sodium is [Ne]3s', where [Ne] represents the electron
configuration of neon, 1s*2s*2p°.

The atom of the next element, magnesium, has the electron con-
figuration 1s°2s°2p°3s%, or [Ne]3s>. Atoms of the next 6 elements,
aluminum through argon, have configurations obtained by filling
the 3p orbitals one electron at a time.

Consider an analogy for the aufbau principle and the process of
filling orbitals. Imagine that the atom is a concert hall (Figure 7). The
stage is the nucleus, and the seating area represents the space where
electrons most likely exist. The placement of electrons in orbitals
in order of increasing energy follows a similar pattern to filling the
seats closest to the stage first. The principal quantum number (which
tells you the energy level) is like the seating section. The secondary
quantum number (which tells you the subshell) is like the row. The
magnetic quantum number (which gives specific information on
the orientation of the orbital) is your seat. In this analogy, each seat
is a loveseat. It can seat two people (left and right). The loveseat
analogy is not totally appropriate, though. For the fourth quantum
number—the spin quantum number—one person would have to be
sitting on his or her head for the analogy to work completely.

NEL
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Figure 7 The atom can be thought of as analogous to a
concert hall: the process of filling seats is similar to filling
orbitals with electrons.
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Tutorial 1

In this tutorial, you will practise writing electron configurations of atoms and ions in different
ways, and use electron configurations to identify an element.

Sample Problem 1: Writing a Full Electron Configuration

Write the full electron configuration for the sulfur atom. 1s has 2 electrons, 2s has 2 electrons, 2p has 6 electrons, 3s

Solution has 2 electrons, and 3p will fill 4 of 6 orbitals.

Step 1. Determine the total number of electrons in the atom. Statement: The electron configuration for sulfur is
1522522p°3523p".

Sulfur has 16 electrons.

Step 2. Assign electrons in order of main energy levels and
sublevels using the aufbau principle. Remember that
each orbital can hold 2 electrons and the various
subshells have specific numbers of orbitals (there is
1 sorbital, 3 p orbitals, 5 d orbitals, and so on).

Sample Problem 2: Identifying an Element

Identify the element that has atoms with the following electron Statement: The element with the electron configuration
configuration: 1522s%2p%3s23p%4523a® 1522522p®35%3p%4523d8 is nickel.
Solution

Count the number of electrons.
There are 28 electrons.

The number of electrons corresponds to the number of protons
in a neutral atom. Therefore, the number of protons is 28 so the
element is nickel (Ni).

Sample Problem 3: Writing a Shorthand Electron Configuration

Write the shorthand electron configuration (noble gas Statement: The shorthand electron configuration (noble gas
configuration) for the chlorine atom. configuration) for chlorine is [Ne]3s23p°.
Solution

Determine the noble gas immediately preceding chlorine, which
is neon (Ne). Add the additional electrons to this noble gas.

[Ne]3s23p°®

Sample Problem 4: Electron Configurations for lons
Write the electron configuration for the calcium ion Ca?".

Solution

Follow the same process as you did for a neutral atom, but add S0 remove 2 electrons. The electron configuration for the calcium
or remove electrons as required. ion is 1522522p®3523p°.

The electron configuration for a calcium atom is Statement: The electron configuration for the calcium ion Ca?*
15%25%2p%35%3p®452. The calcium ion, Ca?™, has a +2 charge, is 1522522p%3523p".

Practice

1. Write the full electron configuration for an atom of the element francium.
[ans: 15225%22p53523p®3d'%45%4p®4d 04145525 p%5d'%65%6p°75"]
2. ldentify the element with the following electron configuration: 1522522p®35%3p%4s' [ans: K]
3. Write the shorthand electron configuration (noble gas configuration) for an atom of silicon. [ans: [Ne]3s23p?]
4. Write the electron configuration for the magnesium ion Mg?*. [ans: 1522522f)
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Explaining the Periodic Table

Electron configuration can help explain the structure of the periodic table and peri-

odic trends. Figure 8 summarizes the electron configurations of the first 18 elements

by giving the number of electrons in the type of orbital occupied last. Note that

an important pattern is developing: the elements in the same group have the same

valence electron configuration. Recall that valence electrons are the electrons in the  valence electron an electron in the
outermost shell (outermost principal quantum level) of an atom. For example, the  outermost principal quantum level of
valence electrons in a nitrogen atom are the 2s and 2p electrons, a total of 5 elec-  anatom

trons. In a sodium atom, the valence electron is the electron in the 3s orbital, and so

on. Valence electrons are the most important electrons to chemists because they are

involved in bonding, as you will read in the next chapter. Remember that Mendeleev

originally placed the elements in groups based on similarities in chemical properties.

Now you know the reasons for these similarities. Elements with the same valence

electron configuration show similar chemical behaviour. Chemical similarities allow

you to draw conclusions about electron configurations. & WEB LINK
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Li | Be B H N 0 F | Ne
2s' | 2s? 2p" | 2p? | 2p® | 2p* | 2p° | 2pS
Na | Mg Al | Si P S | Cl | Ar
3s' | 3s? 3p' | 3p2 | 3p3 | 3p* | 3p° | 3pb

Figure 8 The valence electron configurations for the first 18 elements

The nineteenth element of the periodic table is potassium. Recall that the 3p
orbitals in an argon atom are fully occupied. Consequently, you might expect the
additional electron in a potassium atom to occupy a 3d orbital, since for n = 3, the
orbitals are 3s, 3p, and 3d. However, experimentation has shown that the properties of
potassium are very similar to those of lithium and sodium. Potassium, like sodium, is
very reactive with oxygen, so it must be carefully stored away from air. This property
of potassium is evidence that the outermost electron in the potassium atom occupies
the 4s orbital, rather than one of the 3d orbitals. The electron configuration of a potas-
sium atom is shown below:

K: 1s°2s%2p%3s?3p%4s'  or [Ar]4ds'.

