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A 0T S

How can the diversity
of materials be explained?

AREA OF STUDY 1

How can knowledge of elements explain the properties
of matter?

Outcome 1: On completion of this unit the student should be able to relate the position
of elements in the periodic table to their properties, investigate the structures and
properties of metals and ionic compounds, and calculate mole quantities.

AREA OF STUDY 2

How can the versatility of non-metals be explained?

Outcome 2: On completion of this unit the student should be able to investigate and
explain the properties of carbon lattices and molecular substances with reference

to their structures and bonding, use systematic nomenclature to name organic
compounds, and explain how polymers can be designed for a purpose.

AREA OF STUDY 3

Research investigation

Outcome 3: On completion of this unit the student should be able to investigate a
question related to the development, use and/or modification of a selected material or
chemical and communicate a substantiated response to the question.
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CHAPTER

1 The atomic nature of matter

In this chapter, you will begin by examining how material science can create
advanced materials by controlling matter on the atomic scale. Nanoparticles
contain just a few hundred or thousands of atoms. You will then develop a detailed
picture of the structure of atoms, which is the foundation for all chemistry.

Key knowledge

+ Relative and absolute sizes of particles that are visible and invisible to the
unaided eye: small and giant molecules and lattices; atoms and subatomic
particles; nanoparticles and nanostructures
The definition of an element with reference to atomic number and mass
number
Isotopic forms of an element using appropriate notation
Spectral evidence for the Bohr model and for its refinement as the Schrédinger
model
Electronic configurations of elements 1 to 36 using the Schrédinger model
of the atom, including s, p, d and f notations (with copper and chromium
exceptions)

VCE Chemistry Study Design extracts © VCAA (2015); reproduced by permission.
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FIGURE 1.1.1 This scale compares the sizes

of objects down to the nanometre size.

(a) The length of the average human arm is
0.5 m (500 000 000 nm).

(b) The width of the average hand is 10 cm
(100 000 000 nm).

(c) The width of a finger is about 1 cm

(10 000 000 nm).

(d) The width of a paperclip wire is
approximately 1 mm (1 000 000 nm).

(e) The width of a human hair is approximately
100 000 nm.

(f) The diameter of red blood cells is 6000 nm.
(g) Tobacco mosaic virus is 100 nm long and
20 nm wide.

(h) DNA strands are about 2 nm wide.

(i) Silicon atoms are 0.2 nm across.

1.1 Nanomaterials and nanoparticles

One of the most significant advances in materials science this century has been
in the area of nanoscience. Nanoscience looks at materials at a very small scale—
the nanoscale. The nanoscale is larger than the atomic scale, but is still far too
small to be seen with the naked eye. By modifying and engineering materials at the
nanoscale, scientists can fundamentally change the properties of the materials and
therefore create new technologies.

Nanoscience is the study of nanoparticles and nanotechnology.
Nanotechnology is the use of technologies that manipulate and investigate the
properties of materials on the nanoscale.

Materials engineered on the nanoscale are already an important part of your
everyday life. For example, microchips in computers and phones are made up of
nanoscale transistors that process information at billions of bits per second. Lasers
and light-emitting diodes (LEDs) also use materials engineered on the nanoscale.
Even some sunscreens are made of nanoparticles designed specifically to absorb
ultraviolet radiation.

‘Nanotechnology’ is no longer just a term used in science fiction. It is here today,
and it has fundamentally changed the world you live in.

THE NANOSCALE

The prefix nano- refers to one-billionth or 10~° in scientific notation. For example,
a nanometre (nm) is one-billionth of a metre or 10~ m. This is much smaller than
anything you can see with the naked eye. Table 1.1.1 compares the nanometre to
other metric units for length.

TABLE 1.1.1 Some metric units for length

picometre pm 10-12
nanometre nm 10-°
micrometre pm 10-6
millimetre mm 10-3
metre m 1
kilometre km 103

For example, the width of a human hair or a pore on your skin is still thousands
of times larger than the nanoscale features in nanomaterials. The nanoscale is used
to describe objects that are about 1-100 nm wide. Figure 1.1.1 shows the sizes of
different objects. You can see that tobacco mosaic virus and DNA belong to the
nanoscale.

Worked example 1.1.1
CONVERTING MILLIMETRES TO NANOMETRES

Convert 15 mm into nanometres.

Thinking Working
15 mm =0.015m
0.015m=15x102m

(1.5 x 1072) x 109= 1.5 x 10¢2*9 nm
=1.5x% 10" nm

Write the length in metres.

Write the length in scientific notation.

Multiply by 10° to convert to
nanometres. (Hint: To do this, you
just need to add 9 to the index on the
number 10.)
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Worked example: Try yourself 1.1.1
CONVERTING KILOMETRES TO NANOMETRES

Convert 2.43 km into nanometres.

NANOMATERIALS

Nanomaterials can have very different properties from those of the same material
in bulk form. For example, carbon readily forms nanomaterials such as the carbon
nanotubes shown in Figure 1.1.2. These nanostructures are nothing like soft,
powdery charcoal, which we normally associate with carbon. Carbon nanotubes
are extremely strong like diamond and conduct electricity like graphite. But unlike
diamond and graphite, they are flexible and have a high tensile strength (resistance
to stretching) and their conductivity can be engineered to make them insulating,
conducting or semiconducting. You will look more closely at carbon nanomaterials
in Chapter 8.

The term ‘nanomaterial’ is usually associated with modern, high-tech materials.
However, nanomaterials have always been present in nature. For example, milk
contains nanoparticles of proteins and fats. These particles scatter light and make
milk appear white.

CHEMFILE

What do opals and butterflies have in common?

Opal is a nanomaterial made of tiny spheres of silica (Figure 1.1.3, top). These spheres
diffract light to produce spectacular flashes of red, green and blue. Butterflies also
get their coloured patterns from nanostructures on the surfaces of their wings.

FIGURE 1.1.3 (Top) An opal is made of tiny spherical nanoparticles of silica.
(Bottom) The colour of a butterfly’s wing is due to nanostructures in the wing.

Forming nanomaterials

Two processes are used to manufacture nanomaterials: the bottom-up method and

the top-down method.

e The bottom-up method uses specially designed molecules or atoms in
chemical reactions to gradually build up the new nanoparticle from the smaller
atoms or molecular units.

e The top-down method uses the larger bulk material as the starting material.
The bulk material is broken down into nanoparticles by mechanical or chemical
means.

Even though the two methods start at opposite ends of the scale, the bottom-up
and top-down approaches both produce materials that exist on the nanoscale and
rely on physical and chemical processes to achieve these nanomaterials.

FIGURE 1.1.2 These carbon nanotubes have
different properties from other materials made
from carbon such as charcoal, graphite and
diamond.
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often placed with tablets and capsules to keep
them dry. The silica gel works by adsorbing
water from the atmosphere so the humidity
does not affect the tablets and capsules. The
silica gel is able to adsorb large amounts of
water because of its nanostructure, shown in
the inset. The nanostructure gives the gel an
enormous surface area compared to its volume.

adsorbed —y

molecule
<«——— absorbed

surface of —= molecule

nanoparticle

FIGURE 1.1.5 Molecules are adsorbed onto the
surface of nanoparticles but are not usually
absorbed by the particle. This diagram shows
the difference between the two.

Manufactured nanomaterials

Scientists are learning more about how the structure of nanomaterials influences
the properties of materials. This has allowed scientists to create new technologies
based on nanomaterials. For example, materials such as silica gel (Figure 1.1.4)
and activated charcoal can adsorb large amounts of liquids and gases. The term
adsorption is used when a molecule attaches to a surface of a solid or liquid. This
is different from absorption, where molecules are incorporated into the substance,
as shown in Figure 1.1.5.

These products contain billions of nanoscale holes that trap unwanted molecules
such as water and other gases. In activated charcoal, the holes are so tiny and so
numerous that even a grain of the activated charcoal can have a surface area of
several square metres. This means that only a small amount of activated charcoal
is needed to adsorb a large number of gas molecules. For this reason, activated
charcoal is used to store natural gas. Activated charcoal is also used in gas masks to
adsorb dangerous gases from the atmosphere. Activated charcoal gas masks were
invented in 1915 and were used in World War I to protect soldiers against poisonous
gases.

Engineered nanomaterials

More recently, scientists have been able to engineer nanoscale features on the
surfaces of materials to give the materials new and useful properties. A simple
example is the patterning of the surface of a CD-ROM. Information is encoded on
the surface of the CD-ROM as a series of nano-sized ‘pits’ or hollows, as shown
in Figure 1.1.6. Improvements in the technology have meant that smaller pits can
be made so that more information can be stored on a surface. This has led to the
development of DVD and Blu-ray disks.

CcD
800 nm

FIGURE 1.1.6 CD-ROMs store information as a series of nano-sized pits that are approximately

800 nm by 600 nm. DVDs are able to store more information because the pits are smaller: 400 nm
by 320 nm. Blu-ray disks can store even more information because their pits are only 150 nm by
130 nm.

NANOPARTICLES

Nanoparticles are a specific type of nanomaterial with unique properties and a
broad range of applications. Nanoparticles are usually spherical with diameters
of 1-100 nm. They are used in chemotherapy and sunscreens and as industrial
catalysts.

ﬂ Nanoparticles range in diameter from 1 to 100 nm.

The importance of surface area

One of the most important properties of nanoparticles is their large surface area
compared to their volume. In chemistry, surfaces are extremely important since
surfaces are often where chemical reactions take place. Substances made of
nanoparticles have very large surface areas because they are so small.
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For example, consider a 1 m? cube. It has six sides, each exactly 1 m in length,  total volume =1m’ total volume = 1 m*
and so has a total surface area of 6 m? and a volume of 1 m?>. If the cube is cut total surface area =6m’* total surface area = 12m
into eight 0.5 m cubes, the total volume of all the cubes stays the same (1 m?),
as shown in Figure 1.1.7. However, the surface area has doubled. This is because
parts of the cube that were originally on the inside of the cube have now become
part of the surface. The same block divided into 100 nm cubes has a surface area of
60 000 000 m? but the volume is still 1 m>.

2

[ o\ 025

o A large surface area to volume ratio is one of the most important features of
nanoparticles.
FIGURE 1.1.7 Whena 1 m cube is divided into
eight equal cubes, the volume stays the same
The large surface area of nanoparticles is important in three ways. but the surface area doubles.

1 Adsorption of molecules: The large surface area of nanoparticles means that
even a small volume of nanoparticles can adsorb a large number of molecules.
Therefore, nanoparticles can be used to remove unwanted chemicals and gases
in the same way that silica gel and activated charcoal are used.

