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Introduction

Atoms and Molecules is a first semester courses & two unit degree course available to all
students offering Bachelor of Science (BSc) Chem(&&HM).

The concept of Atoms and Molecules lays the foundatfor the study of Chemistry and the
explanation of the trends in the physical and cleahproperties of all substances. To understand
the nature and behaviour of substances such asshtjuids and gases we need to understand
Atoms and Molecules. Atoms are the tiny basic bogdlock of substances. Every substance on
earth is composed of various combinations of atamish are unique to that substance. A row
of 100 million atoms would be only about a centiendbng. Aggregates of atoms that exist
freely in nature are referred to as Molecules. Stely of Chemistry which is fundamentally the
study of the composition, properties and transfoiona of materials, must therefore begin with
a review of the concept of Atoms and Molecules.

What You will Learn in this Course

The course consists of units and a course guide.cturse guide briefly introduces the course,
sets out the main features of the course mataradssystematically guides you on how to work
with the materials to ensure successful and tirefyipletion of the course.

It also gives you guidance in respect of your TMarked Assignment which will be made

available in the assignment file. There will be ulag tutorial classes that are related to the
course. It is advisable for you to attend theseriaitsessions. The course will equip you with the
fundamental concepts of atoms and molecules as @moemps of matter and provide the

necessary foundation for the study of Chemicalgppies.

Course Aims

The aim of the course is to provide you with anemthnding of the concept of Atoms and
Molecules which is required in order to gain cleaderstanding of the composition, properties
and transformations of substances.

Course Objectives

To achieve the aim set out, the course has a sabjettives. Each unit has specific objectives
which are included at the beginning of the unituYshould read these objectives before you
study the unit. You can use them to check on yoogness during your study. In order to ensure
that you have followed the instructions in the pupdu should always review the unit objectives
after completion of each unit.

Below are the objectives of the course. By meetiregobjectives, you should have achieved the
aim of the course. Thus, after going through th&s®, you should be able to:



Explain how matter is classified in terms of itsmgaosition.

Explain the arrangement of elements by atomic nurabé trends in atomic properties.
Explain the structure of atom and types of bonds/éen atoms in relation to molecular
shapes.

Explain the basic principles of spectroscopic tégphes and concept of electrostatics.

Working through this Course

To complete this course you are required to reath study unit, read the textbooks and read
other materials which may be provided by the Natidbpen University of Nigeria. Each unit
contains self-assessment exercises and at cexaits pn the course you would be required to
submit assignments for assessment purposes. Atemloe of the course there is a final
examination. The course should take you about 1ksvee complete. Below you will find the
list of all the components of the course, what fame to do and how you should allocate your
time to each unit in order to complete the courséirme and successfully.

This course entails that you spend a lot of timee@ad. It is advisable to avail yourself the
opportunity of attending the tutorial sessions wehgru have the opportunity of comparing your
knowledge with that of other students.

The Course Materials
The main components of the course are:

The Course Guide

Study Units

References/ Further Readings
Assignments

Presentation Schedule

aprwdE

Study unit

The study units in this course are as follows:
Module 1 Components of Matter

Unit 1 Elements, compounds and mixtures

Unit 2 Observations that led to atomic view of reatt
Unit 3 Dalton’s atomic theory

Unit 4 Observations that led to the nuclear atondeho

Unit 5 Modern atomic theory



Module 2 Periodic Table

Unit 6 Historical development of the periodic table

Unit 7 Periodic law and families of elements

Unit 8 Families of elements: Group 3A and 4A

Unit 9 Families of elements: Group 5A and 6A

Unit 10 Families of elements: Group 7A, 8A and ®ition elements
Module 3 Atomic structure, Chemical bonding, Spectoscopy and Electrostatics
Unit 11 Atomic structure

Unit 12 Brownian motion and Hydrogen atom spectrum

Unit 13 Chemical bonding

Unit 14 Molecular shapes

Unit 15 Spectroscopic techniques and Concept ctrelgtatics

Unit 1 introduces the components of matter in teafnatomic theory. The observations that led
to atomic over view of matter is presented in @néind this concept of matter is supported by the
Dalton’s atomic theory in unit 3. The nuclear atonodel and modern atomic theory are
presented in units 4 and 5 respectively. Units 6,879 and 10 describe the historical
development of the periodic table and identify tim@ortant families of elements in relation to
their general properties in the periodic table.t&)dil and 12 introduce the structure of atoms in
terms of quantum theory and describe importantoperitrends in atomic properties. The
developments of molecular and ionic structures arhgounds in terms of different types of
chemical bonds are discussed in unit 13 and unitotd4sed on molecular shapes. The basic
principles of spectroscopic techniques and conaeelectrostatics are explained in unit 15.

Each unit consists of one or two weeks work andude an introduction, objectives, reading

materials, exercises, conclusion, summary, Tutorkkth Assignments (TMASs), references and
other resources. The unit directs you to work oareses related to the required reading. In
general, these exercises test you on the matgoalfiave just covered or require you to apply it
in some ways and thereby assist you to evaluate ywagress and to reinforce your

comprehension of the material. Together with TMihgse exercises will help you in achieving
the stated learning objectives of the individuadtsiand of the course as a whole.

Presentation Schedule



Your course materials have important dates foredndy and timely completion and submission
of your TMAs and attending tutorials. You shouldnemmber that you are required to submit all
your assignments by the stipulated time and dater ¥hould guard against falling behind in
your work.

Assessment

There are three aspects to the assessment of theecd-irst is made up of self-assessment
exercises, second consists of the tutor-markedgrasgnts and third is the written
examination/end of course examination.

You are advised to do the exercises. In tacklirg aksignments, you are expected to apply
information, knowledge and techniques you gathelaung the course. The assignments must
be submitted to your facilitator for formal assessinn accordance with the deadlines stated in
the presentation schedule and the assignment The. work you submit to your tutor for
assessment will count for 30% of your total comsek. At the end of the course you will need
to sit for a final or end of course examinationabbut a three hour duration. This examination
will count for 70% of your total course mark.

Tutor-Marked Assignment

The TMA is a continuous assessment component af gawrse. It accounts for 30% of the total
score. You will be given four (4) TMAs to answehr&e of these must be answered before you
are allowed to sit for the end of course examimatithe TMAs would be given to you by your
facilitator and returned after you have done tlegmsnent. Assignment questions for the units in
this course are contained in the assignment fiu Will be able to complete your assignment
from the information and material contained in yaeading, references and study units.
However, it is desirable in all degree level of emlion to demonstrate that you have read and
researched more into your references, which wilegiou a wider view point and may provide
you with a deeper understanding of the subject.

Make sure that each assignment reaches your &oilibn or before the deadline given in the
presentation schedule and assignment file. If figr r@ason you can not complete your work on
time, contact your facilitator before the assigntnendue to discuss the possibility of an
extension. Extension will not be granted after thee date unless there are exceptional
circumstances.

Final Examination and Grading

The end of course examination for Atoms and Moleswlill be for about 3hours and it has a
value of 70% of the total course work. The examamawill consist of questions, which will
reflect the type of self-testing, practice exer@se tutor-marked assignment problems you have
previously encountered. All areas of the coursébelassessed.



Use the time between finishing the last unit artingi for the examination to revise the whole
course. You might find it useful to review your fsiedst, TMAs and comments on them before
the examination. The end of course examination rsovéormation from all parts of the course.

Course Marking Scheme

Assignment Marks

Assignment 1-4 Four assignment, best three markbeofour
count at 10% each — 30% of course marks.

End of course examination 70% of over all courseksa

Total 100% of course materials.

Facilitators/Tutors and Tutorials

There are 16 hours of tutorials provided in supmdrthis course. You will be notified of the
dates, times and location of these tutorials ad althe name and phone number of your
facilitator, as soon as you are allocated a tutgriaup.

Your facilitator will mark and comment on your agsinents, keep a close watch on your
progress and any difficulties you might face andvjate assistance to you during the course.
You are expected to mail your Tutor Marked Assigntrte your facilitator before the schedule

date (at least two working days are required). Titybe marked by your tutor and returned to

you as soon as possible.

Do not delay to contact your facilitator by telepboor e-mail if you need assistance. The
following might be circumstances in which you wodldd assistance necessary, hence you
would have to contact your facilitator if:

You do not understand any part of the study oradsgned readings.
You have difficulty with the self-tests.
You have a question or problem with an assignmentith the grading of an assignment.

You should endeavour to attend the tutorials. Thitee only chance to have face to face contact
with your course facilitator and to ask questiorisol are answered instantly. You can raise any
problem encountered in the course of your study.

To gain much benefit from course tutorials prepamguestion list before attending them. You
will learn a lot from participating actively in digssions.

Summary

Atoms and Molecules is a course that intends teigeoan understanding of the true picture of
matter as a useful toolkit to spectroscopic teaesqused to probe the structures of molecules. It
provides the theoretical building blocks upon whtohbuild knowledge and understanding of



Chemical principles and should therefore complemesity courses taken in the later stages of
the BSc Chemistry Programme. On completion ofd¢bisrse you will be able to:

Differentiate between an atom/element and molecule.

Differentiate between compound and mixture.

Describe methods for the separation of the compsremixtures.