The electron configuration of the atom of the next element, calcium, is Ca: [Ar]4s>.
The next element, scandium, begins a series of 10 elements (scandium through
zinc) called the transition metals, which are elements whose highest-energy elec-  transition metal an element whose
trons are in d orbitals. The electron configuration of an atom of a transition metal is  highest-energy electrons are in d orbitals
obtained by adding electrons to the five 3d orbitals. The configuration of an atom of
scandium is Sc: [Ar]4s%3d", that of titanium is Ti: [Ar]4s23d?, and that of vanadium
is V: [Ar]4s%3d°.
The expected electron configuration of atoms of the next element, chromium, is
[Ar]4s*3d*. However, the observed configuration is Cr: [Ar]4s'3d°. The chromium
atom is an exception to the aufbau principle. One explanation for this anomaly is
provided by experimental evidence that indicates that unfilled subshells are less stable
than half-filled and filled subshells, and that unfilled subshells have higher energy. It
is less important for s orbitals to be filled or half-filled compared with d orbitals. In
the chromium atom, an s electron moves to the d subshell and creates two half-filled s
and d subshells: 45*3d* becomes 4s'3d°. This movement of electrons creates an overall
energy state that is lower and therefore more stable.
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The atoms of each of the next four elements, manganese through nickel, have the
expected configurations:

Mn: [Ar]4s*3d° Co: [Ar]4s?3d’

Fe: [Ar]4s23d° Ni: [Ar]4s23d?®

The electron configuration of the copper atom is expected to be [Ar]4s*3d”°.
However, the observed configuration is Cu: [Ar]4s'3d'’. Copper is another exception
to the aufbau principle. In the copper atom, an s electron moves to the d subshell and
creates a half-filled s subshell and a filled d subshell, which makes it more stable.

The atom of the next element, zinc, has the expected configuration: Zn: [Ar]4s*3d"°.

The configurations of elements in the first row of the transition metals are shown
in Figure 9. The elements gallium through krypton have configurations that corre-
spond to filling the 4p orbitals.

K | Ca| Sc | Ti V [Cr |[Mn| Fe | Co | Ni |Cu | Zn | Ga | Ge | As | Se | Br | Kr
45’ 452 |45230"(452302|45230°|45'30°(45230°(45230%|4523d7 452308 (45130045230 4p! 4p2 | 4p3 | 4p* | 4p5 | 4pS

Figure 9 Valence electron configurations for potassium through krypton. The fourth period
transition metals (scandium through zinc) have the general configuration [Ar]4s?3d", except for
chromium and copper (highlighted in pink).

Figure 10 shows which orbitals in the periodic table are the last to be filled.

1 Group 18
1q2 13 14 15 16 17| '°
| l
2| 2s 2
| :
3% 13 45 6 7 8 9 1011 12 3
| |
Period 4 4:3 3|d 4F
! ! !
5| 5s 4d 5
| | P
l l |
6 6|s La 5|d 6p
!
7 7s |Ac 6d
| I |
> af
5

Figure 10 In the atoms of a period, the (n + 1)s orbital fills before the nd orbital. The group labels
indicate the number of valence electrons (ns plus np electrons) of atoms of the elements in each
group.
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Note the following additional points (with reference to Figure 10):

1. The (n + 1)s orbitals always fill before the nd orbitals. For example, the 5s
orbitals fill before the 4d orbitals in atoms of the period 5 transition metals
(yttrium through cadmium). This order of filling can be explained by the pen-
etration effect: the 4s orbital penetrates closer to the nucleus, so it has a lower
energy than the 4d orbital (see Figure 5, p. 162).

2. After lanthanum ([Xe]6s*5d"), there is a group of 14 elements called the
lanthanide series, or the lanthanides. This series of elements corresponds
to filling the seven 4f orbitals in their atoms. Similarly, after actinium
([Rn]7s*6d"), there are the 14 elements that make up the actinide series.

3. In the lanthanide and actinide series, since the 5d and 4f, and the 6d and 5f
orbitals are close in energy, the increased stability associated with empty, half-
filled and fully filled orbitals affects the electron configurations.

4. The group labels 1 to 18 indicate the total number of valence electrons for
the atoms in these groups. For example, atoms of all the elements in Group
15 have the configuration ns’np’. (The d electrons fill one period later and
are usually not counted as valence electrons.) The elements in Groups 1 to 18
are often called the main group, or representative elements. The atom of every
member in each group has the same valence electron configuration.

The quantum mechanical model explains the arrangement of elements in the periodic
table. This model allows you to understand why the elements in a group have similar
chemistry: they all have atoms with the same valence electron configuration. Only the
principal quantum number of the valence orbitals changes in a particular group.

In this text, when an electron configuration is given, the orbitals are listed in the
order in which they fill. It is important to be able to write the electron configuration
of atoms of each of the main group elements. If you understand how the periodic
table is organized, it is not necessary to memorize the order in which the orbitals fill.
Review Figure 10 to ensure you understand the correspondence between the orbitals
and the periods and groups.

Predicting the electron configurations of the atoms of the transition metals (3d,
4d, and 5d elements), the lanthanides (4f elements), and the actinides (5f elements) is
more difficult because there are many exceptions. Familiarize yourself with the electron
configurations of the atoms chromium and copper, the two exceptions in the first-row
transition metals, because these elements are often encountered: Cr: [Ar]4s'3d° and
Cu: [Ar]4s'3d".

representative elements those elements
in the main blocks of the periodic table,
which are Groups 1 to 18 (the sand p
blocks)

UNIT TASK BOOKMARK

Use the information in this section as
you work on the Unit Task on page 268.
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Tutorial 2

In this tutorial, you will practise writing electron configurations using the periodic table

instead of the energy-filling order.