2 Transportation of molecules: Nanoparticles can be used to transport the
molecules that are adsorbed onto the nanoparticle. The nanoparticles’ small size
and large surface area mean that they can transport chemicals through air, skin
and even cells. This feature of nanoparticles has a variety of applications in
medicine for transporting drugs into the body and is already being used in some
chemotherapy treatments for cancer.

3 Catalysts: The surfaces of some nanoparticles can be used to increase the rate of
particular chemical reactions. The nanoparticles are acting as catalysts because
they speed up the reaction but are not consumed (used up) by the reaction. The
reactant molecules adsorb onto the surface of the nanoparticles, which allows
reactant molecules to combine to form the product. The large surface area of
nanoparticles means that many of these reactions can take place at the same
time, which increases the rate of the reaction significantly.

CHEMISTRY IN ACTION

Professor Chengzhong Yu (from the Australian Institute
for Biotechnology and Nanotechnology at the University
of Queensland) was awarded the 2015 Le Févre Memorial
Prize by the Australian Academy of Science. Professor
Chengzhong Yu and a team of scientists are investigating
using nanoparticles to improve the delivery of oral
medications. Oral medications are subjected to changes in
pH (high acid levels in the gut) and enzymatic breakdown
in the mouth and stomach. This acid and enzyme attack
means that many protein-based medications break down
before they have a chance to act on the specific target
tissue.

Professor Yu and his team are developing new, cost-
effective nanomaterials that will improve delivery of

FIGURE 1.1.8 This computer illustration shows nanoparticles (spheres)
containing cytotoxic drugs. The nanoparticles target tumour cells,

vaccines, genes and drugs for human and animal health leading to their destruction.
care.
Applications of nanotechnology in medicine are far- could improve the analysis and treatment of cancers,
reaching. Figure 1.1.8 shows the targeted destruction of genetic disorders and viral infections once thought
a tumour by nanoparticles. In medicine, nanotechnology untreatable.
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Other properties and applications

Nanoparticles have many other useful properties. Their small size and unique
structural properties mean they can be used for developing composite (made up of
several parts) nanomaterials. Composite nanomaterials incorporate nanoparticles
into other materials.

The stain-resistant cotton shown in Figure 1.1.9 is a composite nanomaterial.
In this case, the cotton fibres are covered with water-resistant nanoparticles so that
liquids cannot penetrate the material. This makes the fabric water-repellent and
stain-resistant.

When a substance is processed into nanoparticles, its physical, chemical and
optical properties can change. For example, when gold is in the form of nanoparticles,
it loses its metallic lustre. Instead, it can take on a variety of colours depending on
be incorporated into cotton fibres to create a the size of the gold particles. For this reason, gold nanoparticles are often used to
composite nanomaterial that is a water-resistant  colour glass. Figure 1.1.10 shows samples containing gold nanoparticles of different
fabric. sizes. All of the particles absorb white light, but they reflect different-coloured light,
depending on the particle size.

The fact that nanoparticles interact differently with light makes them useful in
sunscreens. Zinc oxide (ZnO) nanoparticles are commonly used in sunscreens.
] T Zinc oxide absorbs a broad range of the UV spectrum and so provides excellent

protection from the sun. Normally, sunscreens that contain metal oxides are milky
' white when applied to the skin. However, sunscreen that contains zinc oxide
nanoparticles is clear, and therefore is preferred by beach-goers.

FIGURE 1.1.10 These vials contain gold particles CHEMFILE
of various sizes. The different-sized particles are ————

different colours because they interact with light Nanoparticles: risks to health and the environment

differenty. Nanoparticles have opened up a range of technological possibilities. However, some
people are concerned about the possible dangers to humans and the environment.
Other useful materials such as asbestos have been found to have devastating side-
effects. Scientists at Australia’s CSIRO (Commonwealth Scientific and Industrial
Research Organisation) and around the world are studying the potential dangers
associated with nanoparticles and their applications.

THE PROBLEM WITH NANOPARTICLES

Nanoparticles are so small that they can travel through the air, through skin and into
your bloodstream and even into cells. Inside the body, the particles may interact
with biomolecules to cause unwanted chemical reactions. This makes nanoparticles
potentially dangerous if breathed in or in contact with the skin (for example, in
sunscreen, fabrics or cosmetics).

NANOPARTICLES IN SUNSCREENS

Scientists at CSIRO are looking at the zinc oxide nanoparticles used in sunscreens to
determine whether they are safe. This research focuses on whether the nanoparticles
can penetrate skin, their long-term health effects and how they might impact on the
environment.

Initial studies suggest that small amounts of zinc oxide from sunscreens are absorbed
into the body and can be detected in the blood and urine. It is still not clear whether
the absorbed zinc oxide has any negative effects on the human body. The most
recent research indicates that the cells of the immune system can break down the
nanoparticles.
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1.

1 Review

Nanomaterials are materials with nanoscale features
that determine important properties of the materials.
Nanoparticles have diameters of 1-100 nm.
Nanoparticles can have very different physical,
chemical and optical properties from the bulk
material.

The surfaces of nanoparticles can be used to adsorb
molecules, transport molecules and act as catalysts
for chemical reactions.

Nanoparticles can transport particles through

the air and into the human body. This has raised
concern about their safety for human health and the

+ Nanoparticles can be made in two ways: the bottom- environment.

up and top-down methods. » Regulations are being developed to address the
« Nanoparticles have a large surface area compared to potential risks of nanomaterials.
their volume.

KEY QUESTIONS

1 Convert 835 cm into nanometres.

2 Convert the following lengths into nanometres. Use scientific notation in
your answers.
a 1.35cm
b 42 mm

3 A human hair is about 0.050 mm wide, whereas a tobacco mosaic virus is
20 nm wide. How many times larger is the width of a human hair than the
width of a tobacco mosaic virus?

4 a For the shapes in the following table, calculate the surface area, volume

and then surface area to volume ratio.

Surface area Volume Surface area
Volume

Cube
2cmXxX2cm X 2cm

Sphere of radius 1.38 cm

Tube (cylinder)
Radius of 1 cm
Height of 2.82 cm

Hint: The following formulas may be useful:

» Surface area of a sphere = 4712

» Surface area of a cylinder = 2mrh + 27tr2

¢ Volume of a sphere = —giﬂ:r3

» Volume of a cylinder = r?h

b Which shape has the greatest surface area to volume ratio?
Which shape would be the most useful to hold the greatest volume?

d Suggest an application where a big surface area to volume ratio is
important and another application where small surface area to volume
ratio is important.

5 Explain why the size of nanoparticles makes them useful for transporting
medicines into the body.

o
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FIGURE 1.2.1 John Dalton (1766—1844)
proposed that matter was composed of atoms.

1.2 The atomic world

The development of advanced materials such as nanoparticles is the result
of centuries of scientific discovery. Over time, scientists have gained a deep
understanding of the structure of atoms, which are the basic building blocks of
matter. As scientists’ understanding has increased, their ability to control matter
on the atomic scale has also improved. However, atoms are too small to be seen
with even the most powerful optical microscope. The average human can only see
objects that are 0.04 mm wide. Therefore, much of what scientists know about
atoms has come from theoretical models and indirect observations.

A scientific model is a description that scientists use to represent the important
features of what they are trying to describe. They are able to test the consistency
of their observations against various predictions of the model.

ATOMIC THEORY

In 1802, an English scientist called John Dalton (Figure 1.2.1) presented the first
atomic theory of matter. Dalton proposed that all matter is made up of tiny
spherical particles, which are indivisible and indestructible.

Dalton also accurately described elements as materials containing just one
type of atom and compounds as materials containing different types of atoms in
fixed ratios. Elements cannot be broken down into simpler substances.

Subsequent experiments showed that Dalton’s atomic theory of matter was
mostly correct. However, scientists now know that atoms are not indivisible or
indestructible. Atoms are made up of even smaller subatomic particles.

CHEMFILE

Viewing atoms

Dalton’s atomic theory of matter assumed that atoms are spherical. However, atoms
cannot be seen with conventional microscopes. Therefore, there was no way to confirm
the shape of atoms. It wasn’t until 1981 that a microscope capable of viewing atoms
was developed by IBM researchers Gerd Binnig and Heinrich Rohrer. This type of
microscope is known as a scanning
tunnelling microscope (STM). Using
STMs, scientists confirmed that atoms are
indeed spherical.

STMs use an extremely sharp metal tip

to detect atoms. The tip is scanned, line-
by-line, across the surface of a crystal. As
the tip moves, the tip measures minute
height differences in the crystal’s surface
due to the individual atoms. This is similar
to the way sight-impaired people use
their finger to sense braille on a page.
The data from the tip is then sent to a
computer that constructs an image of the
atoms. An STM image of silicon atoms on

FIGURE 1.2.2 This image of the silicon atoms

the surface of a silicon wafer is shown in
Figure 1.2.2.

in a silicon wafer was taken by a scanning
tunnelling microscope (STM).
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Elements

As Dalton predicted, elements are made of just one type of atom and these atoms
are identical. Most non-metallic elements, such as sulfur, form molecules with a
definite number of sulfur atoms (8). However, some non-metals form covalent
network lattices or giant molecules. Carbon is an example of such a non-
metallic element. Diamond and graphite are both examples of covalent network
lattices formed by carbon. Graphene is a giant molecule formed by carbon. (You
will learn more about covalent network lattices formed from carbon in Chapter 8.)
A comparison of the sizes of two different molecules is shown in Figure 1.2.3.

sulfur molecule carbon giant molecule

FIGURE 1.2.3 Most non-metal elements, such as sulfur, form molecules. Other elements, such as
carbon, form covalent network lattices or giant molecules given by the example here of graphene.

The metallic elements form a different type of network lattice structure, which
you will look at in detail in Chapter 3.

Several non-metallic elements are monatomic, which means they exist as
individual atoms. Monatomic elements are known as the noble gases because they
are chemically inert (unreactive). The noble gases include helium, neon, argon,
krypton, xenon and radon.

Monatomic elements are those made up of only one atom. The prefix mon-
(or mono-) is frequently used in science. It means only one, or single.

Compounds

Dalton also predicted correctly that different types of atoms could combine to
form new substances. These substances are known as compounds. The atoms
in compounds can also form molecules or large networks of atoms as shown in
Figure 1.2.4.

)

rik
)

H

b
o
>

sodium chloride lattice

FIGURE 1.2.4 Compounds can be made up of molecules, like glucose, which contains carbon,
oxygen and hydrogen atoms, or lattices like sodium chloride (table salt).
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FIGURE 1.2.5 The red powder in this test-tube
is mercury(ll) oxide (HgO). If you look closely
at the test-tube, you will see beads of liquid
mercury forming from the decomposition of
the compound.