Outline the historic development of the periodiasslification of the elements.

State the periodic law and identify families ofretnts in the periodic table.

Describe the variation in atomic properties of edats in the periodic table.

Outline the general properties of important famsileg elements in the periodic table.
Understand atomic structure and describe the furdtahparticles of an atom.

State the laws of chemical combination and how tiweye explained by the Dalton’s
atomic theory.

Understand the concept of Brownian motion as usegight into the existence of atom
and its small size.

Describe how atoms combine to form compounds deiht bonding characters and
shapes.

Describe the basic principles of spectroscopicriegles.

Explain the concept of electrostatics.

An understanding of the above concepts helps youbdgin to rationalize the diverse
chemical/physical properties of the 111 elementsikinas at 2006.

| wish you success in the course and hope thatwibéind it both interesting and useful.

Module 1:  Components of Matter

Unit 1: Elements, Compounds and Mixtures
Page
0 R 1o o 11T 10 o 2
2.0 OB ECHIVES. ..t e e e e e e 2
3.0 Classification Of Matter..........ouiieie i e e e e e 2

I I o 1= 0 1Y o | S 2



1 3 O o 1 1] o o 11 o 3

3.3 MIXEUIE .. e e e e e e e e e s 3
3.3.1 Classification and separation of MixXtures................cccoovvinimennnne 4
3.3.2 Basic Separation TEChNIQUES........c.ciiiiiiie e 5
O T O] o[ 11 ] o] o H PP 8
5.0 SUMIMIATY .. ettt e e e et e e e e e e 8
6.0 Tutor Marked ASSIONMENT. ... ...t e e e e e e e e e e e 8
7.0 References/Further Reading..........cc.uieiii i e e e 9..

1.0 Introduction

The entire physical universe is made up of matter energy which, together, form the basis of
all objective physical as well as chemical phencaématter can be defined as anything that has
mass and occupies space. Examples include airr,vg&d@es, trees, book, animals etc. Energy is
usually defined as the capacity to do work. Workhiss movement of matter against an opposing
force.

In the early days many philosophers of the anci@éntece wondered about the ultimate
composition of matter. Democritus (460-370 BC) msgd that elements are composed of tiny
particles called atoms, a word derived from thee®&rejord atomos, meaning uncuttable. The
Englishman Robert Boyle (1627-1691) is generalBdded with being the first person to study
Chemistry as a separate intellectual discipline #rel first to carry out rigorous chemical
experiments. Through a careful series of researcheshe nature and behaviour of gases, Boyle
provided clear evidence for the fact that atonmésfundamental unit of matter.



Atom: An atom is defined as the smallest particle of ment which can take part in a
chemical reaction.

2.0 Objectives
By the end of this unit, you should be able to:

Explain the classification of matter into elemertsmpounds and mixtures.
Understand the defining characteristics of thedlulasses of matter.
Describe the separation of mixtures by differeipiasation techniques.

3.0 Classification of matter
Matter can be broadly classified into three tyfdements, compounds, and mixtures.
3.1 Element

An element is the simplest type of matter with weigphysical and chemical properties. An
element consists of only one kind of atofmerefore, it cannot be broken down into a simpler
type of matter by any physical or chemical methdds.element is one kind of pure substance
whose composition is fixed. Each element has a naoeh as silicon, oxygen, or copper. A
sample of silicon contains only silicon atoms. Ay kmint to remember is that the macroscopic
properties of a piece of silicon, such as colonsitg, and combustibility, are different from
those of a piece of copper because silicon atomsliffierent from copper atoms; in other words,
each element is unique because its atomic propateunique. Most elements exist in nature as
populations of individual atoms. However, sevetaireents occur naturally in molecular form.

Molecule: A molecule is an independent structural unit cdimgisof two or more atoms that are
chemically bound together. Oxygen, for example, ucgcin air as diatomic (two-atom)
molecules. The atoms in a molecule could be ofsre element as in oxygen molecule, or
chlorine molecule. They could also be of differeféments as in water which contains two
atoms of hydrogen and one atom of oxygen, or table(sodium chloride) which contains one
atom of sodium and one atom of chlorine.

3.2 Compound

A compound is a type of matter composed of two oraxifferent elements that are chemically
bound togetherBe sure you understand that the elements in a contpare not just mixed
together; rather, their atoms have joined chenyicAlinmonia, water, and carbon dioxide are

some common compounds. One defining feature oinvgoand is that the elements are present
in fixed parts by masfixed mass ratio). Because of this fixed compositia compound is also
considered a substan@emolecule of the compound has the same fixed [rt®ass because it
consists of fixed numbers of atoms of the compor@ments. For example, any sample of
ammonia is 14 parts nitrogen by mass plus 3 pgdsolgen by mass. Since 1 nitrogen atom has
14 times the mass of 1 hydrogen atom, 1 moleculanoihonia always consists of 1 nitrogen
atom and 3 hydrogen atoms:

By mass 1 N atom has 14 times the mass of 1 H alberefore, ammonia has 1 N atom and 3
H atoms.



Another defining feature of a compound is thatgteperties are different from those of its
component element$able 1.1 shows a striking example. Soft, silvergism metal and yellow-
green, poisonous chlorine gas have very differempgrties from the compound they form which
is white, crystalline sodium chloride, or commobléasalt. Unlike an element, a compound can
be broken down into simpler substances i.e. itspmrant elements. For example, an electric
current breaks down molten sodium chloride intoattietsodium and chlorine gas. Note that
this breakdown is a chemical changet a physical one.

Table 1.1 Some properties of sodium, Chlorine apdiBn Chloride

Property HL + Chlorine — Sodium Chloride

Meltimg point 97.8C -10rC 80rC

Boiling point 881.4C -34C 1413C

Colour Silvery Yellow-green White
Density 0.97g/ct 0.0032g/cri 2.16g/cni
Behaviour in water Reacts Dissolves slightly Dissslfreely

Source: Silberberg, (2003)
Self Assessment Exercise 1 (SAE 1)

(1) What is the key difference between an element arahgpound?
(2) What is the key difference between an atom andlacule?

(3) What is the key difference between an atom andeanent?

(4) What is the key difference between a molecule anel@ment?

3.3 Mixture

A mixture isa group of two or more substances (elements andfopounds) that are physically
intermingled. In contrast to a compound, the conapds of a mixture can vary in their parts by
mass. Since its composition is not fixed, a mixtigrerot a substance. A mixture of the two
compounds sodium chloride and water, for examgle, ltave many different parts by mass of
salt to water. Since the components are physiacaitked, not chemically combined, a mixture at
the atomic scale is merely a group of the individuats that make up its component elements
and compounds. Therefore, a mixture retains manthefproperties of its componentalt
water, for instance, is colourless like water amdtds saltylike sodium chloride. Unlike
compounds, mixtures can be separated into theirpoaants by physicathanges;chemical
changes are not needed. In this case, the wasaltimater can be boiled off (a physical process
that leaves behind tledium chloride).

3.3.1 Classification and separation of mixtures

Although we pay a great deal of attention to puresgances, they almost never occur around us.
In the natural worldmatter usually occurs as mixtures A sample of clean air, for example,
consists of many elements and compounds physiaaibed together, including oxygen £0
nitrogen (N), carbon dioxide (Cg), the six noble gases [Group 8A(18)], and watguoua
(H20). The oceans are complex mixtures of dissolved iand covalent substances, including
Na', Mg, Cr, SQ*~, O, CO,, and of course . Rocks and soils are mixtures of numerous



compounds: calcium carbonate (Caf;GCsilicon dioxide (SiQ), aluminum oxide (Ad0s),
iron(lll) oxide (FeOs) and perhaps a few elements (gold, silver, antbarain the form of
diamond), and petroleum and coal, which are compféxtures themselves. Living things
contain thousands of substances: carbohydratéss, liproteins, nucleic acids, and many simpler
ionic and covalent compounds.

There are two broad classes of mixtures:

) A heterogeneous mixturehas one or more visible boundaries between the coens.
Thus, its composition is naotniform. Many rocks are heterogeneous, showingviddal
grains and flecks of different minerals. In someesa as in milk and blood, the
boundaries can be seen only with a microscope.

(i) A homogeneous mixturehas no visible boundaries because the componeatsiaed
as individual atoms, ions, and molecules. Thus;atapositionis uniform. A mixture of
sugar dissolved in water is homogeneous, for exanty@cause the sugar molecules and
water molecules are uniformly intermingled on thelexular level. We have no way to
tell visually whether an object is a substancen(elet or compound) or a homogeneous
mixture.

A homogeneous mixture is also calleds@ution. Although we usually think of solutions as
liquid, they can exist in all three physical statésr example, air is a gaseous solution of mostly
oxygen and nitrogen molecules, and wax is a solidti®n of several fatty substances. Solutions
in water, calledaqueous solutionsare especially important in chemistry and compaseajor
portion of the environment and of all organisms.

Recall that mixtures differ fundamentally from cooopds in three ways: (1) the proportions of

the components can vary; (2) the individual prapsrof the components are observable; and (3)
the components can be separated by physical meassme cases, if we apply enough energy
to the components of the mixture, they react wabheother chemically and form a compound,

after which their individual properties are no lengbservable.