Sample Problem 1: Writing Electron Configurations

Give the electron configurations for the atoms of sulfur, S; Hafnium is element 72 and is found in period 6. Note that
cadmium, Cd; hafnium, Hf; and radium, Ra, using the periodic it occurs just after the lanthanide series. Thus, the 4f orbitals
table (Appendix B1). Use Figure 10 on page 168 as an aid. are already filled in the hafnium atom. Hafnium is the second

Solution

member of the 5d transition series and its atom has two 5d
electrons. The electron configuration of the hafnium atom is

Sulfur is element 16 and resides in period 3, where the 3p orbitals Hf: 15%25%20°35%3 04523004 P55%4 00506 524152

of the atoms are being filled. Since sulfur is the fourth of the 3p
elements in Figure 10, its atom must have 4 3p electrons. Its

configuration is
S: 1522522pP3s23p*  or

Cadmium is element 48 and is located in period 5 at the end

or [Xe]6s%4f'*5d?

Radium is element 88 and is in period 7. Thus, the radium
atom has 2 electrons in the 7s orbital. Its electron configuration is

Ra: 15%25%2p°35°3pP45230"°4p°55%4d"°5p°6 524 1'*5d %6 p°7 5

of the 4d transition series. Since it is the tenth element in the or [Rn]7s?
series, the cadmium atom has 10 electrons in the 4d orbitals,

in addition to the 2 electrons in the 5s orbital. Its electron

configuration is

Cd: 15°25%2pP35%3pP45°3d "4 P5524d™°

Practice

or [Krj5s%4d"®

1. Give the full electron configurations for the elements titanium, Ti(s), and aluminum,
Al(s), using the periodic table in Appendix B1. Modify these configurations
to show the shorthand noble gas form.
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[ans: Ti: 15%2522p°3523p°452342 or [Ar]4s230?; Al: 15%25221°3523p" or [Ne]3s23p']
2. Write the shorthand configuration for the following: s5Br; 45TC; g3Bi, 59Pr; gsCM
[ans: 55Br: [Ar]4s23d™%4p5; ,,Tc: [Kr]58%4d°%; 4,Bi: [Xe]65%41 *5d'%p%; 54Pr: [Xe]65%5d"4?; osCm: [Rn]75%6d 51 7]

Chapter 3  Atoms

Explaining lon Charges

The ability of transition metals to form multiple ions can now be explained. The elec-
tron configuration for the neutral cadmium atom is Cd: [Kr]55*4d". It shows that
the cadmium atom has 12 electrons in its outer orbitals. Cadmium forms a 2+ ion.
If the outer two 5s electrons were removed, the neutral cadmium atom would be left
with a full 4d orbital and would be relatively stable: Cd*": [Kr J4d". Alternatively, the
cadmium atom could give up 10 electrons and leave filled 5s orbitals. (However, this
possibility is very unlikely.)

Lead, Pb, is an example of how 2+ and 4+ ions form. The neutral electron config-
uration for the lead atom is Pb: [ Xe ]65*4f"*5d'%6p>. It shows full 65, 4f, and 5d orbitals
and a partially filled 6p orbital (2 out of 6 electrons). The lead atom could lose these
two 6p electrons fairly easily, forming a 2+ lead ion. To form a 4+ ion, the lead atom
would have to lose 4 electrons from its 6s and 6p orbitals.

NEL



Explaining Magnetism

Table 1 shows three strongly magnetic elements and the electron configurations of
their atoms. Based on the evidence in Table 1, you might speculate that magnetism
is caused by the presence of several unpaired electrons in an atom. However, if you
examine the periodic table more closely, you will notice that the elements ruthe-
nium, rhodium, and palladium—which are in the same group as iron, nickel, and
cobalt—are only weakly magnetic. These elements also have several unpaired elec-
trons. Therefore, having several unpaired electrons only partially explains the strong
magnetic properties of iron, nickel, and cobalt. There must be other properties that
can explain why these metals are so strongly magnetic.

Table 1 Electron Configurations of Ferromagnetic Elements

Ferromagnetic Electron Pairing of d
element configuration d-orbital filling electrons

Fe [Ar]4s%3a5 1 pair; 4 unpaired
C 23q7 2 pairs; 3 ired
0 [Ar]4s°3d pairs; 3 unpaire
Ni 23¢° 3 pairs; 2 ired
I [Ar]45°3d pairs; 2 unpaire

Scientists have found that iron, nickel, and cobalt consist of small, dense packs of
atoms called domains. The magnetic fields of atoms in a domain align in the same
direction, even though the domains themselves align randomly (Figure 11(a)).
However, in the presence of an outside magnetic field, the magnetic fields of most
of the domains become aligned with the outside field and, hence, with one another
(Figure 11(b)). As a result, many groups of atoms become aligned in the same direc-
tion and the metal becomes a permanent magnet. They stay magnetized even when
the external magnetic field is removed. This is because their magnetic properties
are based on the alignment of their atoms. The mechanism by which elements form
permanent magnets is called ferromagnetism. Iron, nickel, and cobalt are the most
well-known ferromagnetic elements.

P
N

no external external magnetic
(a) magnetic field (b) field present

Figure 11 (a) In the absence of an external magnetic field, the magnetic domains are randomly
aligned. (b) In the presence of a magnetic field, the domains align with the field. Once aligned,
these domains stay aligned until they are disturbed.