To determine whether a pure substance is an element or a compound, you
must determine if the substance can be broken down into simpler substances. For
example, when heated, mercury(Il) oxide (HgO) decomposes to liquid mercury
(Hg) and oxygen gas (O,). If it was not a compound, the mercury(II) oxide would
not break down. The appearances of the compound mercury(Il) oxide and the
resulting mercury element can be seen in Figure 1.2.5. As oxygen is a colourless
gas, you cannot see it. Oxygen is detected by placing a lit splint at the top of the
test-tube. When oxygen is present, the splint ignites with a large flame.

Molecules are formed when two or more atoms join together chemically.
Compounds contain different types of atoms in definite proportions.

ELEMENT SYMBOLS

Scientists have discovered 118 different elements. Only about 98 of these occur
in nature (the exact number is debatable). The other elements have only been
observed in the laboratory.

Each element has a unique name and chemical symbol. Table 1.2.1 lists the
chemical symbols of some of the most common elements.

TABLE 1.2.1 Chemical symbols and names of some of the most common elements

Aluminium Mercury

Argon Ar Nitrogen N
Carbon © Oxygen 0
Chlorine Cl Potassium K
Copper Cu Silver Ag
Hydrogen H Sodium Na
Iron Fe Uranium u

The chemical symbol is usually made up of one or two letters. The first letter is
always capitalised and subsequent letters are always lower case.

In many cases, the chemical symbol corresponds to the name of the element. For
example, nitrogen has the chemical symbol N, chlorine has the chemical symbol Cl
and uranium has the chemical symbol U.

However, some chemical symbols do not correspond to the name of the element.
For example, sodium has the chemical symbol Na, potassium has the chemical
symbol K and iron has the chemical symbol Fe.This is because the chemical symbols
have been derived from the Latin or Greek names of the elements. In Latin, sodium
is known as natrium, potassium is known as kalium and iron is known as ferrum.

The atomic symbols are usually displayed in a periodic table as shown in
Figure 1.2.6. The periodic table helps to group elements that have similar chemical
properties. You will learn more about the periodic table in Chapter 2.
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1 KEY 2

H ) He
[ Non-metals atomic number 13 e

3 4 symbol 5 6 7 8 9 10
D Metals y Al

Li Be L B C N (0) F Ne
lithium beryllium name a | uminium boron carbon nitrogen oxygen fluorine neon
11 12 D Metalloids 13 14 15 16 17 18
Na Mg Al Si | S Cl Ar
sodium magnesium aluminium silicon phosphorus sulfur chlorine argon

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
potassium calcium scandium titanium vanadium | chromium | manganese iron cobalt nickel copper zinc gallium germanium | arsenic selenium bromine krypton
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sb Te I Xe

rubidium | strontium yttrium zirconium | niobium [ molybdenum | technetium | ruthenium | rhodium palladium silver cadmium indium tin antimony | tellurium iodine xenon
55 56 |57-71| 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

caesium barium lanthanoids | hafnium tantalum tungsten rhenium osmium iridium platinum gold mercury thallium lead bismuth polonium astatine radon
87 88 [89-103| 104 | 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn | Uut Fl Uup | Lv Uus | Uuo

francium radium actinoids ~ [rutherfordium| dubnium | seaborgium | bohrium hassium | meitnerium |darmstadtium| roentgenium | copernicium | ununtrium | flerovium |ununpentium | livermorium Jununseptium | ununoctium

] 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
Lanthanoids | La | Ce Pr Nd | Pm | Sm | Eu | Gd | Tb Dy | Ho | Er | Tm | Yb | Lu

lanthanum cerium  praseodymium| neodymium | promethium | samarium | europium | gadolinium | trebium dysprosium | holmium erbium thulium ytterbium lutetium

o 89 90 91 92 93 94 95 96 97 98 99 100 | 101 102 | 103
Actinoids | Ac Th Pa U Np Pu | Am | Cm | Bk Ct Es Fm Md No Lr

actinium thorium [ protactinium [ uranium | neptunium | plutonium | americium curium berkelium | californium | einsteinium | fremium [mendelevium| nobelium | lawrencium

FIGURE 1.2.6 The periodic table groups the chemical elements according to their chemical properties.

1.2 Review

SUMMARY

+ All substances are made up of atoms. « Every element has a chemical symbol that is usually

« The atoms in elements can exist as individual atoms made up of one or two letters. The first letter is
(monatomic), molecules, giant molecules or lattices. capitalised and the second letter is lower case.

« The atoms in compounds can exist as molecules or + Elements are organised into the periodic table.

large networks of atoms.

KEY QUESTIONS

1 What special name is given to the group of elements 3 Explain the difference between an element and a
that are monatomic at room temperature? compound.

2 Classify each of the following as elements or 4 |dentify the common name of each of the following
compounds. elements from its non-English name.
a Copper e Diamond a Ferrum
b Sulfur f Sodium chloride b Kalium
¢ Water g Gold ¢ Wolfram
d Carbon dioxide h Silicon carbide d Plumbum
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1.3 Inside atoms

Until the mid-1800s, scientists believed that atoms were hard spheres that couldn’t
be broken down into smaller parts. By the end of the 1800s, there was increasing
evidence to suggest that atoms are made up of smaller particles. This led to a series
of atomic models that attempted to explain the structure of atoms.

STRUCTURE OF ATOMS

The current model of the atom is based on the work of many scientists. All atoms
are made up of a small, positively charged nucleus surrounded by a much larger
cloud of negatively charged electrons as shown in Figure 1.3.1. The nucleus is in
turn made up of two subatomic particles—protons and neutrons. The protons
are positively charged and the neutrons have no charge.

Electrons

Electrons are negatively charged particles. You can imagine them forming a cloud of
negative charge around the nucleus. This cloud gives the atom its size and volume.

An electron is approximately 1800 times smaller than a proton or neutron.
J\ Therefore, electrons contribute very little to the total mass of an atom. However,
FIGURE 1.3.1 A simplified model of the atom. the space occupied by the cloud of electrons is 10000—-100000 times larger than

The central glow represents the nucleus where the nucleus.

the protons and neutrons are housed. The Negative particles attract positive particles. This is called electrostatic
nucleus is surrounded by a cloud of electrons

that orbit the nucleus. attraction. Electrons are bound to the nucleus by the electrostatic attraction to the
protons within the nucleus. The charge on an electron is equal but opposite to the
charge on a proton. Electrons are said to have a charge of —1 whereas protons have
a charge of +1.

In some circumstances, electrons can be easily removed from an atom. For
example, when you rub a rubber balloon on a woollen jumper or dry hair, electrons
are transferred to the balloon and the balloon develops a negative charge. The
negative charge is observed as an electrostatic force that can stick the balloon to a
wall or even move an aluminium can. You will look more closely at the removal of
electrons from atoms when looking at ionic compounds in Chapter 4.

The electricity that powers lights and appliances is the result of electrons moving
in a current through wires. Sparks and lightning are also caused by electrons moving
through air.

CHEMFILE

Discovering the electron

In the 1850s, a series of experiments was carried out in which an electric current was
passed through different gases in sealed tubes at very low pressures. The tubes were
called cathode ray tubes.

When a high voltage was applied, the cathode ray tubes glowed with a coloured light
and the glass on the wall opposite the negative electrode became fluorescent. This is
shown in Figure 1.3.2.

source of electrical potential

stream of negative
particles (electrons)

metal

cathode partially
evacuated metal
glass tube anode

FIGURE 1.3.2 This glass tube contains a gas at low pressure. When an electric potential is
applied, a green glow is observed on a phosphorescent screen.
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In 1858, German physicist Julius Plucker conducted these experiments and suggested
that the fluorescence was caused by invisible rays coming from the negative cathode.
He called these cathode rays.

When an electric field was applied at right angles near the cathode, the position of the
fluorescence moved away from the negative pole of the electric field. This can be seen
in Figure 1.3.3.

applied
electrical field

metal
cathode

metal
anode

FIGURE 1.3.3 Cathode rays are deflected by an applied electric field.

In the late 1890s, English physicist Joseph John Thomson repeated these experiments,

using different metals as electrodes and different gases in the tubes. In every case, the

results were the same. The properties of the cathode rays were independent of both the

gas and the metal. From his experiments, Thomson deduced that:

e the rays were a stream of particles

e the particles came from the negative electrode (cathode) and were negatively
charged

e the particles must be found in all matter and therefore were subatomic particles

e atoms must also contain positive subatomic particles since atoms have no overall
charge.

Thomson's research laid the foundation for other scientists to build the modern model

of the atom. For his discovery of the electron, Thomson was awarded the 1906 Nobel
Prize in Physics.

The nucleus

The nucleus of an atom is approximately 10000-100000 times smaller than
the size of the atom. To put this in perspective, if an atom were the size of the
Melbourne Cricket Ground (Figure 1.3.4), then the nucleus would be about the
size of a pea. Nonetheless, the nucleus contributes around 99.97% of the atom’s
mass. This means that atomic nuclei are extremely dense.

The subatomic particles in the nucleus, the protons and neutrons, are referred
to collectively as nucleons. Protons are positively charged particles with a mass of
approximately 1.673 x 1077 kg. Neutrons are almost identical in mass.

Table 1.3.1 summaries the properties of protons, neutrons and electrons.

TABLE 1.3.1 Properties of the subatomic particles

Symbol Charge Size relative to | Mass (kg) FIGURE 1.3.4 If an atom were the size of the
a proton Melbourne Cricket Ground, then the nucleus

would be the size of a pea.

Proton 1.673 x 10?7

Neutron n 0 1 1.675 x 10?7

Electron e -1 1 9.109 x 10-3!
1800
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Discovering the nucleus

The secrets of the nucleus were unlocked by New Zealand
physicist Ernest Rutherford. Between 1899 and 1911, Rutherford
conducted experiments in which he fired a beam of alpha
particles (positively charged particles) at a piece of extremely
thin gold foil. The vast majority of the alpha particles passed
straight through the gold foil. From this observation, Rutherford
deduced that the gold atoms were made up almost entirely of
empty space. Figure 1.3.5 shows the apparatus and observations
of Rutherford’s experiments.

However, Rutherford was surprised to discover that occasionally, °
an alpha particle would bounce straight back. He stated: ‘It was o
about as incredible as if you had fired a 16-inch shell at a piece of
tissue paper and it came back and hit you!’
This remarkable observation suggested that the centre of the
atom is very small, positive and extremely dense. This central
region was later named the nucleus.
zinc
alpha particle slfide
source in SN
lead block . gold foil
e i Most alpha
Sy | ticl
A few particles are 4 gzgslctr?fough
deflected through the foil
wide angles. ’

Rutherford proposed that the nucleus contained positive
particles (because the positive alpha particles were deflected
or rebounded), which he termed ‘protons’. James Chadwick
confirmed the existence of neutrons in 1932,

Rutherford’s model (1911) proposed the following.