In order to investigate the properties of substanchemists have devised many procedures for
separating a mixture into its component elementsa@mpounds. Indeed, the laws and models
of chemistry could never have been formulated withhbis ability. The upcoming section of this
unit describes some of the more common laboratepasmtion methods.

3.3.2 Basic Separation Techniques

Some of the most challenging and time-consumingrkiory procedures involve separating
mixtures and purifying the components. Several comrseparation techniques are described
here. Note that all these methods depend on thsiqaiypropertief the substances in the
mixture; no chemical changes occur.

Filtration separates the components of a mixture on the basdifferences in particle sizé is
used most often to separate a liquid (smaller gdag) from a solid (larger particles). Figure 1
shows simple filtration of a solid reaction produet vacuum filtration, reduced pressure within
the flask speeds the flow of the liquid through filter. Filtration is a key step in the purificati

of the tap water you drink.



Figul: Filtration (source: Silberberg, 2003)

Crystallization is based on differences in solubilifhe solubilityof a substance is the amount
that dissolves in a fixed volume of solvent at gegi temperature. The procedure shown in
Figure 2 applies the fact that many substancesrame soluble in hot solvent than in cold.
Purified compound is shown crystallizing out of #@ution as it is cooled. Essential substances
in computer chips and other modern electronic desvare purified by a type of crystallization.




&ig 2: Crystallization (source: Silberberg, 2003)

Distillation separates components through differenceslatility, the tendency of a substance
to become a gas. Ether, for example, is more Vel#ian water, which is much more volatile
than sodium chloride. As the mixture boils, thearajs richer in the more volatile component,
which can be condensed and collected separately.sirhple distillation apparatus shown in
Figure 3 is used to separate components with ldifferences in volatility, such as water from
dissolved ionic compounds. Separating componentls srmall volatility differences requires
many vapourization-condensation steps.

Figurelistillation (source: Silberberg, 2003)

Extraction is also based on differences in solubilitya typical procedure, a natural (often plant
or animal) material is ground in a blender with @vent that extracts (dissolves) soluble
compound(s) embedded in insoluble material. Thisaekis separated further by the addition of
a second solvent that does not dissolve in the #ier shaking in a separatory funnel, some
components are extracted into the new solvent.réigushows the extraction of plant pigments
from water into hexane, an organic solvent.



Figure 4: Extraction (sourcdb8iberg, 2003)

Chromatography is a third technique based on differences in sbtybiThe mixture is
dissolved in a gas or liquid called thebile phase and the components are separated as this
phase moves over a solid (or viscous liquid) serfealled thestationary phase.A component
with low solubility in the stationary phase sperédss time there, thus moving faster, than a
component that is highly soluble in it. Many tymgshromatography are used to separate a wide
variety of substances, from simple gases to bioklgimacromolecules. Ingas-liquid
chromatography (GLC), the mobile phase is an inert gas, such as helibat, darries the
previously vaporized components into a long tula tdontains the stationary phase. The compo-
nents emerge separately and reach a detectorate @ehromatogram. A typical chromatogram
has numerous peaks of specific position and heggith of which represents the amount of a
given component. The principle bigh-performance (high-pressure) liquid chromatograhy
(HPLC) is very similar, but the mixture is not vapourized,a more diverse group of mixtures,
which may include nonvolatile compounds, can beasspd.

Self Assessment Exercise 2 (SAE 2)

(1) Classify each of the following substances belovelasnent, compound or mixture, and
explain your answer:

(a) Calcium chloride which is used to melt ice on roadmsists of two elements,
calcium and chlorine, in fixed mass ratios.

(b) Sulphur, which was known to the ancients, congstgely of sulphur atoms which
are chemically combined into molecules.

(c) Baking powder, contains 26% to 30% sodium hydroggnonate and 30% to 35%
calcium dihydrogen phosphate by mass

(d) Sand



8.0 Conclusion

The entire physical universe is made up of aggesgaf atoms as fundamental units of
matter, which can be classified into elements, acmumps and mixtures. The observations
that led to atomic over view of matter are presgnteunit 2. Heterogeneous mixtures
have visible boundaries between the components.dgeneous mixtures have no visible
boundaries because mixing occurs at the molecelal.| A solution is a homogeneous
mixture and can occur in any physical state. Miesufnot compounds) can have variable
proportions, can be separated physically, andrrétesir components' properties. Common
physical separation processes include filtrationrystallization, extraction,
chromatography, and distillation.

5.0 Summary

In this unit we have learnt that:

All matter exists as elements, compounds, or megur

Elements consist of only one type of atom.

A compound contains two or more elements in chelnsmabination.

A compound exhibits different properties from itsrgonent elements.

The elements of a compound occur in fixed partsnlags because each unit of the
compound has fixed numbers of each type of atom.

Elements and compounds are referred to as substéecause their compositions
are fixed.

A mixture consists of two or more substances mikegether, not chemically
combined.

The components of mixture retain their individuabgerties and can be present in
any proportion.

The components of mixtures can be separated byigathysethods, like filtration,
crystallization, distillation, extraction or chrotography.

6.0 Tutor Marked Assignment

(1) To determine whether a mineral sampla gibstance or a mixture, a student grinds a
portion of it to a powder, adds 150taf pure water, and finds that much of the powder
does not dissolve. She carefully removes some eflitiuid, allows the water in it to
evaporate, and a white, powdery deposit remairswaighs the deposit and dissolves it
completely in a small volume of water. An identicabss of the original, powdered
mineral sample does not dissolve in the same voloihwveater. Is the original sample a
substance or a mixture? Explain.

(2) The tap water found in many areas of Isagtate leaves white deposits when it
evaporates. Is this tap water a mixture or a comg@uxplain.

(3) Explain the following statement: The sistl particles unique to an element may be
atoms or molecules.

(4) Explain the following statement: The skestl particles unique to a compound cannot be
atoms.
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Answers to Self Assessment Exercises

SAE1l
(1) An element consists of only one type of atom; a mouamd consists of more than one

type of atom.
(2) Molecules can exist freely in nature but atomsrasecapable of free existence. Atoms

form molecules in order to attain the status okpehdent existence.
(3) An element is the simplest type of matter with weigphysical and chemical properties

while an atom is a component of element.
(4) An element consists of only one kind of atom; tteeres in a molecule could be the same

as in oxygen molecule, or chlorine molecule. Theyld also be different as in sodium
chloride or water.

SAE2
(1) a. Since it has constant composition, & compound

b. Since all the atoms are identical, dnselement.
c. Since it has variable composition, & isiixture.

d. Since it has constant composition, & mpound

Answers to Tutor Marked Assignment

(1) The original sample is a mixture because it is caseg of more than one component.

(2) The tap water is a mixture because it contains maatd the soluble white substance as
the second component. The two components were ategdaby evaporation (physical
process).

(3) This is true, because the fundamental buildinglbtwfcelements is atom; but the smallest
unit of element that exists independently and BB the characteristics of the element is
aggregates of the atoms called the molecule. Sirecatoms in a molecule of an element
are uniqgue to the element, both the atom and miglesfuan element are unique to the
element.

(4) This is true; because the properties of a compawediifferent from the properties of the
individual components. There is no one atom in ¢benpound that can exhibit the
characteristics of the compound and as such canbeosaid to be unique to the

compound.
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1.0Introduction



Any model of the composition of matter had to explavo extremely important chemical
observations that were well established by the daéritie 18" century, that isthe law of mass
conservation and the law of definite proportionsléew of constant compositionAs you'll see

in unit 3, John Dalton's atomic theory explainessdtaws and another observation now known
as the law of multiple proportions.

2.0 Objectives
By the end of this unit, you should be able to akpl

The Law of mass conservation.

The law of definite proportions.

The law of multiple proportions.

The significance of the three mass laws: mass oaigm, definite proportions and
multiple proportions

3.0 The law of mass conservation

The most fundamental chemical observation of tfecéBtury was the law of mass conservation.
Antoine Lavoiser (1743-1794) demonstrated by camfeasurements that when combustion is
carried out in a closed container, the mass otdnebustion products exactly equals the mass of
the starting reactants. The law of mass conservatitherefore defined as follows:

Law of mass conservationMass is neither created nor destroyed in chemeeations.

The numbeiof substances may change, anddbfinition their properties must change, but the
total amount of matter remainenstant. Lavoisier based the law on the expergnentvhich he
found the mass of oxygen plus the mass of merayumaleéo the mass of mercuric oxide they
formed.

Even in a complex biochemical change within an oig/a, such as the metabolism of the
sugar glucose, which involves many reactions, rnsssnserved:

180 g glucose + 192 g oxygen gas 264 g carbon dioxide + 108 g water
(372 g material before change) -+ (372 g material after change).

Mass conservation means that based on all cheeXp&rience, matterannot be created or
destroyed.

4.0 The law of Definite proportion

Further investigations in the decades following diger's work led the French chemist
Joseph Prout (1754-1826) to formulate a secondafmetital chemical principle that we now
call the law of definite proportion (law of constammposition).

Law of Definite proportion: Different samples of a pure chemical substancalways
contain the same proportion of elements by mass.