Iron, cobalt, and nickel display strong magnetic properties, but there are other ele-
ments, such as aluminum and platinum, that display weak but measurable magnetic
fields. These fields arise due to the presence of unpaired electrons in the atom. Hund’s
rule tells us that unpaired electrons in an atom all have the same spin. This spinning gen-
erates a weak magnetic field, a property called paramagnetism. This magnetic field is not
usually noticed but is detectable when the element interacts with a strong magnetic field.

ferromagnetism the very strong
magnetism commonly exhibited by
materials that contain nickel, iron, and
cobalt; applies to a collection of atoms

paramagnetism the weak attraction
of a substance to a magnet; applies to
individual atoms

Investigation SR

Paramagnetism (page 182)

Some elements exhibit magnetic
properties, whereas some elements
display magnetic properties only
when exposed to a magnetic field.
This controlled experiment will

give you an opportunity to identify
paramagnetic materials.
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m Review

Summary

of the electrons in the atom.
occupies the lowest-energy orbital available to it.

each before electrons begin to pair up.

The electron configuration of an atom describes the energies and locations
The aufbau principle states that each successive electron added to an atom
Hund’s rule states that orbitals of equal energy fill with 1 unpaired electron

Valence electrons—the electrons in the outermost principal quantum level

of an atom—determine many of the chemical properties of elements.

Electron configurations can be simplified by writing shorthand configurations.

The characteristic properties and positions of elements in each of the s, p, and
d sections of the periodic table are related to their electron configurations.

Questions

1. (a) Four blocks of elements in a periodic table refer
to various subshells being filled. What are the
four blocks and the corresponding orbitals?

(b) What information from the periodic table helps
you derive an electron configuration from the
position of an element in the periodic table?

(c) State the aufbau principle and Hund’s rule.

(d) Explain how the aufbau principle and Hund’s
rule help us determine the order of orbital
filling. mm

2. Draw an outline of the periodic table. Shade the

s block in red, the p block in blue, the d block in
green, and the fblock in yellow. Include a key. = x=

3. For elements 1 to 36, there are two exceptions to the

filling order predicted by the periodic table.

(a) Write the electron configurations for these two
elements, and indicate how many unpaired
electrons are present.

(b) Briefly explain why these unpredicted electron
configurations form.

4. The elements Si, Ga, As, Ge, Al, Cd, S, and Se

are all used in the manufacture of various
semiconductor devices. Write the expected full
electron configurations for the atom of each of these
elements. & Ea

5. The elements Cu, O, La, Y, Ba, Tl, and Bi
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are all found in high-temperature ceramic
superconductors. Write the shorthand noble
gas configurations for the atom of each of these
elements. & En
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10.

Use the periodic table to predict which orbital the
last electron enters for each of the following
atoms:

(a) Zn

(b) I

(c) Ba

Using only the periodic table, write the expected

ground-state electron configuration for the atom of

(a) the third element in Group 15

(b) element number 116

(c) an element with 3 unpaired 5d electrons

(d) the halogen with electrons in the 6p atomic
orbitals [ & ien

Write the full electron configuration for the atom of

each of the following: = & k=a

(a) the lightest halogen

(b) an alkali metal with a full 3p orbital

(c) the Group 13 element in the same period as Sn

(d) the non-metallic elements in Group 14

Draw the energy-level diagram for the atom of each

of the following elements: &m Kk

(a) boron

(b) silicon

(c) mercury

Use electron configurations to explain

(a) why arsenic can acquire charges of —3 and +3
but not +2

(b) the +2 charge on the lead(II) ion
(c) the +1 charge of the silver ion [ & &=
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Applications of Quantum Mechanics

Quantum technologies are more common than you may think. They are used in
lasers in DVD players (Figure 1), microchips in cellphones, and MRI machines in
hospitals. All of these technologies operate at the nanoscale level, where the effects of
quantum mechanics are significant.

Quantum mechanics and quantum theory are not science fiction. They are at the
core of each of the above technologies, and are also the foundation of many cutting-
edge scientific research projects. The effects of these technologies can be beneficial,
but it is always important to recognize that there may also be associated risks that can
be detrimental to society and the environment. The risks and benefits and/or applica-
tion must be considered carefully.

While there are numerous applications, this section explores three specific applica-
tions of quantum theory: lasers, Bose-Einstein condensates, and quantum analysis
and diagnostic technologies (MRI). Figure 2 shows some additional applications of
quantum theory.

bombs power
evolution of medical uses materials and
the universe technology
Figure 1 Lasers are possible because
T T T of an understanding of quantum
Subatomic . Atoms and mechanics.
Nuclear Physics

Particles Molecules

T— QUANTUM THEORY 41

!
l —— l

quantum lasers communications quantum
computing cryptography

Figure 2 Quantum theory has many applications (shown in blue) across many industries (shown in
green).

Laser Technology

Applied science occurs when science theory or knowledge is used for practical pur-
poses. Often, a technology develops first and then scientific theory is used to explain
how it works. However, in some cases, the technology is theorized and then science
is used to develop the technology. To illustrate this point, consider the development
of laser technology. In 1917, Einstein established the theoretical foundations for the
laser. He proposed the theory that electrons can be stimulated to higher energy states
and then release radiation when they return to the ground state. In order to develop
the laser, scientists first had to understand quantum theory, especially the way elec-
trons make quantum leaps from one energy level to another.