Most of the mass of an atom, and all of the positive charge
must be located in a tiny central region called the nucleus.
Most of the volume of an atom is empty space, occupied only
by electrons.

The electrons move in circular orbits around the nucleus.

The force of the attraction between the positive nucleus and
the negative electrons is electrostatic.

(b) nucleus of
gold atom

\

)
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i ==
particles S~ M \

()

)

gold foil

,_
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FIGURE 1.3.5 (a) Ernest Rutherford’s apparatus that provided evidence for the discovery of nuclei in atoms. (b) Only those alpha particles that closely
approach the nuclei in the gold foil are deflected significantly. Most particles pass almost directly through the foil.

__________________________________________________________________________________________

1.3 Review

+ All atoms are composed of a small, positively
charged nucleus surrounded by a negatively charged
cloud of electrons.

» The mass of an atom is mostly determined by the
mass of the nucleus, while the size of an atom is
determined by the cloud of electrons.

* The nucleus is made up of two subatomic particles—
protons and neutrons. These particles are referred to
as nucleons.

KEY QUESTIONS

1 How many times larger is the atom compared to its nucleus?

Protons have a positive charge, electrons have a
negative charge and neutrons have no charge.
Protons and neutrons are similar in size and mass
while electrons are approximately 1800 times
smaller.

The charges on protons and electrons are equal but
opposite.

2 What subatomic particles make up the most mass of an atom and where are they found?

3 How are electrons held within the cloud surrounding the nucleus?

__________________________________________________________________________________________
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1.4 Classifying atoms

DIFFERENT TYPES OF ATOMS

Each element is made up of one type of atom. The type of atom that makes up each
element is determined by the number of protons in the nucleus.

The number of protons in an atom’s nucleus is known as the atomic number
and is represented by the symbol Z.

All atoms that belong to the same element must have the same number of
protons and therefore have the same atomic number, Z. For example, all hydrogen
atoms have Z = 1, all carbon atoms have Z = 6 and all gold atoms have Z = 79.

The number of protons and neutrons in the nucleus is known as the mass
number and is represented by the symbol 4. The mass number represents the total
mass of the nucleus.

As all atoms are electrically neutral, the number of protons in an atom is equal
to the number of electrons in an atom. The atomic number therefore tells you both
the number of protons and the number of electrons. For example, carbon atoms,
with Z = 6, have six protons and six electrons.

STRUCTURE OF ATOMS

The number of protons, neutrons and electrons defines the basic structure of an
atom. The standard way of representing an atom is to show its atomic and mass
numbers as shown in Figure 1.4.1.

mass number —= A
i X =— symbol of element
atomic number —= 7

FIGURE 1.4.1 The standard way of representing an atom to show its atomic number and mass
number.

For an aluminium atom, this would be written as shown in Figure 1.4.2.
27
Al

FIGURE 1.4.2 This representation of an aluminium atom indicates the number of protons, neutrons
and electrons in the atom.

From this representation, you can determine that the:

e number of protons is 13 because the number of protons is equal to the atomic
number (£)

¢ number of neutrons is 14 because the number of neutrons plus the number of
protons is equal to the mass number. Therefore you can subtract the atomic
number from the mass number to determine the number of neutrons (4 — 2)

¢ number of electrons is 13 because atoms have no overall charge. Therefore the
number of electrons must equal the number of protons.

CHAPTER 1
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Worked example 1.4.1
CALCULATING THE NUMBER OF SUBATOMIC PARTICLES

Calculate the number of protons, neutrons and electrons for the atom with this
atomic symbol: 0

s Ar
Thinking Working
The atomic number is equal to the The number of protons =7 =18
number of protons.
Find the number of neutrons. The number of neutrons =A-Z7
Number of neutrons = mass number - =40-18
atomic number =22
Find the number of electrons. Number of electrons =7 =18
The number of electrons is equal to
the atomic number because the total
negative charge is equal to the total
positive charge.

Worked example: Try yourself 1.4.1
CALCULATING THE NUMBER OF SUBATOMIC PARTICLES

Calculate the number of protons, neutrons and electrons for the atom with this
atomic symbol:

235U

92

ISOTOPES

All atoms that belong to the same element have the same number of protons in
the nucleus and therefore the same atomic number, Z. However, not all atoms
that belong to the same element have the same mass number, A. For example,
hydrogen atoms can have mass numbers of 1, 2 or 3. In other words, hydrogen
atoms may contain just a single proton, a proton and a neutron, or a proton and two
neutrons as shown in Figure 1.4.3. Atoms that have the same number of protons
(atomic number) but different numbers of neutrons (and therefore different mass
numbers) are known as isotopes.

°\ °\ °\
electron electron electron
proton neutron proton neutron proton
hydrogen (protium) deuterium tritium
hydrogen-1, {H hydrogen-2, TH hydrogen-3, ’H

FIGURE 1.4.3 The three isotopes of hydrogen are given special names. A hydrogen atom with just one
proton in its nucleus is known as hydrogen or protium. A hydrogen atom with one proton and one
neutron is known as deuterium. A hydrogen atom with one proton and two neutrons is known as tritium.
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Carbon also has three naturally occurring isotopes. These three isotopes are
known as carbon-12, carbon-13 and carbon-14. Carbon-12 atoms have a mass
number of 12, carbon-13 atoms have a mass number of 13 and carbon-14 atoms
have a mass number of 14. In the 1950s and 1960s, nuclear weapons testing caused
a spike in carbon-14 in the atmosphere. This has been declining in the last 50 years.
These three carbon isotopes can be represented as:

12 C 163 C

carbon-12 carbon-13

14
. C
carbon-14

Isotopes have identical chemical properties but different physical properties
such as mass and density. In particular, some isotopes are radioactive.

| CHEMISTRY IN ACTION |

Carbon-14 and the war against poachers

Isotopes are important in the war against ivory poaching in Africa. Living
organisms take up carbon-14 from the environment. Over time, the amount of
carbon-14 in tissues of plants and animals decreases as the isotope radioactively
decays. By looking at the levels of the carbon-14 isotope in elephant tusks and
ivory (Figure 1.4.4), scientists can determine how old they are.

If the authorities know the age of the ivory, then legal action can be taken
against the poachers and sellers of the product. Ivory products prior to 1989
are allowed to be traded. Since 1989, the trade on ivory has been made illegal
world-wide.

CHEMFILE

Isotopes

In nature, different elements have
different numbers of isotopes. Gold has
only one isotope, whereas lead has four
and mercury seven isotopes.

FIGURE 1.4.4 These tusks are from African
elephants killed for their ivory.

__________________________________________________________________________________________

1.4 Review

* You can determine the number of subatomic .

particles in an atom from an element’s atomic
number and mass number.

The atomic number indicates how many protons or
electrons an atom has.

The mass number tells you how many protons and
neutrons are in the nucleus of the atom.

KEY QUESTIONS

Isotopes are atoms with the same atomic number
but different mass numbers, i.e. they have the
same number of protons but different numbers of
neutrons.

Isotopes have the same chemical properties but
different physical properties such as mass, density
and radioactivity.

2 Calculate the numbers of protons, neutrons and electrons in the atom 3, P.

eight neutrons?

carbon-12 isotope?

4 Explain the similarities and differences between isotopes of the same element.
5 How many more neutrons does an atom of carbon-14 have than an atom of the

1 What term is given to the number of protons and neutrons in the nucleus of an atom?

3 What is the correct name of the element that has an atom with seven protons and
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CHEMFILE

How helium got its name

Helium was discovered on the Sun
before being discovered on Earth.

The French astronomer Jules Janssen
discovered helium in 1868 while
studying the light from a solar eclipse
in India similar to the solar eclipse
shown in Figure 1.5.4. Although the
spectrum showed the full range of
colours, the bright yellow line in the
helium spectrum stood out. The line
could not be matched to the line
spectra of any of the known elements.
It was concluded that the line belonged
to an unknown element. This element
was named helium after the Greek Sun
god, Helios.

FIGURE 1.5.4 The emission spectrum of
helium was first detected in sunlight of a
solar eclipse like the one shown here.

1.5 Electronic structure of atoms

When fireworks explode, they create a spectacular show of coloured lights (Figure
1.5.1). The light is produced by metal atoms that have been heated by the explosion.
These coloured lights posed a significant problem for early scientists. The models
the scientists were using could not explain the source of the light. However, the
light was a clue that ultimately led to a better understanding of the arrangement of
electrons in atoms.

FIGURE 1.5.1 The spectacular colours in this New Year's Eve fireworks display are emitted by metal
atoms that have been heated to very high temperatures.

EMISSION SPECTRA

When atoms are heated, they give off electromagnetic radiation or light. If the light
passes through a prism, it produces a spectrum with a black background and a
number of coloured lines. Figure 1.5.2 shows the apparatus used to produce these
spectra.

hot sample

emission
spectrum

FIGURE 1.5.2 The apparatus used to analyse the light given out when an element is heated.
The coloured lines are called an emission spectrum.

These spectra are known as line spectra or emission spectra and are related
to the electronic structure within the atoms. Each emission spectrum is unique for
a particular element and can be used to identify different elements.

The line spectrum produced by helium is shown in Figure 1.5.3.

FIGURE 1.5.3 The emission spectrum of helium is made up of lines ranging from violet to red in
colour.
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Each line in the spectrum corresponds to light of a different energy. Violet lines
correspond to light with high energies. As the colour of the light changes to blue,
green, yellow and orange, the energy of the light decreases. Red light is the lowest
energy light visible to the human eye.

Information from emission spectra

Emission spectra give clues about the electronic structure of atoms. Two important
clues are:

1 atoms of the same element produce identical line spectra

2 each element has a unique line spectrum and therefore a unique electronic

structure.
THE BOHR MODEL
In 1913, Niels Bohr developed a new model of the hydrogen atom that explained lowest energy
emission spectra. The Bohr model proposed the following. orbit where

. . . electron is

¢ Electrons revolve around the nucleus in fixed, circular orbits. normally found
e The electrons’ orbits correspond to specific energy levels in the atom. ®
* Electrons can only occupy fixed energy levels and cannot exist between two higher

energy levels. egfgﬁz

¢ Orbits of larger radii correspond to energy levels of higher energy.

In the Bohr model, it is possible for electrons to move between the energy levels  FiGURE 1.5.5 The Bohr model of a hydrogen
by absorbing or emitting energy in the form of light. Bohr’s model (Figure 1.5.5)  atom. Bohr suggested that electrons moved

gave close agreement between the calculated energies for lines in the hydrogen  inorbits of particular energies.

spectrum and the observed values in the spectrum.