No matter the source, a particular chemical comgdasrcomposed of the same elements in
the same parts (fractions) by magke fraction by mass (mass fractids)that part of the
compound’'s mass contributed by the element. Ibtaimed by dividing the mass of each
element by the total mass of compound. The pellegmbass (mass percent, mésyis the
fraction by mass expressed as a percentage. Wa eaunit 1 that in a compound, each
element has a fixed mass fraction (and mass pgrcent

To study the concept of mass fraction and massepgr€onsider calcium carbonate, the
major compound in a piece of chalk. The followirggults are obtained for the elemental
mass composition of 20.0 g of calcium carbonate.

8g of calcium/20.0g =@p4rts of calcium

Analysis byMass  Mass Fraction (parts/1 .00 part ~ Percent by Mass (parts/100 parts)
(grams/20.0 g)

8.0 g calcium 0.40 calcium 40% calcium
2.4 g carbon 0.12 carbon 12% carbon
9.6 g oxygen 0.48 oxygen 48% oxygen
200g 1 .00 part by mass 100% by mass

Source: Siberberg, (2003)

Calcium carbonate is found naturally in many formsjuding marble, coral, chalk, and
seashells. The mass percents of its component elem&rgkoan above do not change
regardless of the compound’s source.

Since a given element always constitute the same maseffraf a given compound, we can
use the mass fraction to find the actual mass of the atémany sample of the compound:
part by mass of element

Mass of element = mass of compound X
one part by mass of compound

Example:

Pitchblend is the most commercially important compound rahium. Analysis
shows that84.2g of pitchblend contains 71.4 g of uranwithh oxygen as the only other
element. How many grams of uranium can be obtained 1@2 kg of pitchblende?

Hint: We have to find the mass of uranium in a knowassnof pitchblende, given the mass
of uranium in a different mass of pitchblende. The miase of uranium/pitchblende is the
same for any sample of pitchblende. Therefore, we myltid mass (kg) of pitchblende by
the ratio of uranium to pitchblende we construct fromnttaess analysis. This gives the mass
(in kg) of uranium, and we just convert kilogram to gram.

Solution: Find the mass (kg) of uranium in 102kg of pitchblende:



mass (kg)of uranium
mass (kglof uranium in pitchblende

= mass (kg)of pitchblende x mass (kg)of pitchblende

714 kg uranium
mass (kg)of uranium = 102 kgpitchblene X 512 . = 86.5 kg uranium
DHegpdenblanda

Converting the mass from kg to g:

1000g

= 8.65 x 10*guranium
1kg

mass (glof uranium = 86.5 kg uranium X

Self Assessment Exercise 1 (SAE 1)

1. Does the percent by mass of each element in a aamipdepend on the amount of
compound? Explain.

2. Does the mass of each element in a compound deperiie amount of compound?
Explain.

5.0 The law of multiple proportions

Dalton described a phenomenon that occurs whereteraents form more than one compound.
His observation is now called the law of multiple®portions:

Law of multiple proportions: If elements A and B react to form two compourttis, different
masses of B that combine with a fixed mass of A ban
expressed as a ratio of small whole numbers.

It means that elements can combine in differentsatayform different substances, whose mass
ratios are small whole number multiples of eaclenth

Consider for example, two compounds that form ficarbon and oxygen; let’s call them carbon
oxides | and Il. They have very different propestid-or example, measured at the same
temperature and pressure, the density of | is d/2&hereas that of 1l is 1.98 g/L. Moreover, | is
poisonous and flammable, but 1l is not. Analysievgs that their compositions by mass are

Carbon dioxide I: 57.1 mass % oxygen and 42.9 ®#asarbon.
Carbon dioxide II: 72.Tass % oxygen and 27.3 mass % carbon.

To see the phenomenon of multiple proportions, we tne mass percents of oxygen and of
carbon in each compound to find the masses of tleseents in a given mass, for example, 100
g, of each compound. Then we divide the mass ofyexyby the mass of carbon in each
compound to obtain the mass of oxygen that combinignsa fixed mass of carbon:



Carbon Oxide | Carbon Oxide Il

G oxygen/100g compound 57.1 72.7

G carbon/100g compound 42.9 27.3

G oxygen/gcarbon 571 _ 133 ??; = 2.66
22.9 27.

Source: Silberberg, (2003)

If we then divide the grams of oxygen per gramarbon in Il by that in I, we obtain a ratio of
small whole numbers:

2.66goxygen/g carboninll 2

1.33g oxvgen/g carbonin | 1

The law of multiple proportions tells us that inadwompounds of the same elements, the mass
fraction of one element relative to the other eleh@hanges in increments based on ratios of
small whole numbers. In this case, the ratio isf@rla given mass of carbon, Il contains 2 times
as much oxygen as |. In unit 3 Dalton’s theorywHaus to explain the composition of carbon
oxides | and Il on the atomic scale.

Self Assessment Exercise 2 (SAE 2)
1. To what classes of matter (element, compound amdi(dure) do the following apply:

()Law of mass conservation (ii) law of definite gportion (iii) law of multiple
proportions?

2. ldentify the mass law that each of the followingsetvations demonstrate and explain
your reasoning:
(1) A sample of potassium chloride from Nigeria congaihe same percent by mass
of potassium as one from Ghana.
(i) A flashbulb contains magnesium and oxygen before arel magnesium oxide
afterward, but its mass does not change.
(i) Arsenic and oxygen form one compound that is 65a89%6 arsenic and another
that is 75.8 mass % arsenic.
6.0Conclusion
Three fundamental observations that led to an a@tamew of matter are known as mass
laws and the mass laws state that (1) the totakm&mains constant during a chemical
reaction; (2) any sample of a given compound hassttme elements present in the same
parts by mass; (3) in different compounds of theesalements, the masses of one element
that combine with a fixed mass of the other carekgressed as a ratio of small whole
numbers. The explanations of these laws by Daltatomic theory is presented in unit 3.



7.0 Summary
In this unit we have learnt:

The law of mass conservation which states thattobed mass remains constant
during a chemical reaction.

The law of definite proportion which states thay aample of a given compound
has the same elements present in the same partadsy

The law of multiple proportions which states thatdifferent compounds of the
same elements, the masses of one element that m@mitth a fixed mass of the
other can be expressed as a ratio of small whotgoets.

8.0 Tutor Marked Assignment

1. State the mass law (s) demonstrated by thewwitp experimental results, and explain
your reasoning:

Experiment 1: A student heats 1.00@ dflue compound and obtains 0.64g of a white
compound and 0.36 g a colourless gas.

Experiment 2: A second student h&28&g of the same blue compound and obtains
2.08 g of a white compound and 1.17g of a coloartess.

2. Show, with calculation, how the following ddtastrate the law of multiple proportions:

Compound A: 47.5 mass % sulphur and 52.5 mass 6étichl
Compound B: 31.1 mass % sulphur and 68.9 mass 6firdl

9.0 References/Further Readings
McMurray Fay (2004) Chemistr&r) éd. Prentice Hill New Jersey.

Philip Mattews (2006) Advanced Cheamis Physical and Industrial Cambridge
University Press South Asia.

Silberberg M.S (2003) Chemistry: TMelecular Nature of Matter and Chang@ Bd
Mc Graw Hill, New York.

Answers to Self Assessment Exercises
SAE1

1. No; the composition is independent of amount. Twase much of element A will
combine with twice as much of element B and the pagition of the compound formed
will be the same.



2. Yes; more of the compound will contain proportidpahore of each component element.

SAE2

1. (i) all the substances
(i) Compounds
(iif) Compounds

2. (i) Law of definite proportion: the compositiindependent of the source.
(i) Law of conservation of mass: the total quigrof matter does not change.
(ii) Law of multiple proportions: both matelsaare pure, but one pair of elements can
combine in two different proportions.

Answers to Tutor Marked Assignment

1. These two experiments demonstrate the law of defipioportion. The unknown blue
compound decomposes the same way in both expesnmgiuwing 64% white compound
and 36% colourless gas. They also demonstratathef conservation of mass, since in
both cases the total mass before reaction equatethl mass after reaction.

2. 0.905g S/g Cl in compound A and 0.451gS/g Cl injgoumd B,
0.905

=2
0.451
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1.0Introduction
With almost 200 years of hindsight, it may be e&sysee how the mass laws could be
explained by an atomic model that describes mast@xisting in indestructible units, each with a
particular mass. This was a major breakthrougt8@81vhen John Dalton (1766-1844) presented
his atomic theory of matter in a new system of cbamhilosophy.

2.0 Objectives
By the end of this unit, you should be able to akpl

The postulates of Dalton’s atomic theory.

How the Dalton’s atomic theory explains the masssla
The Relative Masses of Atoms described by Dalton.
The limitations of Dalton’s atomic model

3.0 Postulates of the Atomic Theory

Dalton expressed his theory in a series of posildiike most great thinkers, Dalton incorporated
the ideas of others into his own to create the thewry. As we go through the postulates, which are
presented here in modern terms, let's see whioh evigginal and which came from others. (Later, we
can examine the key differences between Dalton&ufades and our present understanding.). The
postulates of Dalton’s atomic theory are:

1. All matter consists of atomshich aretiny indivisible particles of an element that canipe created
or destroyed. (Derived from the "eternal, indesilolec atoms” of Democritus more than 2000
years earlier and conforms to mass conservatistated by Lavoisier.). Although Dalton didn't
know what atoms were like, he nevertheless felt thay were necessary to explain why
there were so many different elements.