The race to develop the first laser devices had its share of controversy. Many
research labs were working on developing the laser at the same time, and there were
arguments about who could lay claim to the first series of patents. Theodore Maiman
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demonstrated the first working visible-light laser in 1960. This ruby laser produces red
light from a ruby crystal (Figure 3). The word “laser” stands for “light amplification

laser (light amplification by stimulated by stimulated emission of radiation.” A laser is a device that produces an intense beam
emission of radiation) a device that of light of a single wavelength (colour). In addition, the light waves in the laser beams
produces light of a single colour with all are coherent, which means the waves vibrate in the same direction at the same time.

waves travelling parallel to each other As a result, the laser beam can transfer a great deal of energy. Consequently, lasers

can cause burns and blindness. There are four classes of lasers, depending on the laser
beam’s power. Class 1 lasers are safe for most uses and include laser lights, levels, some
pointers, and the lasers in printers and disc players. Class 4 lasers range from the
medical lasers used to remove hair, blemishes, and scars to powerful industrial lasers
used to cut through metals or stacks of fabric in the manufacture of garments. These
lasers are extremely dangerous and require special safeguards. & WEB LINK

100 % reflective flash tube
mirror

ruby crystal
power supply ~_

reflecting cylinder

95 % reflective lasar beam

mirror

Figure 3 Lasers contain an electric flash tube that emits a series of bright flashes of light. Electrons
in atoms of the ruby rod absorb photons from the flash tube and move into higher energy levels.
When these excited electrons drop back to a lower energy level, they emit photons with a specific
wavelength. The release of photons by a few atoms triggers other atoms to do the same. This action
increases the intensity of the laser light. Mirrors reflect the photons back and forth between the ends
of the ruby rod, and the laser beam eventually passes through the mirror at the right end of the rod.

The operation of lasers is based on quantum theory. An electron requires a photon
of specific energy to excite it to a higher energy level. An excited electron hit by a
photon of specific energy will return to its original energy level after releasing a
photon with the same energy. Some of the photons released collide with other atoms
in the ruby rod in Figure 3, causing other photons to be released. Some photons
reflect from the mirrors at the ends of the rod, and then collide with atoms, which
releases more photons. This effect is called the amplification of photons. Some of the
photons that travel along the axis of the ruby rod eventually exit through the 95 %
reflective mirror and form the laser beam. These photons all have the same wave-
length and travel in parallel, continuous waves along the same path.

Bose-Einstein Condensate: Another State of Matter

In the 1920s, Satyendra Nath Bose of India (Figure 4) and Albert Einstein together
predicted the existence of another state of matter, sometimes referred to as the fifth
state of matter. They hypothesized that if a collection of atoms were cold enough, all

Figure 4 Satyendra Bose of India

collaborated with Albert Einstein the atoms would be in the lowest possible quantum energy state and would therefore
to predict the existence of the have identical energy. As a result, the atoms could effectively all occupy the same
Bose-Einstein condensate. space at the same time—a very strange idea. Scientists called this state a condensate,
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sometimes referred to as the Bose—Einstein condensate. Bose—Einstein condensate (BEC) ~ Bose-Einstein condensate (BEC) a state of
is a state of matter that consists of a pile of atoms all in the same place at the same  matter that consists of a collection of atoms
time (Figure 5). It exists only at temperatures within a few billionths of a degree of ~ near absolute zero; all the atoms have the
absolute zero, which is 0 K or —273.15 °C. & WEB LINK lowest possible quantum energy state

It was not until 1995 that scientists were able to create the first condensate in a
laboratory. The cooling technology necessary for producing condensates was not
available until this time. No one yet knows how Bose-Einstein condensates can be
put to practical use, but not every scientific discovery yields a practical application.
The purpose of science is to learn about the universe. The BEC is another example of
quantum theory predicting an actual material result.

Quantum Analysis and Diagnostic Technologies

At the beginning of this chapter, you saw an example of quantum analysis in a diag-
nostic technology called magnetic resonance imaging. Magnetic resonance imaging  Figure 5 A Bose—Einstein condensate
(MRI) uses a strong magnetic field to cause the magnetic fields of the hydrogen atoms 8 beginning to form on the left and

to align in the same direction as the outside magnetic field. A radio transmitter then reaches completion on the far right.
applies varying radio waves. Certain frequencies of the radio waves are absorbed  magnetic resonance imaging (MRI) a
when the radio-frequency photons cause the magnetic fields of the molecules to medical tool in which magnetic fields
“flip” to the opposite direction. A scanner detects the changes in the spectrum of interact with atoms in the human body,
radio waves, and a computer converts these changes into an image. Today’s scanning  producing images that doctors can use to
techniques can produce a three-dimensional image that can be rotated on a computer  diagnose injuries and diseases

screen (Figure 6). The MRI is an option for scanning soft tissues, such as muscles,

internal organs, and the brain. & WEB LINK

@9@5 4??@? ¢¢ T ¢ éﬂ.

(a)\O\ (©)

Figure 6 (a) Hydrogen atoms in water molecules in the body spin in random directions. (b) When the
MRI machine produces a magnetic spin, the hydrogen atom’s spin will line up in the direction of the
magnetic field. About half will spin up, and the rest will spin down. But the balance is not exactly
equal. There will be a few atoms (green atoms) that have a spin that does not cancel. This produces
a measurable magnetic field. (c) A radio pulse is then applied, causing these unmatched atoms to
reverse their spin. (d) When the pulse is removed, these atoms will flip back to their original spin
and release energy. (e) Detectors in the machine register the energy released, and a computer
program interprets the energy patterns to create an image.