Electron shells

Scientists quickly extended Bohr’s model of the hydrogen atom to other atoms.
Scientists proposed that electrons were grouped in different energy levels, called
electron shells. The electron shells are labelled with the number » = 1,2,3 ..., as
shown in Figure 1.5.6.

The orbit in which an electron moved depended on the energy of the electron;
electrons with low energy are in orbits close to the nucleus while high-energy
electrons are in outer orbits.

(a) (b) n=6
n=>5 A
n=4
n=3
[0}
n=2 2
o
<
n=1
electron shells energy levels

FIGURE 1.5.6 (a) The electron shells of an atom (n) are labelled using integers. The first shell is

the shell closest to the nucleus and the radii of the shells increase as the shell number increases.

(b) Each shell corresponds to an energy level that electrons can occupy. The first shell has the lowest
energy and the energy increases as the shell number increases.

The lowest energy shell is the shell closest to the nucleus and is labelled 7z = 1.
Shells with higher values of 7 correspond to higher energy levels. As the values of n
increase, the energy levels get closer together.

CHAPTER 1 | THE ATOMIC NATURE OF MATTER
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Emission spectra and the shell model

Heating an element can cause an electron to absorb energy and jump to a higher
energy state. Shortly afterwards, the electron returns to the lower energy state,
releasing a fixed amount of energy as light. The electron can return in a number of
different ways, some of which are shown in Figure 1.5.7 as coloured arrows. Each
one of the particular pathways produces light of a particular colour in the emission

spectrum.

3rd excited level

2nd excited level v v

1st excited level 'Y
>
0
(]
C
w

Initially, the electron
is excited to a
higher energy level

Lowest energy level

Particular energies are emitted,
depending on how the electron
returns to the lowest energy level.

FIGURE 1.5.7 Emission of energy as electrons move from a higher to a lower energy state.

Consider a hydrogen atom with one proton

called the ground state.

When the hydrogen atom is heated, the electron absorbs energy and jumps to a

and one electron. Usually, the
electron exists in the 7 = 1 shell. This is the lowest energy state of the atom and is

higher energy level. This is known as an excited state.

Shortly afterwards, the electron returns to the

ground state. The electron may
return directly to the ground state or may move to other energy levels before
returning to the ground state. For example, an electron in the 7z = 4 shell may move

to the n = 2 shell before returning to the #» = 1 ground state.

As the electron falls to a lower energy shell, it emits energy in the form of light.
This energy is exactly equal to the energy difference between the two energy levels.
Each transition corresponds to a specific energy of light and therefore one line in

the line spectrum of hydrogen shown in Figure 1.5.8.

FIGURE 1.5.8 The emission spectrum of the hydrogen atom has four lines in the visible range—

violet, blue, green and red.
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1.5 Review

SUMMARY

When atoms are heated, they emit electromagnetic
radiation or light.

When the light is passed through a prism, it
produces a spectrum made up of lines of different
colours. These spectra are known as emission or
line spectra.

The emission spectra produced by atoms of the
same element are identical.

Each element has a unique emission spectrum.
The Bohr model of the atom was the first atomic
model to explain the origin of emission spectra.

KEY QUESTIONS

1

The Bohr model assumes that electrons can only
exist in fixed, circular orbits of specific energies.
These orbits later came to be known as energy levels
or shells.

When an electron absorbs energy (e.g. heat or light),
the electron can jump from one shell to a higher
energy shell.

When an electron falls from a higher energy shell to
a lower energy shell, it emits energy in the form of
light.

Each line in the emission spectrum corresponds to
a specific electron transition between two shells.

Explain how emission spectra are evidence for electron shells in the

Bohr model.

What four assumptions did Bohr make about the electronic structure of

the atom?

What form of energy is emitted when an electron moves from a higher

energy shell to a lower energy shell?

CHAPTER 1 | THE ATOMIC NATURE OF MATTER
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1.6 Electronic configuration and the
shell model

Bohr’s model of the hydrogen atom gave close agreement between his calculated
energies for lines in hydrogen’s emission spectra and the observed values. In Bohr’s
model, electrons are confined to specific energy levels or shells. In this section, you
will look at how scientists were able to determine the electronic arrangement in
other atoms.

IONISATION ENERGY

Evidence for the existence of energy levels in atoms was obtained from studies
of successive ionisation energies in atoms of different elements. The ionisation
energy is the energy needed to remove an electron from an atom. For example, a
sodium atom contains 11 electrons. As each successive electron is removed, these
ionisation energies can be measured. Figure 1.6.1 shows that the first electron to be
removed has the lowest ionisation energy and is therefore the easiest to remove. The
following eight electrons are slightly more difficult, and finally, the last two require
substantially more energy to remove.

5 -
4 -
logio
(ionisation
energy)
3 i
2 T T T T T T T T -

| I T
0 1 2 3 4 5 6 7 8 9 10 11
Electron being removed

FIGURE 1.6.1 Graph of the ionisation energies of a sodium atom. (The logarithm of ionisation energy
is used to provide a more convenient vertical scale.)

Once scientists had determined the successive ionisation energies for a large
number of elements, they concluded that electrons were grouped in different energy
levels, which they called electron shells. Electrons in the same shell:

e are about the same distance from the nucleus
* have about the same energy.
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0 If an atom has six electrons, then each can be removed in turn. The electron
that is least strongly attracted to the nucleus will be removed most easily. The
amount of energy this requires is known as the first ionisation energy. Each one
of the remaining five electrons will have a specific ionisation energy. The second
ionisation energy will be greater than the first. The third will be greater than the
second and so on.

The different energy levels or shells can hold different numbers of electrons.
The arrangement of these electrons around the nucleus is called the electronic
configuration.

ELECTRONIC CONFIGURATION IN SHELLS

In all atoms, the electrons are as close to the nucleus as possible. This means that
electrons will generally occupy inner shells before outer shells. For example, an
atom of lithium has three electrons. Two electrons will occupy the first shell as that
is all it can hold. The third electron is in the second shell.

A Bohr diagram is a simple diagram that shows the arrangement of electrons
around the nucleus. In such diagrams, only the shells that are occupied are drawn.
The Bohr diagram for lithium is shown in Figure 1.6.2.

It is possible to determine the basic electronic configuration of any atom by
applying the following rules.

* Rule 1. Each shell can only contain a maximum number of electrons. Table 1.6.1
shows how many electrons can occupy the first four shells.

TABLE 1.6.1 The number of electrons held by each shell of an atom.
Shell 1 is the shell closest to the nucleus.

Electron shell (n) Maximum number of
electrons

1 2
2 8
3 18
4 32
n 2n?

* Rule 2. Lower energy shells fill before higher energy shells.

Using these rules, it is possible to accurately predict the electronic configuration
of the first 18 elements.

Oxygen has eight electrons, so the first shell will hold two electrons and the
second shell will hold six electrons. Its electronic configuration is therefore 2,6.

Figure 1.6.3 shows the electronic configuration of a sodium atom, which has
11 electrons. The first two electrons fill the first shell. Then the next eight electrons
fill the second shell. The remaining electron occupies the third shell. The electronic
configuration for this atom is written as 2,8,1 to indicate the arrangement of
electrons in each shell.
¢ Rule 3. Electron shells fill in a particular order. The first two electrons go into

the first shell. The next eight electrons go into the second shell. The third shell

can hold 18 electrons but once it contains eight electrons, the next two electrons
go into the fourth shell. Only then does the third shell fill up.

A potassium atom contains 19 electrons. The first shell holds two electrons. The
second shell holds eight and the third shell holds eight. The fourth shell will hold
one electron. This arrangement can be seen in Figure 1.6.4.

This pattern of shell filling continues until the third shell contains the maximum
number of electrons it can hold (18). Therefore, an atom with 30 electrons has
electronic configuration of 2,8,18,2.

Li2,1

FIGURE 1.6.2 The Bohr diagram for the lithium
atom with three electrons.

Na 28,1

FIGURE 1.6.3 The electronic configuration of a
sodium atom.

K 2,8.,8,1

FIGURE 1.6.4 The electronic configuration of
potassium.
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Worked example 1.6.1
ELECTRONIC CONFIGURATION FOR UP TO 36 ELECTRONS

Apply the rules of the shell model to determine the electronic configuration of
an atom with 28 electrons.

Thinking Working
Recall the maximum number of Shell (n) Maximum number of electrons
electrons that each shell can hold. | 1 )
2 8
3 18
4 32
Place the first 18 electrons in Shell (n) Electrons in atom
the shells from the lowest energy | 1 2
to the highest energy. Do not
. 2 8
exceed the maximum number of
electrons allowed. 3 8
4
Place the next two electrons in the | Shell (n) Electrons in atom
fourth shell. 1 2
2 8
3 8
4 2
Continue filling the third shell Shell (n)  Electrons in atom
until it holds up to 18 electrons. 1 2

Put any remaining electrons in

the fourth shell. 2 8
3 16
4 2

The 8 remaining electrons from the
previous step have gone into the third
shell.

Write the electronic configuration | The electronic configuration is:
by listing the number of electrons | 5816 2

in each shell separated by
commas.

Worked example: Try yourself 1.6.1
ELECTRONIC CONFIGURATIONS FOR UP TO 36 ELECTRONS

Apply the rules of the shell model to determine the electronic configuration of
an atom with 34 electrons.
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VALENCE ELECTRONS

The outermost shell of an atom is known as the atom’s valence shell. The
electrons in the outer shell are called valence electrons. These electrons require
the least amount of energy to be removed. The valence electrons are involved in
chemical reactions. Consequently, if you know the number of valence electrons
in the atoms of an element, then you can predict the chemical properties of the

element.

In Chapters 3, 4 and 6, you will learn about how atoms tend to lose, gain or
share valence electrons in order to achieve eight electrons in their outer shell when
they are involved in chemical reactions. This is known as the octet rule.

Worked example 1.6.2

CALCULATING THE NUMBER OF VALENCE ELECTRONS IN AN ATOM

an atomic number of 127

How many valence electrons are present in an atom of magnesium, which has

Thinking

Recall the maximum number of

electrons that each shell can hold.

Place 12 electrons in the shells
from the lowest energy to the
highest energy. Do not exceed the
maximum number of electrons
allowed.

Working

Shell (n)  Maximum number of electrons
1 2

2 8

3 18

4 32

Shell (n)  Electrons in atom
1 2

2 8

3 2

4

Write the electronic configuration
by listing the number of electrons
in each shell separated by
commas.

The electronic configuration is:
2,82

Determine the number of
electrons in the outer shell or
valence shell.

The number of electrons in the valence
shell is 2.