2. Atoms of one element cannot be converted into atfrasother element. In chemical reactions,
the original substances separate into atoms, wiachmbine to form different substances.
Chemical reactions only rearrange the way that ttare combined; the atoms themselves are
unchangedDalton realized that atoms must be chemically itndetible for the law of mass
conservation to be valid. If the same numbers amdslkof atoms are present in both reactants and
products, then the masses of reactants and produstsalso be the same.

3. Atoms of an element are identical in mass and gihgperties and are different from atoms of
any other element. (Contains Dalton’s major nevasdenique mass and properties for all the
atoms of a given element.). Dalton realized thatetmust be some feature that distinguishes the
atoms of one element from those of another. Bedatmest's law of definite proportions showed
that elements always combine in specific masssaalton reasoned that the distinguishing
feature between atoms of different elements mustdss.

4. Compounds result from the chemical combination gdexific ratio of atoms of different elements.
(Follows directly from the fact of definite compiasn.). Only if whole numbers of atoms combine
will different samples of a pure compound alwaystain the same proportion of elements by mass
(the law of definite proportions). Fractional part@toms are never involved in chemical reactions.



For any theory to be successful it must not only expgfaown observations, it must also
predict the outcome of events yet unknown. Dalton's atongioryhdoes exactly this: It
predicted what has come to be called the law of multimdportions.

4.0 How the Theory Explains the Mass Laws
Let's see how Dalton’s postulates explain the rtaags

Law of mass conservation:Atoms cannot be created or destroyed (postulaterl)
converted into other types of atoms (postulat&SRjce each type of atom has a fixed mass
(postulate 3), a chemical reaction, in which atares just combined differently with each
other, cannot possibly result in a mass change.

Law of Definite proportion: A compound is a combination of a specifatio of different
atoms (postulate 4), each of which has a particoéss (postulate 3). Thus, each element in a
compound constitutes a fixed fraction of the totats.

Law of Multiple proportions: Atoms of an element have the same mass (postylatelzare
indivisible (postulate 1). Because different nursherB atoms combine with each A atom in
different compounds, the masses of element B thrabime with a fixed mass of element A
give a small, whole-number ratio.

The simplestarrangement consistent with the mass data for can@es | and Il in our earlier

example in unit 2 is that one atom of oxygen coewiwith one atom aofarbon in compound |

(carbon monoxide) and that two atoms of oxygen @oentvith one atom of carbon in compound I
(carbon dioxide).

5.0 The Relative Masses of Atoms

After publication of the atomic theory, investigattried to determine the masses of atoms fromrmtss
fractions of elements in compounds. But an indificiiom is so small that the mass of all the atims
one element can be determined only reldtvihe mass of all the atoms of another elemena Basis

for these relative masses, Dalton assigned a nfadstm the hydrogen atom, the lightest known
substance. Then, based on the work of Lavoisiey, lveld shown that water contains 8 g of oxygen for
every 1 g of hydrogen, Dalton assigned a relatigeshof 8 to the oxygen atom. But this relative mass
would be correct onlif a water molecule has one oxygen atom for evgtlydgen atom:

1 oxygen (8)
1 hydrogen (1)

8
is equivalent to 1 (mass ratio)

However, some other researchers, measuring themegsluof gases that react with
each other, found that 2 L of hydrogen gas reabt v of oxygen gas. This result implied that dewva
molecule had one oxygen atom for every two hydr@gems and, therefore, that oxygen had a relative
mass of 16:

1 oxvgen (16) 16

5]
= — is equivalent to — (mass ratio
2 hydrogen (leach) 1 9 1 ( )




Which relative mass was correct? Many similar adsfarose with other elements, and it took dedades
resolve them. Finally, shortly after a conferentel860 attended by over 140 of the world's most
prominent chemists, a list of elements with aceurgtive atomic masses was accepted: 16 for nxyge
12 for carbon and so forth. Chemical formulas agO for water, NH for ammonia and CiHor
methane were put into common use. Dalton's atordehwas crucial to this developing understanding
because it originated the idea that the masseadiiing elements could be explained in terms afigito

Self Assessment Exercise 1 (SAE 1)

1. Why is it necessary to determine the masses ofstelative to other atoms?

2. Why is the concept of indestructibility of atom mansidered as Dalton’s original idea?

3. State the postulate of Dalton’s atomic theory tbamstitutes the major original idea
proposed by Dalton.

6.0 Limitations of the Dalton’s atomic model
Dalton’s model of the atom could not explain:

Why elements combine as they do: why, for exampleywdoaind not three H atoms combine

with one O atom in a water molecule?

Dalton’s “billiard ball” view of the atom could naiccount for the electrically charged particles
seen in many experiments. A more complex modehefatom (described in the subsequent
units)would be needed to understand those observations.

Self Assessment Exercise 2 (SAE 2)

1. Which of the postulates of Dalton’s atomic theoxplains the law of mass conservation?
2. Explain the major limitations of Dalton’s atomic dwel.

7.0Conclusion

Dalton’s atomic theory explained the mass laws bgppsing that all matter consists of

indivisible, unchangeable atoms of fixed, uniquessaaMass is constant during a reaction
because atoms form new combinations; each compbasid fixed mass fraction of each of its
elements because it is composed of a fixed numibegaoh type of atom; and different

compounds of the same elements exhibit multiplepg@rions because they each consist of
whole atoms. Studies of the masses and volumeseofeats that combine eventually led to
consistent values for relative masses of atoms.

8.0 Summary

In this unit we have learnt:

The postulates of Dalton’s atomic theory.

How Dalton’s postulates explain the mass Laws.

How the masses and volumes of elements that conreatually led to consistent
values for relative masses of atoms.

The limitations of the Dalton’s model of the atom.



9.0 Tutor Marked Assignment

1. Use Dalton’s atomic theory to explain why potassinitnate from India or Nigeria has
the same mass percents of K, N and O.
2. Use Dalton’s atomic theory to deduce the diffeantns in potassium nitrate.

10.0 References/Further Readings
McMurray Fay (2004) Chemistrﬂ“@d. Prentice Hill New Jersey.

Philip Mattews (2006) Advanced Chemistry: Rbglsand Industrial Cambridge University
Press South Asia.

Silberberg M.S (2003) Chemistry: The Moleculature of Matter and Chang& &d Mc
Graw Hill, New York.

Answers to Self Assessment Exercises
SAE1

1. Because an individual atom is so small and difficmwveigh.

2. Because the concept of atom as tiny indivisibletiglar was originally proposed by
Democritus long before the Dalton’s atomic theory.

3. The Dalton’s postulate that constitutes the origidea in the Dalton’s atomic theory is:
Atoms of an element are identical in mass and opieperties and are different from
atoms of any other element. (Contains Dalton’s majew ideas: unique mass and
properties for all the atoms of a given element.).

SAE2

1. The postulates of Dalton’s atomic theory that exptae law of mass conservation are:
Atoms cannot be created or destroyed (postulate tpnverted into other types of atoms
(postulate 2). Since each type of atom has a fimass (postulate 3), a chemical reaction, in
which atoms are just combined differently with eather, cannot possibly result in a mass
change.

2. The major limitations of Dalton’s atomic model are:

0 The model could not explain wigfements combine as they do: why, for example, do
two and not three H atoms combine with one O atoanwater molecule?

(in) Dalton’s “billiard ball” view of the atom could netccount for the electrically charged
particles seen in many experiments.



Answers to Tutor Marked Assignment

1. Dalton postulated that atoms of an element aretichdn Dalton also postulated that
compounds result from the chemical combinationpefceic ratios of different elements.

2. Atoms of one element cannot be converted into atii@sother element; Atoms of an element
are identical in mass and other properties andlifiszent from atoms of any other element.
Since there are three elements (potassium, NitragdnOxygen) in potassium nitrate, there
must be three different types of atoms in potassiitrate that corresponds to potassium,
Nitrogen and Oxygen respectively.
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0.0Introduction
The path of discovery is often winding and unprediile. Basic research into the nature of
electricity eventually led to the discovery of étens,which are negatively charged particles that
are part of all atoms. Soon thereafter, other @xgerts revealed that the atom has a nucleus
which is a tiny, central core of mass and positikiarge. In this unit, we examine some key
experiments that led to our current model of tenat

2.0 Objectives
By the end of this unit, you should be able to déesc

The discharge tube experiment that led to the gesgoof electron as cathode ray.
The properties of cathode rays.

The determination of the charge to mass ratio extedn.

The measurement of the charge of electron.

How the atomic nucleus was discovered.

3.0 Discovery of the Electron and Its Properties

Nineteenth-century investigators of electricity @vhincludeFaraday knew that matter and electric

charge were somehow related. When amber is rubltledur or glass with silk positive and negative
charges form. These are the same charges thatymakbair crackle and cling to your comb on a dry
day. They also knew that an electric current cdeltcbmpose certain compounds into their elements.