One advantage that MRI has over X-ray and CAT (computerized axial tomog-
raphy or CT) scans is that MRI does not use ionizing radiation. There is virtually no
risk to patients who receive an MRI scan. Patients who receive an X-ray or CAT scan
are exposed to low levels of radiation, which is a known risk for cancer, although the
levels are so low that this is not a major concern for most patients and the benefits
outweigh the risks. § CAREER LINK

The application of quantum theory to common, everyday technologies is still in its
infancy. Quantum technologies allow scientists to obtain increasingly sensitive measure-
ments in their analyses. This increased precision in measurement will allow the devel-
opment of new technologies that have even greater precision. The application of these
technologies will range from quantum imaging and photography to smaller computer
chips. Quantum computers may become possible as scientists learn more about creating
and maintaining certain quantum energy states in atoms and ways of detecting changes
in those states. Computing speed and memory capacity could be increased to amazing
levels. As more and more technologies emerge that operate at the atomic or molecular
level, the implications of quantum theory will only become more important. & WEB LINK
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m Review

Summary

The applications of quantum mechanics are extensive, and the technology

is advancing at a very fast rate.

Advances in quantum technology are generating cutting-edge materials,
improved medical diagnostic capabilities (such as MRI), new sources of

power, and revolutionary computing power.

Laser technology is based on electrons being stimulated to release photons.

The Bose-Einstein condensate is a gas-like state of matter that exists at
extremely cold temperatures. It was predicted around 1925 and confirmed

in 1995.

Magnetic resonance imaging technology is possible due to an understanding

of how hydrogen atoms in water react in magnetic fields.

Quantum theory will become increasingly important as new atomic-scale

technologies are developed.

Questions

1. Explain how an element’s absorption and emission 8. Cryptography is the study of codes. Research one
spectra could be used to predict the colour of light type of traditional cryptography, along with the area
it might produce if it were used in a laser. [ m of cryptography called quantum cryptography. Then

2. What would most likely happen to the intensity answer the following: & rm &m ew
of a laser beam if the mirrors in the device were (a) Write a brief report to explain how your chosen
misaligned? Explain your answer. [ i3 traditional cryptography works. In your report,

3. Create a poster or other presentation format include the probability Of decoding your chosen
summarizing four everyday applications of lasers. cryptography, as well as its weaknesses and
Include a brief description of how lasers are used in strengths.
each device. &m raEw (b) Where has quantum cryptography been used

?

4. Explain why Bose-Einstein condensates were only thus far? o .
theoretical until the mid-1990s. m ww () Howtare phot(;ns an(i1 p?olarlzatlons used in

uantum cryptography?

5. Both the magnetic field and the radio pulse are d . P g. Py . . -
important in the function of MRL Use a flow (d) Outline the steps involved in sending, receiving,
chart with diagrams to describe how an image is and interpreting a quantum-encrypted message.
produced in MRL. [0 i1 iw (e) Compare the traditional cryptographic method

, - to the quantum cryptographic method. What

6. What is the primary advantage of MRI over X-rays dvant d t t hv h

4 CT scans? advantages does quantum cryptography have
an ’ . over traditional cryptography and vice versa?

7. Research fluantum computing. {&¥ ﬂ = ' 9. Research the difference between gas and chemical
(a) Explain what quantum computing is and how it lasers. Briefly explain the difference, and state where

works. each is used. & rm m
(b) Outline the differences between a quantum 10. The development of MRI technology has
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computer and a modern traditional computer.

(c) In what ways are quantum computers better
than traditional computers?

(d) Are there any drawbacks or disadvantages to
quantum computers?
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revolutionized medical research, especially

the study of how the brain works. Research a
neurological disorder, such as epilepsy, and find
out how MRI technology has enhanced this field of
study. Report on your findings in a format of your

. 7N
choosing. €& i & ea e P
L5 XY
am? WEB LINK
wy/
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Applications of Quantum Mechanics

Quantum technologies are more common than you may think. They are used in
lasers in DVD players (Figure 1), microchips in cellphones, and MRI machines in
hospitals. All of these technologies operate at the nanoscale level, where the effects of
quantum mechanics are significant.

Quantum mechanics and quantum theory are not science fiction. They are at the
core of each of the above technologies, and are also the foundation of many cutting-
edge scientific research projects. The effects of these technologies can be beneficial,
but it is always important to recognize that there may also be associated risks that can
be detrimental to society and the environment. The risks and benefits and/or applica-
tion must be considered carefully.

While there are numerous applications, this section explores three specific applica-
tions of quantum theory: lasers, Bose-Einstein condensates, and quantum analysis
and diagnostic technologies (MRI). Figure 2 shows some additional applications of
quantum theory.

bombs power
evolution of medical uses materials and
the universe technology
Figure 1 Lasers are possible because
T T T of an understanding of quantum
Subatomic . Atoms and mechanics.
Nuclear Physics

Particles Molecules

T— QUANTUM THEORY 41

!
l —— l

quantum lasers communications quantum
computing cryptography

Figure 2 Quantum theory has many applications (shown in blue) across many industries (shown in
green).

Laser Technology

Applied science occurs when science theory or knowledge is used for practical pur-
poses. Often, a technology develops first and then scientific theory is used to explain
how it works. However, in some cases, the technology is theorized and then science
is used to develop the technology. To illustrate this point, consider the development
of laser technology. In 1917, Einstein established the theoretical foundations for the
laser. He proposed the theory that electrons can be stimulated to higher energy states
and then release radiation when they return to the ground state. In order to develop
the laser, scientists first had to understand quantum theory, especially the way elec-
trons make quantum leaps from one energy level to another.