Worked example: Try yourself 1.6.2
CALCULATING THE NUMBER OF VALENCE ELECTRONS IN AN ATOM

atomic number of 16?7

How many valence electrons are present in an atom of sulfur, which has an
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1.6 Review

SUMMARY

» The electronic configuration of an atom indicates the

arrangement of electrons in each shell.

Bohr diagrams can be used to show the electronic
configurations of atoms.

Each shell can have a maximum number of
electrons. This is summarised in Table 1.6.2.

TABLE 1.6.2 Number of electrons in each electron shell

Electron shell (n) Maximum number of
electrons

1 2
2 8
3 18
4 32
n 2n?

KEY QUESTIONS

1

26

Construct the electronic configurations for atoms with:

a 5 electrons

b 12 electrons

¢ 20 electrons

d 35 electrons.

Write the electronic configuration of:
a Be

b S

c Ar

d Mg

e Ne

Draw the Bohr diagram for one atom of scandium.

The lowest energy shells fill first until they are full or
have eight electrons. At that point, the next energy
shell accepts two electrons before the unfilled shell
with eight electrons continues filling.

The outer shell cannot contain more than eight
electrons.

The outer shell is called the valence shell.

Electrons in the outer shell are called valence
electrons.

Write the name and symbol of the element with the electronic configuration:

2

2,7
283
2,5
2,87

O o 0 T o

What is the number of valence electrons for an atom with 35 electrons?
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1.7 The Schrodinger model of the atom

The shell model of the atom that developed from the work of Niels Bohr mathematically
explained the lines in the emission spectrum of hydrogen atoms. However, there were
some things that the model could not explain. The shell model:
1 cannotaccurately predict the emission spectra of atoms with more than one electron
2 is unable to explain why electron shells can only hold 2#? electrons
3 does not explain why the fourth shell accepts two electrons before the third shell is
completely filled.
These failings of the shell model indicate that the model is incomplete. Obtaining
a better model of the atom required scientists to think about electrons in an entirely
different way.

A QUANTUM MECHANICAL VIEW OF ATOMS

The Bohr model of the atom was revolutionary when it was proposed. Before Bohr,
Rutherford and other scientists believed that electrons could orbit the nucleus at any
distance from the nucleus. This picture of the electrons was based on how scientists
observed the world around them. For example, planets can revolve at any distance
around the Sun. However, Bohr’s theory stated that electrons only occupy specific,
circular orbits. This was the first suggestion that the physics inside atoms might be very
different from the physics we experience in our daily lives.

Quantum mechanics

The word ‘quantum’ means a specific amount. In the Bohr model, the electrons can
only have specific amounts of energy depending on which shell they are in. The energy
of the electrons is said to be quantised.

In 1926, the German scientist Erwin Schrodinger proposed that electrons behaved
as waves around the nucleus. Using a mathematical approach and this wave theory,
Schrodinger developed a model of the atom called quantum mechanics. This is the
model of the atom that scientists use today.

Quantum mechanics describes the behaviour of extremely small particles like
electrons. You rarely experience quantum mechanics in your everyday life. As a result,
the predictions of quantum mechanics are often difficult to imagine. Nonetheless,
quantum mechanics accurately predicts the behaviour of electrons in atoms.

The Schrodinger model

The fundamental difference between the Bohr model and the Schrodinger model of
the atom is the way they view the electrons. Bohr viewed electrons as tiny, hard particles
that revolve around the nucleus in circular orbits. Schrodinger viewed electrons as
having wave-like properties. In this model, the electrons occupy a three-dimensional
space around the nucleus known as an orbital. Figure 1.7.1 compares the Bohr model
and the Schroédinger model.

(a) (b)

The Bohr model The Schrodinger model

CHEMFILE

Quantum mechanics and
large objects

Quantum mechanics even accounts
for the motion of larger objects
such as footballs, people and

stars. When the laws of quantum
mechanics are applied to the study
of these larger objects, they give
results that are virtually identical

to those obtained using the laws of
classical physics.

FIGURE 1.7.1 (a) Bohr regarded electrons as
particles that travel along a defined path in
circular orbits. (b) In Schrédinger’s quantum
mechanical approach, the electrons behave
as waves and occupy a three-dimensional
space around the nucleus. The region
occupied by the electrons is known as an
orbital.
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By assuming that electrons have wave-like properties, Schrédinger found the
following.

* There are major energy levels in an atom that, for historical reasons, were called
shells.

* These shells contain separate energy levels of similar energy, called subshells,
which he labelled s, p, d and f. Each subshell can only hold a certain number of
electrons.

* The first shell (# = 1) contains only an s-subshell. The second shell contains
s- and p-subshells. The third shell contains s-, p- and d-subshells and so on.
The subshells for the first four shells are summarised in Table 1.7.1.

TABLE 1.7.1 Energy levels within an atom

Shell number Number of Maximum Maximum
(n) orbitals in number of number of
subshell electrons per electrons per
subshell shell
1 1s 1 2 2
2 2s 1 2
2p 3 6 8
3 3s 1 2
3p 3 6
3d 5 10 18
4 4s 1 2
4p 3 6
4d 5 10
4f 7 14 32

¢ Each subshell is made up of smaller components known as orbitals. Orbitals
can be described as regions of space surrounding the nucleus of an atom in
which electrons may be found. An s-subshell has just one orbital. A p-subshell
has three orbitals. A d-subshell has five orbitals and an f-subshell has seven. The
number of orbitals in each subshell for the first four shells is summarised in
Table 1.7.1.

e The total number of orbitals in a shell is given by #?. Each orbital can contain
a maximum of two electrons. Therefore, the total number of electrons per shell
is given by 2#72. For example, the second shell contains s- and p-subshells and
so contains a total of 1 + 3 = 4 orbitals. Each orbital contains two electrons so
the second shell contains 2 x 4 = 8 electrons. The number of electrons in each
subshell and shell for the first four shells is summarised in Table 1.7.1.

Note that the Schrodinger model accurately predicts the maximum number of
electrons that each shell can hold. This is something that the Bohr model could not

explain.
ELECTRONIC CONFIGURATIONS AND THE SCHRODINGER
MODEL

The electronic configurations for the Schrédinger model are more complicated than
the electronic configurations of the shell model. This is because the Schrédinger
model specifies subshells that electrons occupy. The electronic configuration of a
sodium atom is shown in Figure 1.7.2.

Coefficients Superscripts denote
represent the—s 15?252 2p®3s' +— how many electrons
shell number (n). are in the subshell.
Letters specify
the subshell
being filled.

FIGURE 1.7.2 The electronic configuration of a sodium atom. It shows that there are 2 electrons in
the 1s-subshell, 2 electrons in the 2s-subshell, 6 electrons in the 2p-subshell and 1 electron in the
3s-subshell.
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Sodium has 11 electrons. The electronic configuration in Figure 1.7.2 indicates
that for sodium, there:
* are two electrons in the s-subshell in the first shell
* are two electrons in the s-subshell of the second shell
e are six electrons in the p-subshell of the second shell
e is one electron in the s-subshell of the third shell.

Although the electronic configurations may look complicated, the rules for
constructing them are simple.
¢ The lowest energy orbitals are always filled first.
¢ Each orbital contains a maximum of two electrons.

The order of energy levels of the subshells are:
1s<2s<2p<3s<3p<4s<3d....

This is shown in Figure 1.7.3. In this diagram, each dashed line represents an
orbital that can hold two electrons.
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FIGURE 1.7.3 The relative energies of subshells. Each dashed line represents an orbital in a subshell.
Each orbital can contain two electrons.

The geometric pattern shown in Figure 1.7.4 is a commonly used and convenient
way of remembering the order in which the subshells are filled.

Figure 1.7.5 shows how the energy levels are filled in a neon atom, which has
10 electrons. The first two electrons fill the 1s-subshell, the second two electrons go
into the next highest energy level, the 2s-subshell. The last six electrons then fill the
next highest energy level, the 2p-subshell. The electronic configuration is written
as 1s22s22pS.
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M —— -
4d —————
& 3d—— e ip T
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2p teeeee
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shells (n)

FIGURE 1.7.5 This electron shell diagram shows how the orbitals in a neon atom are filled to give an
electronic configuration.

Figure 1.7.6 on page 30 shows how to add electrons to atoms with more than 20
electrons. The first two electrons fill the 1s-orbital in the first shell. The next eight
electrons fill the s- and p-orbitals in the second shell. The next eight electrons fill
the s- and p-orbitals in the third shell. The 4s-orbital is then filled with two electrons
because this orbital is lower in energy than the 3d-orbitals. Once the 4s-orbital is
filled, the next 10 electrons are placed in the 3d-orbitals.

Finally, the remaining six electrons fill the 4p-orbitals.

FIGURE 1.7.4 This geometric pattern shows
the order in which the subshells are filled. Note
that in this diagram the fourth shell starts filling
before the third shell is completely filled. This
is because the 4s-orbital is lower in energy
than the 3d-orbitals. As a result, the 4s-orbital
accepts two electrons after the 3s- and
3p-orbitals are filled but before the 3d-orbital
begins filling.
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FIGURE 1.7.6 Adding electrons to atoms with

more than 20 electrons
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Zn 15225%2p®3s23p®3d104s? Kr 1522522p63s23p€3d104524p6

Krypton has 36 electrons. According to the order of subshell filling, its electronic
configuration is:
15%2522p®3s23p®4s23d194p

Although the 4s-subshell is filled before the 3d-subshell, the subshells of the
third shell are usually grouped together. Therefore, the electronic configuration for
a krypton atom is written as:
15%2522p®3s23p®3d194s24pb

Chromium and copper — exceptions

The electronic configurations for most elements follow the rules described above.
There are two notable exceptions: element 24, chromium, and element 29, copper.
Table 1.7.2 shows these exceptions.

TABLE 1.7.2 The electronic configurations for chromium and copper

Electronic configuration predicted Actual electronic
according to the rules above configuration
Chromium, Cr 1522522p63523p®3d*4s2 1522522p63s23p®3d°4s!

Copper, Cu 1522522p63523p®3d94s2 1522522p63523p®3d104s!

Each orbital can hold two electrons. In the d-subshell there are five orbitals and
therefore 10 electrons that can be held within them. Scientists have determined
that as a subshell fills, a single electron is placed in each orbital first. Then a second
electron is entered into the orbitals until the filling process is complete.

Chemists calculate that there is very little difference in energy between 3d- and
4s-orbitals, and the 3d°4s! configuration for chromium is slightly more stable than
the 3d*4s? configuration. This is because each of the five d-orbitals is exactly half
filled with one d-orbital empty.