What they did not know, however, was how electricduld be studied in the absence of matter.
3.1 The discharge tube experiment

Further evidence indicating that atoms can be sidet into electrically charged particles, comes
from experiments involving the behaviour of gasedischarge tubes at low pressure and high
voltage. A powerful vacuum pump had been invergedntly, So some investigators tried passing an
electric current through nearly evacuated glasssitibhe tubes, fitted with metal electrodes thaewe
sealed in place, were connected to an externatesairelectricity. Normally, if the electrodes are
separated from each other by a few centimetergagk $s produced, which jumps the gap, on
application of a very high voltage (about 15,000820 V). If the tube consists of electrodes sepdrat
by at least two feet, at atmospheric pressurejcapiph of high voltage will not cause any current
flow no matter the gas (neon, air, mercury vapbelium or any other gas) in the tube. However, on
gradually decreasing the pressure of the gas ituthee by means of the vacuum pump, a series of
events occurs. First an electric current begirfloto and at the same time, a stream of light i1 see
the tube between the electrodes. As the pressiowésed further, to about 1.3Nn{0.001mm Hg)

the light completely disappears. At this criticaégsure, current still flows but a greenish glow
appears in the glass in the region of the cathwdspective of the gas used. Further reduction in
pressure causes the current flow to cease. Thppdigence of the light with decrease in pressure
suggests that the original light observed must hadesomething to do with the gas in the tubdsas i
removal causes this to disappear. The greenish glost also have something to do with the gas
particles. The question that might be asked is Hoas the current get across the large gap in the
electrical circuit? Normally, a continuous wirerniseded or other electrical conductor in order for



electricity to flow. The answer to this questiopisvided by a series of experiments conducteddby J
Thomson.

3.2 J.J Thomson'’s explanation

Assume that the neutral particles in the gas desomto charged particles, positive and negative.
The positive particles would move to the negativle pf the electrodes, and the negative partides t
the anode. By moving, the particles acquire kiretiergy. The particles can then:

() Collide with neutral particles and give them soriteir energy and dissociate them , or
(i) Negative particles would collide with positive peles and become neutralized.

Some of the energy of recombination is what istedhin the form of light, which is characteristic o
the gas in the tube. At high pressure, the prabalaf collision is high. At comparatively low
pressure, the number of gas patrticles is very sarall so the distance between particles is veat,gre
and collision is much less probable. Thereforepthstive ions will have a great deal of energy mvhe
they strike the cathode. This causes the emisgidimeogreenish glow from that region. The glow
consists of particles call@@thode rays because they emanate from the cathode.

They were shown to travel in straight lines, todeflected by magnetic or electric fields, and to be
identical, no matter what metal was used as thedat It was concluded that cathode rays corfsist o
negatively charged particles that are found imatter and that the rays appear when these particle
collide with the few remaining gas molecules in ¢wacuated tubes. Cathode ray particles were later
namecelectrons

4.0 Experiments to determine the properties of catbde rays

A cathode ray forms when high voltage is appliadsthe electrodes in a partially evacuated tube.
A hole in the anode allows the ray to pass throamgh hit the coated end of the tube to produce a
glow. In the absence of an external field, thetrayels in a straight path. The ray bends in aereat
magnetic field, so it must consist of charged pladi In an external electric field, the ray bends
toward the positive plate, so the particles’ changst be negative. Any electrode material produces
an identical ray, so the particles must be parélbmatter, that is, universal negatively charged
particle. Since the particles are charged, a detation of their charge to mass ratio (e/m) shdligh

to identify them either as ions, or some othergdhifragment.

4.1 Familiar Glow of Colliding Patrticles

The electric and magnetic properties of chargedicfe that collide with gas particles or hit a
phosphor-coated screen have familiar applicatiBn&ieon” sign glows because electrons collide
with the gas particles in the tube, causing themive off light. An aurora display occurs when the
Earth's magnetic field bends streams of chargetitlearcoming from the Sun, which then collide
with gases in the atmosphere. In a television tubsomputer monitor, the cathode ray passes back
and forth over the coated screen, creating a pdtiat the eye sees as a picture.

5.0 The determination of e/m: J.J Thomson'’s experient

Just over a century ago. in 1897, Joseph John T (856-1940) used magnetic and electric fields
to measure the ratio of the cathode ray partiolass to its charge lmpmparing this value with the



mass/charge ratio for the lightest charged paiitici®lution, Thomson estimated that the cathoge ra
particle weighed less thqﬁﬁ as much as hydrogen, the lightest atom! From xperanent, it was

found that for an electron, the ratio of chargentss is -1.76 x £@oulombs per gram. The negative
sign indicates the electron is negatively chargédb ratio is observed to be the same no mattet wha
material the cathode is made of. He was shockedube this implied that, contrary to Dalton's
atomic theory, atoms are divisible into even smalkticles.Thomson concluded, "We have in the
cathode rays matter in a new state,... in whiclstisglivision of matter is carried much further..isth
matter being the substance from which the cheraleatents are built up. Fellow scientists reacted at
first with disbelief, and some even thought Thoms®as joking.

Determining the ratio of charge to mass of theteladells us nothing about the actual charge @r th
actual mass of the particle. But if one is abldgtermine one of these quantities, the other eamlib
calculated using the e/m value. This formed thasbias Millikan’s oil drop experiment for the
measurement of the charge of the electron.

Self Assessment Exercise 1 (SAE 1)

1. In the discharge tube experiment if the tube cdm®o$ electrodes separated by at least
two feet, at atmospheric pressure, applicationigh lvoltage will not produce cathode
rays no matter the gas in the tube. Explain why.

2. Mention the form in which the electron was disc@dger

3. Describe the properties of cathode ray.

6.0 Millikan’s oil drop experiment: Charge on an eéctron

In 1909, the American physicist Robert Millikan 6B81953) measured the charge of the electron. He
did so by observing the movement of tiny droplétte “highest grade clock oil" in an apparatug tha
contained electrically charged plates and an xs@yrce. The x-rays knocked electrons from gas
molecules in the air, and as an oil droplet fethtigh a hole in the positive (upper) plate, thetedas
stuck to the drop, giving it a negative charge.hwlite electric field off, Millikan measured the mas
of the droplet from its rate of fall. By turning d¢ime field and varying its strength, he could mie
drop fall more slowly, rise, or pause suspendeaimfhese data, Millikan calculated the total charge
of the droplet.

After studying many droplets, Millikan confirmedshexpectation that their various charges were
always some whole-number multiple of a minimum ghae reasoned that different oil droplets
picked up different numbers of electrons, so thiimum charge must be that of the electron itself.
The value, which he calculated over 90 years a&gajthin 1% of the modern value of the electron's
charge, -1.602 x 18C (C stands focoulomb,the SI unit of charge). Using the electron’s mass-t
charge ratio from work by Thomson and others arsdvillue for the electron’s charge, let’s calculate
the electron’s extremely small mass the way Mitlikkd:

mMass

Lk
Mass of electron = X charge = | —5.686 x 10712 =g (—1.602 x 1071%(C)
C

charge

=9.,109 x 107%kg =9.109 x 107 ¥y



7.0 Discovery of the Atomic Nucleus

Clearly, the properties of the electron posed probl about the inner structure of atoms. Since
macroscopic matter is electrically neutral, thersdhat make it up must be neutral also. But ifngto
contain negatively charged electrons, what posifhggges balance them? And if an electron has such
an incredibly tiny mass, what accounts for an aamich larger mass? To address these issues,
Thomson proposed a model of a spherical atom caoedpokdiffuse, positively charged matter, in
which electrons were embedded like "raisins iruangbudding.”

Near the turn of the 20century, French scientists discovered radioagfitlite emission of particles
and/or radiation from atoms of certain elementdew years later, in 1910, the New Zealand-born
physicist Ernest Rutherford (1871-1937) used ornee tgf radioactive particle in a series of
experiments that solved this dilemma of atomiccttine. Tiny, dense, positively charged alpha (
particles emitted from radium were aimed, like nénprojectiles, at thin gold foil.

With Thomson's model in mind, Rutherford expectely minor, if any, deflections of the particles
because they should act as tiny, dense, positareyged "bullets" and go right through the gold
atoms. According to the model, the embedded elexttould not deflect the particles any more
than a Ping-Pong ball could deflect a speedingladisénitial results confirmed this, but soon the
unexpected happened. As Rutherford recalled: "Themember two or three days later Geiger [one
of his coworkers] coming to me in great excitenaerd saying, 'we have been able to get some of the
| particles coming backwards...’” It was quite the niostedible event that has ever happened to me
in my life. It was almost as incredible as if yated a 15-inch shell at a piece of tissue paperitand
came back and hit you."

The data showed that very faw particles were deflected at all, and that onlyn120,000 was
deflected by more than 9@¢‘coming backwards”). It seemed that these feysarticles were being
repelled by something small, dense and positiveinvihe gold atoms. From the mass, charge, and
velocity of thep particle the frequency of these large-angle difles, and the properties of
electrons, Rutherford calculated that an atom istim@pace occupied by electrons, but centrally
locatedwithin that space lies a tiny region, which heeshithenucleus that contain all the positive
charge and essentially all the mass of the atomprdposed that positive particles lay within the
nucleus and called theprotons, and then calculated the magnitude of the nudabarge with
remarkable accuracy, Rutherfordisodel explained the charged nature of matter, tbabuld not
account for all the atom's mass. It took more ®@wyears to resolve this issue when, in 1932, James
Chadwick discovered theeutron, an uncharged dense particle that also resides inuitieus.