The race to develop the first laser devices had its share of controversy. Many
research labs were working on developing the laser at the same time, and there were
arguments about who could lay claim to the first series of patents. Theodore Maiman
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demonstrated the first working visible-light laser in 1960. This ruby laser produces red
light from a ruby crystal (Figure 3). The word “laser” stands for “light amplification

laser (light amplification by stimulated by stimulated emission of radiation.” A laser is a device that produces an intense beam
emission of radiation) a device that of light of a single wavelength (colour). In addition, the light waves in the laser beams
produces light of a single colour with all are coherent, which means the waves vibrate in the same direction at the same time.

waves travelling parallel to each other As a result, the laser beam can transfer a great deal of energy. Consequently, lasers

can cause burns and blindness. There are four classes of lasers, depending on the laser
beam’s power. Class 1 lasers are safe for most uses and include laser lights, levels, some
pointers, and the lasers in printers and disc players. Class 4 lasers range from the
medical lasers used to remove hair, blemishes, and scars to powerful industrial lasers
used to cut through metals or stacks of fabric in the manufacture of garments. These
lasers are extremely dangerous and require special safeguards. & WEB LINK

100 % reflective flash tube
mirror

ruby crystal
power supply ~_

reflecting cylinder

95 % reflective lasar beam

mirror

Figure 3 Lasers contain an electric flash tube that emits a series of bright flashes of light. Electrons
in atoms of the ruby rod absorb photons from the flash tube and move into higher energy levels.
When these excited electrons drop back to a lower energy level, they emit photons with a specific
wavelength. The release of photons by a few atoms triggers other atoms to do the same. This action
increases the intensity of the laser light. Mirrors reflect the photons back and forth between the ends
of the ruby rod, and the laser beam eventually passes through the mirror at the right end of the rod.

The operation of lasers is based on quantum theory. An electron requires a photon
of specific energy to excite it to a higher energy level. An excited electron hit by a
photon of specific energy will return to its original energy level after releasing a
photon with the same energy. Some of the photons released collide with other atoms
in the ruby rod in Figure 3, causing other photons to be released. Some photons
reflect from the mirrors at the ends of the rod, and then collide with atoms, which
releases more photons. This effect is called the amplification of photons. Some of the
photons that travel along the axis of the ruby rod eventually exit through the 95 %
reflective mirror and form the laser beam. These photons all have the same wave-
length and travel in parallel, continuous waves along the same path.

Bose-Einstein Condensate: Another State of Matter

In the 1920s, Satyendra Nath Bose of India (Figure 4) and Albert Einstein together
predicted the existence of another state of matter, sometimes referred to as the fifth
state of matter. They hypothesized that if a collection of atoms were cold enough, all

Figure 4 Satyendra Bose of India

collaborated with Albert Einstein the atoms would be in the lowest possible quantum energy state and would therefore
to predict the existence of the have identical energy. As a result, the atoms could effectively all occupy the same
Bose-Einstein condensate. space at the same time—a very strange idea. Scientists called this state a condensate,
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sometimes referred to as the Bose—Einstein condensate. Bose—Einstein condensate (BEC) ~ Bose-Einstein condensate (BEC) a state of
is a state of matter that consists of a pile of atoms all in the same place at the same  matter that consists of a collection of atoms
time (Figure 5). It exists only at temperatures within a few billionths of a degree of ~ near absolute zero; all the atoms have the
absolute zero, which is 0 K or —273.15 °C. & WEB LINK lowest possible quantum energy state

It was not until 1995 that scientists were able to create the first condensate in a
laboratory. The cooling technology necessary for producing condensates was not
available until this time. No one yet knows how Bose-Einstein condensates can be
put to practical use, but not every scientific discovery yields a practical application.
The purpose of science is to learn about the universe. The BEC is another example of
quantum theory predicting an actual material result.

Quantum Analysis and Diagnostic Technologies

At the beginning of this chapter, you saw an example of quantum analysis in a diag-
nostic technology called magnetic resonance imaging. Magnetic resonance imaging  Figure 5 A Bose—Einstein condensate
(MRI) uses a strong magnetic field to cause the magnetic fields of the hydrogen atoms 8 beginning to form on the left and

to align in the same direction as the outside magnetic field. A radio transmitter then reaches completion on the far right.
applies varying radio waves. Certain frequencies of the radio waves are absorbed  magnetic resonance imaging (MRI) a
when the radio-frequency photons cause the magnetic fields of the molecules to medical tool in which magnetic fields
“flip” to the opposite direction. A scanner detects the changes in the spectrum of interact with atoms in the human body,
radio waves, and a computer converts these changes into an image. Today’s scanning  producing images that doctors can use to
techniques can produce a three-dimensional image that can be rotated on a computer  diagnose injuries and diseases

screen (Figure 6). The MRI is an option for scanning soft tissues, such as muscles,

internal organs, and the brain. & WEB LINK
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Figure 6 (a) Hydrogen atoms in water molecules in the body spin in random directions. (b) When the
MRI machine produces a magnetic spin, the hydrogen atom’s spin will line up in the direction of the
magnetic field. About half will spin up, and the rest will spin down. But the balance is not exactly
equal. There will be a few atoms (green atoms) that have a spin that does not cancel. This produces
a measurable magnetic field. (c) A radio pulse is then applied, causing these unmatched atoms to
reverse their spin. (d) When the pulse is removed, these atoms will flip back to their original spin
and release energy. (e) Detectors in the machine register the energy released, and a computer
program interprets the energy patterns to create an image.