Similarly for copper, the 3d'°4s' arrangement with five completely filled
d-orbitals is more stable than the 3d°4s? configuration with partially filled d-orbitals.
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Worked example 1.7.1
WRITING ELECTRONIC CONFIGURATIONS USING THE SCHRODINGER MODEL

Write the Schrodinger model of electronic configuration for a manganese atom
with 25 electrons.

Thinking Working

Recall the order in which the 1s, 1 orbital
subshells fill by listing them from 2s, 1 orbital
lowest energy to highest energy

and the number of orbitals in each. 2p, 3 orbitals
3s, 1 orbital
3p, 3 orbitals
4s, 1 orbital
3d, 5 orbitals
4p, 3 orbitals
Fill the subshells by assigning two Subshell  Electrons in  Progressive total
electrons per orbital, starting from subshell of electrons
the lowest energy subshells until 1s 2 2
you have reached the total number | 2s 2 4
of electrons in your atom. 2p 6 10
3s 2 12
3p 6 18
4s 2 20
3d 5 25
4p
Write the electronic configuration 1522522pb3s23p®3d°4s2

by writing each subshell with
the number of electrons as a
superscript. Remember to group
subshells from the same shell.

Worked example: Try yourself 1.7.1
WRITING ELECTRONIC CONFIGURATIONS USING THE SCHRODINGER MODEL

Write the Schrodinger model of electronic configuration for a vanadium atom
with 23 electrons.
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1.7 Review

SUMMARY

» The shell model of the atom was unable to fully
explain the properties of atoms and a new model
was needed to describe the electron behaviour in

Each orbital can hold a maximum of two electrons
(Table 1.7.3).

atoms. TABLE 1.7.3

» The Schrodinger model proposed that electrons mm
behave as waves and occupy a three-dimensional 1 1s 1
space around the nucleus.

» The Schrodinger model predicted that subshells are 2 2s 1
energy levels within the major shells. The subshells 2p 3
consist of orbitals. 3 3s 1

* An orbital can be regarded as a region of space gg g
surrounding the nucleus in which an electron may
be found. 4 4s 1

 Orbitals of similar energy are grouped in subshells ig g
that are labelled s, p, d and f. 4f 7

+ Each subshell has a different energy in an atom.

+ Electrons fill the subshells from the lowest energy
subshell to the highest energy subshell.

» The 4s-subshell is lower in energy than the
3d-subshell, so the fourth shell accepts two electrons
before the third shell is completely filled.

» Electronic configurations of atoms in the
Schrodinger model specify the number of electrons
in each subshell.

KEY QUESTIONS

1 Copy and complete the following table to write the electronic configuration of
each of the atoms listed.

using the shell model using the subshell model
Boron (5) 2,3 1s22s22p!
Lithium (3)
Chlorine (17)
Sodium (11)
Neon (10)
Potassium (19)
Scandium (21)
Iron (26)
Bromine (35)

2 Interms of energy levels, what is the essential difference between the shell
model and the subshell model of the atom?
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Chapter review

KEY TERMS

adsorption element
alpha particle emission spectrum
atom energy level

excited state
giant molecule

atomic number
atomic theory of matter

Bohr model ground state
chemical symbol ionisation energy
compound isotope

covalent network lattice mass number
electron matter

electron shell model

electronic configuration molecule
electrostatic attraction monatomic

Nanomaterials and nanoparticles

1 Nanotechnology is often represented by two
fundamentally different approaches: ‘top-down’ and
‘bottom up’. Research the differences between these
two approaches.

2 Convert the following lengths into nanometres (express
your solutions in scientific notation).
a 5cm
b 12 mm
¢ 2km

3 Zinc oxide powder and zinc oxide nanoparticles
both absorb UV light. What property of zinc oxide
nanoparticles makes them more suitable than zinc
oxide powder for use in sunscreen.

The atomic world

4 Which of Dalton’s predictions about the nature of
atoms was later proven to be incorrect?

5 Classify the following elements according to whether
they are monatomic, made up of molecules or form
a large network of atoms bonded together: sulfur,
copper, carbon, tin, helium, neon, gold, oxygen,
krypton, nitrogen.

Inside atoms

6 Where would you find 99.97% of the mass of an atom?

7 How are protons, neutrons and electrons arranged in
an atom?

8 Compare the mass and charge of protons, neutrons
and electrons.

Classifying atoms

9 An atom of chromium can be represented by the
symbol 3:Cr.

a Determine its atomic number and mass number.
b Determine the number of electrons, protons and
neutrons in the chromium atom.

nanomaterial
nanoparticle

nanoscale proton

nanoscience quantised
nanotechnology quantum mechanics
neutron radioactive

noble gas scanning tunnelling
nucleon microscope (STM)
nucleus Schrédinger model
octet rule subatomic particle
orbital subshell

outermost shell valence electrons
periodic table valence shell

10 Two atoms both have 20 neutrons in their nucleus. The
first has 19 protons and the other has 20 protons. Are
they isotopes? Why or why not?

11 Explain why the number of electrons in an atom equals
the number of protons.

12 Using the element bromine as an example, explain why
elements are best identified by their atomic number
and not their mass number.

Electronic structure of atoms

13 In a hydrogen atom, which electron shell will the
electron be in if the atom is in the ground state?

Electronic configuration using the shell model

14 Determine which shell the 30th electron of an atom
would go into according to the rules for determining
the electronic configuration of an atom.

15 What is the name of the element that has an electronic
configuration of 2,8,2?

The Schrédinger model of the atom

16 Write electronic configurations, using subshell notation,
for the following elements. The atomic number of each
element is shown in brackets.

Helium (2)

Carbon (6)

Fluorine (9)

Aluminium (13)

Argon (18)

Nickel (28)

g Bromine (35)

17 Using a fluorine atom as an example, explain the
difference between the terms ‘shell’, ‘subshell” and
‘orbital’.

- 0o o 0 T o

18 Determine the Schrédinger model of electronic
configuration that corresponds to the shell model
electronic configuration 2,8,6.
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19 Explain how the Schrodinger model of the atom
explains why the fourth electron shell begins filling
before the third shell is completely filled.

20 Explain why the 4s-subshell in chromium and copper
is only half-filled compared to almost all other
elements.

Connecting the main ideas

21 Our model describes an atom as consisting of rapidly
moving electrons at a relatively large distance from
a very small central nucleus. What is there between
those electrons and the nucleus?

22 New models for the atom evolve as scientists
become aware of inconsistencies between current
models and experimental data. Outline the problems
with the existing model of the atom that led to the
modifications suggested by the following scientists.

a Rutherford
b Bohr
¢ Schrodinger
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CHAPTER

Electron arrangements
and the periodic table

At the end of this chapter, you will be able to explain how the periodic table was
developed. You will be able to use the periodic table to explain trends that are
observed in the structures and properties of the elements within the groups and
periods of the table. In particular, you will look at the trends in characteristics
and properties of the elements such as their electronic configuration, atomic size,
behaviour as metals or non-metals, and reactivity.

Key knowledge

» The periodic table as an organisational tool to identify patterns and trends in,
and relationships between, the structures (including electronic configurations
and atomic radii) and properties (including electronegativity, first ionisation

energy, metallic or non-metallic character and reactivity) of elements

VCE Chemistry Study Design extracts © VCAA (2015); reproduced by permission.
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CHEMFILE

Atomic mass

The property of an element that
Mendeleev called atomic weight is
now called atomic mass. Atomic
mass should not be confused with the
mass number. Scientists at the time
of Mendeleev did not know about
subatomic particles. They only knew
the relative masses of atoms of each
element.

2.1 The periodic table

Chapter 1 looked at research into elements and the nature of atoms, the existence
of subatomic particles, their charge and mass, the way these particles are arranged
in an atom and the way they behave. As scientists’ understanding of the atom
improved, and more elements were discovered, a way of organising this knowledge
was needed.

The periodic table (Figure 2.1.1) is one of the most useful reference
tools available to chemists. It minimises the need to memorise isolated facts
about different elements, and provides a framework on which to organise our
understanding. By knowing the properties of particular elements and trends within
the table, chemists are able to organise what would otherwise be an overwhelming
collection of disorganised information.
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FIGURE 2.1.1 There are many versions of the modern periodic table of the elements. This is one
of them.

EARLY FORMS OF THE PERIODIC TABLE

In the 19th century, chemists wanted to use information they had gathered about
the elements to organise the elements into a useful and practical format. The work
of these scientists led to what we now know as the periodic table. The early forms
of the periodic table were very different from the one we use today; many elements
had not been discovered and scientists only had limited information about some
other elements. An early form of the periodic table created by a Russian chemist,
Dimitri Mendeleev, is shown in Figure 2.1.2 on page 37.

At the time the early periodic table was being constructed, the existence of
subatomic particles was unknown, and so the elements were placed in order of the
increasing mass of the atoms. Mendeleev recognised that the chemical properties of
the elements varied periodically with increasing atomic mass. He arranged elements
with similar properties in vertical columns. Mendeleev proposed his periodic law:
The properties of elements vary periodically with their atomic weights.
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Group | 1} 1] v \" Vi Vil Vil
Period
1 H=1
2 Li=7 Be=9.4 B=11 c=12 N=14 0=16 F=19
3 Na =23 Mg=24 | Al=273 Si=28 P=31 S=32 Cl=35.5
Fe =56
4 K=39 Ca=40 ?=44 Ti=48 V=51 Cr=52 Mn =55 | Co=59
Ni =59
5 Cu=63 Zn =65 ?7=68 ?2=72 As =75 Se=78 Br =280
Ru =104
6 Rb =85 Sr=87 ?Yt =88 Zr=90 Nb =94 Mo =96 ?=100 | Rh=104
Pd =106
7 Ag =108 Ccd=112 In=113 Sn=118 Sb =122 Te=125 =127
8 Cs=133 | Ba=137 | ?Di=138 | ?Ce =140
9
0s=195
10 ?Er=178 | ?La=180 | Ta=182 | W=184 Ir=197
Pt =198
11 Au=199 | Hg=200 | TI=204 Pb =207 Bi =208
12 Th =231 U =240

FIGURE 2.1.2 A representation of Mendeleev's periodic table. Notice the spaces left for undiscovered
elements.

Triads and octaves

In 1829, German chemist Johann Wolfgang Dobereiner noticed that many

of the known elements could be arranged in groups of three on the basis of
their chemical properties. He called these groups ‘triads’. Within each of these
triads, the properties of one element was intermediate between the other two.
The intermediate’s relative atomic weight was almost exactly the average of
the others.

One of Dobereiner’s triads was lithium, sodium and potassium. Sodium is
more reactive than lithium, but less reactive than potassium. Sodium’s atomic
mass is 23, which is the average of lithium’s (atomic mass 7) and potassium’s
(atomic mass 39) atomic masses.