Self Assessment Exercise 2 (SAE 2)

1. How did Millikan control the speed of the chargelddooplets?
2. How did Millikan generate electrons for his oil grexperiment?
3. Whose experiment explained the charged nature tierfla

8.0Conclusion
Several major discoveries at the turn of th8 2entury led to our current model of atomic
structure. Cathode rays were shown to consist gatne particles (electrons) that exist in
all matter. J. J. Thomson measured their mass/ehatip and concluded that they are
much smaller and lighter than atoms. Robert Miliikdetermined the charge of the



electron, which he combined with other data to wake its mass. Ernest Rutherford
proposedhat atoms consist of a tiny, massive, positivdeus surrounded by electrons.

9.0 Summary
In this unit we have learnt:

About the discovery of electron through Faradaysslgarge tube experiment.

The J.J. Thomson’s explanation on how gas moleadaduct electricity between
the electrodes in the discharge tube experiment.

The Properties of cathode rays.

The Determination of the ratio of charge to masthefelectron from J.J. Thomson’s
experiment.

The measurement of the charge of the electron Mdhkan’s oil drop experiment.
About the discovery of the atomic nucleus from Rdftbrd’s experiments.

That the nucleus consists of protons and neutmams the works of Rutherford and
James Chadwick.

10.0 Tutor Marked Assignment

1. Thomson was able to determine the mass/chatigeafathe electron but not its mass.
How did Millikan’s experiment allow determinatiofi thhe electron’s mass?

2. Mention the sub-particles present iragm.
11.0 References/Further Readings
McMurray Fay (2004) Chemistr{} dd. Prentice Hill New Jersey.

Philip Mattews (2006) Advanced Chedmis Physical and Industrial Cambridge
University Press South Asia.

Silberberg M.S (2003) Chemistry: T¥elecular Nature of Matter and Changé Bd
Mc Graw Hill, New York.

Answers to Self Assessment Exercises
SAE1

1. At high pressure, the probability of collision ben gas molecules is high and this
causes loss in energy of particles that could maveed to strike the cathode to produce
cathode rays.

2. The electron was discovered as rays emanatingtinernathode (cathode ray).

3. Properties of cathode ray:

In the absence of an external field, the ray tmireh straight path.
The ray bends in an external magnetic field.
In an external electric field, the ray bends towtde positive plate.



Any electrode material produces an identical raythe particles must be part of
all matter, that is, universal negatively chargadiple.

SAE2

1. By turning on the electric field and varying $tsength, he made the oil drop fall more
slowly, rise, or pause suspended.

2. X-rays were used by Millikan to knock electronsnfrgas molecules in the air, and as an
oil droplet fell through a hole in the positive fgp) plate, the electrons stuck to the drop,
giving it a negative charge.

3. Rutherford’smodel explained the charged nature of matter.

Answers to Tutor Marked Assignment

a. If you know the ratio of any two quantities, ana thalue of one of them, the

. h
other can always be calculated. In this case——— = mass.

(chakrge /mass)
b. The sub-particles in atom are:
Electron
Proton
neutron
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1.0 Introduction

For nearly 200 years, scientists have known thahatter consists of atoms, and they have learnt
astonishing things about them. Dalton's hard, irapsahle spheres have given way to atoms with
"fuzzy," indistinct boundaries and an elaboraterimal architecture of subatomic particles. In this
unit, we examine our current model and begin tohsse the properties of these particles affect
the properties of atoms. Thesm reassess the atomic theory in the light of cesgnt knowledge.

2.0 Objectives
By the end of this unit, you should be able to akpl

The subatomic particles and their properties.

The relationship between atomic number, mass nuarthe number of neutrons in the
atom of an element.

How the relative abundance and the masses of ieptape used to compute the relative
atomic mass of an element that exhibit isotopy.

The modern concept of the atomic theory.

3.0 Structure of the Atom

An atom is an electrically neutral, spherical gntibmposed of a positively charged central nucleus
surrounded by one or more negatively charged etectrThe electrons move rapidly through the
available atomic volume, held there by the atwactf the nucleus. The nucleus is incredibly deise:
contributes 99.97% of the atom’s mass but occupisabout 1 ten-trillionth of its volume. An attam
diameter (~18° m) is about 10,000 times the diameter of its miscie-10"m). An atomic nucleus
consists of protons and neutroexcept for the simplest hydrogen nucleus, whicla isingle
proton. Theproton (p*) has a positive charge, and theutron (n°) has no charge; thus, the
positive charge of the nucleus results from thelmoed charges of its protons. The magnitude of
charge possessed by a proton is equal to that efeatron (€), but the signs of the charges are
opposite. An atom is neutral because the numb@raibns in the nucleus equals the number of
electrons surrounding the nucleBsme properties of these three subatomic paraokeksted in Table

1.

Table 1. Properties of the three key subatomic paitles

Name(Symbol Charge Mass

Relative Absolut¢(C)*  Relative (am.' Absolute (¢ Location in Ator
Proton () 1+ +1.60218x1™  1.00727 1.67262x1** Nucleus
Neutron(n®) 0 0 1.00866 1.67493x1G* Nucleus
Electron (& 1- -1.60218x16° 0.00054858  9.10939x10° Outside nucleus
Source: Silberberg, (2003). *The coulomb (C) is tBeunit of charge.

The atomic mass unit (amu) equals 1.66052%10



4.0 Atomic Number, Mass Number, and Atomic Symbol

Theatomic number (Z) of an element equals the number of proton&énrucleus of each of its
atoms. All atoms of a particular element have tmes atomic number, and each element has a
different atomic number from that of any other ed&m All carbon atoms (Z = 6) have 6
protons, all oxygen atoms (Z = 8) have 8 protoms] all uranium atoms (Z = 92) have 92
protons. There are currently 115 known elementsyto€h 90 occur in nature; the remaining 25
have been synthesized by nuclear processes.

The total number of protons and neutrons in thdeuscof an atom is itnass number(A).
Each proton and each neutron contributes one autiitet mass number. Thus, a carbon atom with
6 protons and 6 neutrons in its nucleus has a maswer of 12, and a uranium atom with 92
protons and 146 neutrons in its nucleus has a masber of 238.

Information about the nuclear mass and chargetendhcluded with thetomic symbol (or
element symbol). Every element has a symbol bardts&nglish, Latin, or Greek name, such
as C for carbon, O for oxygen, S for sulphur andfttasodium (Latin: natrium). The atomic
number (Z) is written as a left subscrgntd the mass number (A&f a left superscrifgb the
symbol, so element X would B& . Since the mass number is the sum of protons amirames,

the number of neutrons (N) equals the mass numbersnthe atomic number.
Number of neutrons = mass number - atomic number,rdN = A- Z (2)

Thus, a chlorine atom symbolizéélcl hasA = 35, Z = 17, andN = 35 - 17 = 18. Since each

element has its own atomic number, we know the @tonmmber from the symbol. For example,
every carbon atom has 6 protons, so we can Wi@e(spoken “"carbon twelve"), with Z = 6
understood, for carbon with mass number 12. Ano#fagrto write this atom is carbon-12.

5.0 Isotopes and Atomic Masses of the Elements

All atoms of an element are identical in atomic t@mbut not in mass numbekll carbon
atoms have 6 protons in the nucleus (Z = 6), bly 68.89% of naturally occurring carbon
atoms have 6 neutrons in the nucleus (A = 12). Allspercentage (1.11%) have 7 neutrons in the
nucleus (A = 13), and even fewer (less than 0.048E 8 (A = 14). Isotopes of an element are
atoms that have different number of neutrand therefore different mass numbers. Carbon has
three naturally occurring isotopeéC, *C, and*C. Five other isotopes of carbd@, *°C, *'C,

15 and*®C, have been observed in the laboratory. All ob¢hearbon isotopes have 6 protons
and 6 electrons. A key point that we will note maimyes is that the chemical properties of an
element are primarily determined by the numberlefteons, so all isotopes of an element have
nearly identical chemical behaviayen though they have different masses.

Z
—



Self Assessment Exercise 1 (SAE 1)

1. Define atomic number and mass number. Which cap w#hout changing the identity of
the element?

2. What is the difference between the mass numben e&faope and its atomic number?

3. Even though several elements have only one natucaiturring isotope and all atomic
nuclei have whole numbers of protons and neutnemgtomic mass is a whole number. Use
the data in Table 1 to explain this fact.

Exercise:

Silicon (Si) is essential to the computer industsya major component of semi-conductor chip.
It has three naturally occurring isotopési, 2°Si, and*°Si. Determine the number of protons,
neutronsand electrons in each silicon isotope.

Hint: The mass number (A) adfach of the three isotopes is given, so we knowstira of
protons and neutrongGet the atomic number (Z) from the element list d@nid equals the
number of electrons. We obtain the number of nastfoomEquation 1.