One advantage that MRI has over X-ray and CAT (computerized axial tomog-
raphy or CT) scans is that MRI does not use ionizing radiation. There is virtually no
risk to patients who receive an MRI scan. Patients who receive an X-ray or CAT scan
are exposed to low levels of radiation, which is a known risk for cancer, although the
levels are so low that this is not a major concern for most patients and the benefits
outweigh the risks. § CAREER LINK

The application of quantum theory to common, everyday technologies is still in its
infancy. Quantum technologies allow scientists to obtain increasingly sensitive measure-
ments in their analyses. This increased precision in measurement will allow the devel-
opment of new technologies that have even greater precision. The application of these
technologies will range from quantum imaging and photography to smaller computer
chips. Quantum computers may become possible as scientists learn more about creating
and maintaining certain quantum energy states in atoms and ways of detecting changes
in those states. Computing speed and memory capacity could be increased to amazing
levels. As more and more technologies emerge that operate at the atomic or molecular
level, the implications of quantum theory will only become more important. & WEB LINK
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m Review

Summary

The applications of quantum mechanics are extensive, and the technology

is advancing at a very fast rate.

Advances in quantum technology are generating cutting-edge materials,
improved medical diagnostic capabilities (such as MRI), new sources of

power, and revolutionary computing power.

Laser technology is based on electrons being stimulated to release photons.

The Bose-Einstein condensate is a gas-like state of matter that exists at
extremely cold temperatures. It was predicted around 1925 and confirmed

in 1995.

Magnetic resonance imaging technology is possible due to an understanding

of how hydrogen atoms in water react in magnetic fields.

Quantum theory will become increasingly important as new atomic-scale

technologies are developed.

Questions

1. Explain how an element’s absorption and emission 8. Cryptography is the study of codes. Research one
spectra could be used to predict the colour of light type of traditional cryptography, along with the area
it might produce if it were used in a laser. [ m of cryptography called quantum cryptography. Then

2. What would most likely happen to the intensity answer the following: & rm &m ew
of a laser beam if the mirrors in the device were (a) Write a brief report to explain how your chosen
misaligned? Explain your answer. [ i3 traditional cryptography works. In your report,

3. Create a poster or other presentation format include the probability Of decoding your chosen
summarizing four everyday applications of lasers. cryptography, as well as its weaknesses and
Include a brief description of how lasers are used in strengths.
each device. &m raEw (b) Where has quantum cryptography been used

?

4. Explain why Bose-Einstein condensates were only thus far? o .
theoretical until the mid-1990s. m ww () Howtare phot(;ns an(i1 p?olarlzatlons used in

uantum cryptography?

5. Both the magnetic field and the radio pulse are d . P g. Py . . -
important in the function of MRL Use a flow (d) Outline the steps involved in sending, receiving,
chart with diagrams to describe how an image is and interpreting a quantum-encrypted message.
produced in MRL. [0 i1 iw (e) Compare the traditional cryptographic method

, - to the quantum cryptographic method. What

6. What is the primary advantage of MRI over X-rays dvant d t t hv h

4 CT scans? advantages does quantum cryptography have
an ’ . over traditional cryptography and vice versa?

7. Research fluantum computing. {&¥ ﬂ = ' 9. Research the difference between gas and chemical
(a) Explain what quantum computing is and how it lasers. Briefly explain the difference, and state where

works. each is used. & rm m
(b) Outline the differences between a quantum 10. The development of MRI technology has
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computer and a modern traditional computer.

(c) In what ways are quantum computers better
than traditional computers?

(d) Are there any drawbacks or disadvantages to
quantum computers?
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revolutionized medical research, especially

the study of how the brain works. Research a
neurological disorder, such as epilepsy, and find
out how MRI technology has enhanced this field of
study. Report on your findings in a format of your
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The Tiny World of Nanotechnology

A nanometre is one billionth of a metre—the scale of atomic and molecular interac-
tions. For perspective, a single hair from your head is about 100 000 nanometres in
diameter. Nanotechology is the science of working with structures that are between
1 nm and 100 nm long in at least one dimension. The effects of quantum mechanics
are very important when working at this scale. The invention of the scanning electron
microscope contributed to nanotechnology because scientists could actually confirm
the geometry of molecules they constructed.

Nanotechnology began with the development of carbon-based cage molecules
such as the fullerenes (also known as buckyballs). Due to their electron configu-
ration, carbon atoms can form three-dimensional soccer ball-shaped structures
(Figure 1(a)). Carbon atoms can also bond in ways that form long, hollow nanotubes
(Figure 1(b)). Carbon nanotubes exhibit extraordinary strength. One possible use
being explored is adding carbon nanotubes to building materials to increase their
strength. If nanotubes can be woven into fabric, they could be used to create bullet-
and knife-proof clothing. Nanotubes are good conductors of electricity, so the pro-
duction of ultra-thin batteries, electronic and computer devices, and solar cells from
nanotubes is being explored. Nanoparticles of certain substances have already been
added to textiles to produce fabric that resists stains and eliminates unwanted odours.

Nanotechnology has led to the possibility of molecule-sized nanomachines that
could one day work inside cells and tissues to treat diseases. For example, nanobots
could be used to remove plaque from arterial walls in an effort to treat heart disease
(Figure 2).

Scientists are working to construct molecular assemblers—nanomachines that can
assemble atoms into designer molecules. Such machines may be able to synthesize
molecules that are nearly impossible to make by ordinary chemical reactions. These
molecules could be the wonder drugs of the future. In addition, nanomachines could
repair genetic defects by modifying the DNA in cells or targeting the RNA of can-
cerous cells (Figure 3). On the other hand, science-fiction stories have been written
on the theme of out-of-control molecular machines.

Explore an Application in Quantum Mechanics

 Researching e Evaluating

e Performing e Communicating
* Observing e |dentifying

e Analyzing Alternatives

Figure 1 (a) A buckyball is a member
of the fullerene family of carbon
compounds. (b) Carbon nanotubes are

extraordinarily strong.

(dark spots)

Figure 2 Someday, nanobots could help treat heart disease. (Artist’s tumour in the body (circled). (Artist’s rendition)

rendition)
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