However, Dobereiner’s theory was limited. Not all elements could be
included in triads. But his work was quite remarkable given he had fewer than
50 elements to work with at this time.

Decades later, English chemist John Alexander Newlands noticed a pattern
in the atomic weight of elements. Newlands’ law of octaves was published
in 1865, and identified properties of new elements such as germanium. His
patterns worked well for the lighter elements but did not fit for the heavier
elements or allow for the discovery of new elements.

Four years later in 1869, Mendeleev, working independently, published his
periodic law, which, with a few modifications, was similar to that of Newlands.
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THE MODERN PERIODIC TABLE

We now know that the number of protons (the atomic number) is what makes
CHEMFILE one element fundamentally different from another element. The clements in the
Element 117 and the modern periodic table are therefore arranged in rows in order of increasing atomic
number.
Chemists use the number of electrons in the outer shell, called the valence
electrons (see Chapter 1), to organise the elements into columns. The form of the
periodic table in common use is shown in Figure 2.1.3.

Canberra scientists

Four atoms of a super heavy element
known as number 117 have been
created in a German laboratory as part
of a collaboration with Professor David

Group
Hinde (Figure 2.1.4), director of the 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
heavy ion accelerator facility at the period 1 | H He
Department of Nuclear Physics at the L 2z
Australian National University. Li | Be Blc|N|]o]|F|nNe
Y 2
) L 3| 4 s |16 |7 ]8]9 |10
Because the element is radioactive, the o '
i L ) Na | Mg Al|si|P | s |ca|ar
atoms disappeared within one-tenth 3090 | 12 @l e dllis e | il e

of a second, but the scientists were = - - —

' O (3 4 K | Ca| Sc | Ti V | Cr |Mn| Fe |Co|Ni |Cu|Zn|Ga|Ge]|As | Se | Br | Kr
able to confirm the element’s first 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30 | 31 | 32 | 33 | 34 | 35 | 36
observatloq in 2010. This new element s [Rb | St | Y [Zr [Nb|Mo|Te|Ru|Rh |[Pd|Ag|Cd|In|[Sn|Shb|Te| I |Xe
has been given the temporary name 37 | 38 | 39 | 40 | 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48 | 49 | 50 | 51 | 52 | 53 | 54
of ununseptium (‘one-one-seven’ in ¢ | C | Ba| La|| HE [ Ta | W |Re | Os | Ir | Pt | Au[Hg [ T | Pb [ Bi | Po| At [ Rn
Latin), but will soon be given a name 55 156 | 57|| 72| 73| 74| 75| 76| 77| 78|79 |8 |8 |8 |8 |8|8 |8
by the International Union of Pure and 5 | Fr | Ra | Ac|[ Rt [Db | Sg [Bh |Hs | Mt [ Ds | Rg | Co [Uut | FI |Uup | Lv | Uus | Uuo
Applied Chemistry (IUPAC) that will 87 | 88 | 89|[104 | 105 [ 106 | 107 | 108 | 109 | 110 | 111 | 112 [ 113 | 114 | 115 | 116 | 117 | 118

possibly reflect the Russian scientists
who produced the first atom in 2010.

Lanthanoids

Ce | Pr | Nd |Pm | Sm | Eu [ Gd | Tb [ Dy | Ho | Er | Tm | Yb | Lu

The atoms of element 117 equal the 58 |50 |60 |61 |62 |63|64]65|66|67]68|60]70]|71
heaviest atoms ever observed, being

40% heavier than an atom of lead. Actinoids

Professor Hinde said that because Th | Pa| U | Np| Pu|Am|Cm | Bk | Cf | Es | Fm | Md | No | Lr

90 | 91 | 92 | 93 | 94 | 95 | 96 | 97 | 98 | 99 | 100 | 101 | 102 | 103

such an extremely small amount of
the element was synthesised, it will FIGURE 2.1.3 This is the most common form of the periodic table in use.
not be practical to use it. But the
Australian researchers will continue to
concentrate on the quantum science

The modern periodic table has several key features.

behind the element’s synthesis and * The periodic table is arranged in order of increasing atomic number.
attempt to produce the next super- e The horizontal rows are known as periods and are labelled 1-7.
heavy element. e The vertical columns are known as groups and are labelled 1-18.

* Main group elements are eclements in groups 1, 2 and 13-18.
* The elements in groups 3—12 are known as transition metals.

Some periodic tables you will see also indicate other properties of the elements
such as boiling point or whether the element is a solid, liquid or gas at room
temperature.

FIGURE 2.1.4 Professor David Hinde is
director of the heavy ion accelerator facility
at the Department of Nuclear Physics

at the Australian National University in
Canberra.
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GROUPS

Elements in the periodic table are arranged into vertical columns called groups. For
main group elements, the group number can be used to determine the number of
valence electrons (outer-shell electrons) in an atom of the element.

In groups 1 and 2, the number of valence electrons is equal to the group number.
For example, magnesium is in group 2 and therefore has two valence electrons.

In groups 13-18, the number of valence electrons is equal to the group number
minus 10. For example, oxygen is in group 16 so oxygen has six outer-shell electrons.
Similarly, neon is in group 18 so neon has eight valence electrons. Helium is an
important exception. It is located in group 18 but only has two valence electrons.
Helium is placed in group 18 because it is unreactive, like other group 18 elements.
This information is summarised in Table 2.1.1.

GROUPS OF ELEMENTS

The electrons in the outer shell of an atom (the valence electrons) are the electrons
that are involved in chemical reactions. As a consequence, the number of valence
electrons determines many of the chemical properties that an element exhibits.

Table 2.1.2 shows the names of some groups in the periodic table.

Because elements in the same group have the same number of valence electrons,
elements in the same group have similar properties. For example, the alkali metals
are elements in group 1 (with the exception of hydrogen). They are all relatively
soft metals and are highly reactive with water and oxygen. Consider the electronic
configurations of the atoms of the first three metals of this group:

Li 1s22s!
Na 1522s?2p®3s!
K 15%2522p®3s23p%4s!

The valence shell of each atom of each element in group 1 contains one electron
in an s-subshell. This similarity in the valence shell structure gives these elements
similar chemical properties.

Fluorine, chlorine, bromine and iodine are halogens (group 17). They are all
coloured and highly reactive. Their electronic configurations are:

F  1s22s22p°

Cl 1s%2s%2p©3s?3p°

Br 1s%22s5?2p®3s23p®3d1°4s24p>

I 1s%2s?2p®3s23p©3d1°4s24p°4d1°05s25p°

Notice how all these elements have a highest-energy subshell electronic
configuration of s?p°.

The noble gases (group 18) are a particularly interesting group. The noble gases
have a very stable electron arrangement: helium has a full outer shell and the other
members of this group have a stable octet of valence electrons (eight electrons).
Chemical reactions involve the rearrangement of valence electrons to achieve a
stable outer shell. Noble gases have a stable electronic configuration, so they do not
tend to lose or gain electrons. This means that the noble gases have low reactivity.

The arrangement of electrons in atoms is responsible for the periodicity
(periodic pattern) of element properties.

PERIODS

The horizontal rows in the periodic table are called periods. Periods are numbered
1-7. The number of a period gives information about the electronic configuration
of an element. The period an element is located within is equal to the number of
occupied electron shells in the element’s atoms. For example, the outer shell of
magnesium and chlorine is the third shell and both of these elements are in period 3:
Mg 1522822p©3s?
Cl 1s22s%2p®3s23p°

Similarly, the elements in period 5 all have outer shell electrons in the fifth shell.

TABLE 2.1.1 The number of valence electrons in
elements belonging to each group

Number of valence
electrons

1
2

13
14
15
16
17
18

1

N o o b~ o woN

8*

*Helium has two valence electrons.

TABLE 2.1.2 Names of different groups in the

periodic table

1
2
17
18

Alkali metals
Alkaline earth metals
Halogens

Noble gases
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40

s-block

BLOCKS

The periodic table has four main blocks. The elements in each block have the
same type of subshell (s, p, d or f) as their highest energy subshell. For example, the
highest energy subshell of an element in the s-block is the s-subshell.

The s-block contains the elements in group 1 (alkali metals), group 2 (alkaline
earth metals), hydrogen and helium. These elements have a half-filled or fully filled
s-subshell, that is, s' or s?, as the highest energy subshell configuration. Table 2.1.3
and Figure 2.1.5 show which groups of elements fall into the four different blocks.

TABLE 2.1.3 Elements in the different blocks of the periodic table

Elements Highest energy subshell configurations

s-block Groups 1 and 2 and helium slors?

p-block Groups 13-18 (except helium)  s2p! to s2pb

d-block Groups 3-12 d!s? to d10s2?

f-block Lanthanoids and actinoids 4f-subshell progressively being filled in

the lanthanoids

5f-subshell progressively being filled in
the actinoids

d-block

Ti Vv Cr |[Mn| Fe | Co | Ni | Cu | Zn
22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30

Zr | Nb | Mo | Tc | Ru | Rh | Pd | Ag | Cd
40 | 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48

Hf | Ta | W | Re | Os | Ir Pt | Au | Hg
73 | 74 | 75 | 76 | 77 | 78 | 79 | 80

72
Rf |Db | Sg [ Bh | Hs | Mt | Ds | Rg | Cn
104 [ 105 | 106 | 107 | 108 | 109 | 110 | 111 | 112

Lanthanoids f-block
Actinoids

FIGURE 2.1.5 Colour is used to distinguish between the s, p, d and f-blocks of elements.

AREA OF STUDY 1 | HOW CAN KNOWLEDGE OF ELEMENTS EXPLAIN THE PROPERTIES OF MATTER?



2.1 Review

The periodic table is a tool for organising elements

according to their chemical and physical properties.

The elements of the periodic table are arranged in
order of increasing atomic number.

Columns in the periodic table are known as groups
and are numbered 1-18.

The number of valence electrons in an atom of an
element can be determined by the group in which
it is located (Table 2.1.1).

The main group elements are in groups 1, 2 and
13-18 in the periodic table.

KEY QUESTIONS

1

Elements in between the main group elements
(groups 3-12) are known as transition metals.

Rows in the periodic table are known as periods and
are numbered 1-7.

The number of occupied electron shells of an

atom of an element is equal to the number of the
element’s period.

The periodic table has four main blocks of elements;
the elements in each block have the same type of
subshell (s, p, d or f) as their highest energy subshell
(Table 2.1.3).

Main group elements are elements that belong to specific groups in the

periodic table. Which groups are these?

How many valence electrons are in atoms of elements found in:

a group 1?
b group 157
c group 177
d group 2?

What is the electronic configuration of an atom of an element in period 3

and group 27

Use the periodic table in Figure 2.1.3 on page 38 to answer 