Solution:

From the elements listhe atomic number of silicon is 14. Therefore,
?85j has 14p 14€, and 14n° (28 - 14)

29Sj hasl4p', 146, and 15n° (29 - 14)

3sj has14p', 146, and 16n° (30 - 14)

6.0 The mass of an atom

The mass of an atom is measured most easily ref@tithe mass of a chosen atomic standard.
The modern atomic mass standard is the carbond®. dts mass is defined as exactly 12

atomic mass units. Thus, the atomic mass unit (amléﬂr)the mass of a carbon-12 atom. Based

on this standard, théd atom has a mass of 1.008 amu; in other word&; atom has almost 12
times the mass of & atom. We will continue to use the term atomic snasitin the unit, even
though the name has recently been changed to ttend®); thus, oné?C atom has a mas$

12 daltons (12 D, or 12 amu). The atomic mass which is a unit of relative mass, has an
absolute mass of 1.66054 x4'(y. The isotopic makeup of an element is determimgdhass
spectrometry, a method for measuring the relatiasses and abundances of atomic-scale
particles very precisely. For example, using a nspectrometer, we measure the mass ratio of
83 to*°C as:

Mass of 2®Si atom

= = 2331411
Mass of ~“C standard




From this mass ratio, we find the isotopic masthef®Si atom, the mass of the isotope relative
to the mass of the standard carbon-12 isotope:

Isotopic mass of®Si = measured mass ration x mas&’6f
= 2.331411 xdBu = 27.97693 amu

Along with the isotopic mass, the mass spectrongitess the relative abundance (fraction) of
each isotope in a sample of the element. For ex@nipé percent abundance?8i is 92.23%.
Such measurements provide data for obtaining traiatmasgalso called atomic weighof an
element, the average the masses of its naturally occurring isotopeggived according to their
abundances. Each naturatlgcurring isotope of an element contributes a oegpartion to the
atomic mass. For instance, we said that 92.23% ioht@ns are?®Si. Using this percent
%bundance as a fraction and multiplying by itsdpa mass gives the portion contributed by
Si:

Portion of Si atomic magsom 28Si = 27.97693 amu x 0.9223 = 25.8031 amu

Similar calculations give the portions contributed *°Si (28.976495 amu x 0.0467 = 1.3532
amu) and by*°Si (29.973770 amu x 0.0310 = 0.9292 amu), and adttie three portions
together (rounding to two decimal places at the gnges the atomic mass of silicon:

Atomic massf Si = 25.8031 amu + 1.3532 amu + 0.9292
= 28.0855 amu = 28abnu
Exercise

Silver (Ag; Z = 47) has 46 known isotopes, but amhp occur naturally:°’Ag and'°°Ag. Given
the following mass spectrometric data, calculagedtomic mass of Ag:

Isotope Mass (amu) Abundance (%)
A 106.995 4.
1%ag 108496 18

Solution:

Finding the portion of the atomic mass from eachoige:
Portion of atomic mass fromM’Ag = isotopic mass x fractional abundance

= 106.90509 amu x 0.5184 = 55.42 amu
Portion of atomic mass fromM°Ag = 108.90476 amu x 0.4816 = 52.45 amu
Finding the atomic mass of silver:
Atomic mass of Ag = 55.42 amu + 52.45 amiG7.87 amu

7.0 A modern reassessment of the Atomic Theory



We began discussing tlatomic basis of matter with Dalton's model, whicbved inaccurate in
several respects. What happens to a model whoselgtes are found by later experiment to be
incorrect? No model can predict every possibleriitbservation, but a powerful model evolves
to retain its usefulness. Let’'s reexamine the thaofight of what we know now:

1. All matter is composed of atomsWe now know that atoms adivisible and composed of
smaller, subatomic particles (electrons, protoms] meutrons), but the atom is still the
smallest body that retains the unique identityroEement.

2. Atoms of one element cannot be converted into atonef another element in a chemical
reaction. We now know that, in nucleagactions, atoms of one element often change tiotosa
of another, but this never happens in a chemreeation.

3. All atoms of an element have the same number of pians and electrons, which
determines the chemical behaviour of the elemeniWe now know that isotopes of an
element differ in the number of neutrons, and thusnass number, but a sample of the
element is treated as though its atoms have aage/erass.

4. Compounds are formed by the chemical combination dfwo or more elements in specific
ratios. We now know that a few compounds can have slighati@ns in their atom ratios, but
this postulate remains essentially unchanged.

Self Assessment Exercise 2 (SAE 2)

1. Argon has three naturally occurring isotopes, 3638Ar, and 40Ar. What is the mass
number of each? How many protons, neutrons, amtrefes are present in each?

2. Do both members of the following pairs have the samamber of protons? Neutrons?
Electrons®a) 50 and *0 (b)joAr and (3K (c)55Co and SaNi
Which pair(s) consist(s) of atoms with the samealug? N value? A value?

8.0Conclusion
An atom has a central nucleus, which contains pe$jt charged protons and uncharged
neutrons and is surrounded by negatively chargectrens. An atom is neutral because the
number of electrons equals the number of protonsatdm is represented by the notatii¥n
in which Z is the atomic number (number of protosthe mass number (sum of protons
and neutrons), and X the atomic symbol. An elenwodurs naturally as a mixture of
isotopes, which are atoms with the same numberrofops but different numbers of
neutrons. Each isotope has a mass relative t&’@henass standard. The atomic mass of an
element is the average of its isotopic masses wagaiccording to their natural abundances
and is determined by modern instruments such an#ss spectrometer.

9.0 Summary
In this unit we have learnt:

The subatomic particles and their properties

The relationship between atomic number, mass nuinteéthe number of neutrons in an
element.



How the relative abundance and the masses of ieptape used to compute the relative
atomic mass of an element that exhibit isotopy.
The modern concept of the atomic theory.

10.0 Tutor Marked Assignment

1. Chlorine has two naturally occurring isotop&&| (isotopic mass 34.9689 amu) atigl
(isotopic mass 36.9659 amu). If chlorine has amatanass of 35.4527 amu, what is the
percent abundance of each isotope?

2. Gallium has two naturally occurring isotopeSGa (isotopic mass 68.9256 amu),
abundance 60.11%) aritiGa (isotopic mass 70.9247amu, abundance 39.89%ule
the atomic mass of gallium.

11.0 References/Further Readings
McMurray Fay (2004) Chemistry'4d. Prentice Hill New Jersey.

Philip Mattews (2006) Advanced Chemistry: Rbglsand Industrial Cambridge University
Press South Asia.

Silberberg M.S (2003) Chemistry: The Molecuature of Matter and Chang& &d Mc
Graw Hill, New York.

Answers to Self Assessment Exercises
SAE1

1. (i) The atomic number f an atom is the number otqms in the nucleus
(i) The mass number is the sum of the number ofgms and number of neutrons.
(iif) The mass number can vary without changingahemical identity of the atom.
2. Number of neutrons
3. Because the relative masses of the subatomic lggrace not whole numbers.

SAE2

1. The mass numbers are 36, 38 and 40 respectivaiiginoong 18, 20 and 22 neutrons.All
the isotopes have 18 protons and 18 electrons.

2. (a) These have the same number of protons andradectbut different numbers of
neutrons. They have same Z.
(b) These have the same number of neutrons, btdrelit numbers of protons and
electrons. They have same N.
(c) These differ in all three (number of protonsutmons and electrons), but have the
same A.

Answers to Tutor Marked Assignment

1. Let the relative fractional abundance 1&€I = x



Let the relative fractional abundance @l = 1-x
Note: total relative abundance o€l and®*'Cl = 1
349689 (1 — :X’j + 36.9659x = 354527

349689 — 34.9689x + 36.9659x = 354527
349689 + 1.997x = 35.4527

354527 - 349689

x = = 0.242263
1.997
. 0242263
2 abundance of *'Cl = — # 100 = 24.2263 %

%% abundance of **Cl = 100 — 24.2263 = 75.7737%

2. Atomic mass of Ga = (65.925& X %} + (?0.924? X %} = 41.43+ 28.29

=69.72 amu
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1.0 Introduction

At the end of the 8century, Lavoisier compiled a list of the 23 elaetaenown at that time; by
1870, 65 were known; by 1925, 88; today, thereldr and still counting! These elements
combine to form millions of compounds, so we cleaded some ways to organize what we know
about their behavior. By the mid¥@entury, enormous amounts of information concerning
reactions, properties, and atomic masses of theeeks had been accumulated. Several
researchers noted recurring, pariodic, patterns of behavior and proposed schemes to aegani
the elements according to some fundamental preperti

2.0 Objectives
By the end of this unit, you should be able to akpl

The development of the Periodic Table

The Mendeleev's classification of elements

The Modern Periodic Table

The periodicity in the periodic classification aneinds in atomic properties

3.0 Development of the Periodic Table

An essential requirement for the amazing growttheoretical and practical chemistry in the
second half of the focentury was the ability to organize the facts kncabout element
behaviour. The earliest organizing attempt was mayglddlohann Dobereiner, who placed
groups of three elements with similar propertieghsas calcium, strontium, and barium, into
“triads”. Later, John Newlands noted similaritiestseen every eight element (arranged by
atomic mass), like the similarity between everyheigote in the musical scale, and placed
elements into “octaves”. As more elements wereodisd, however, these early numerical
schemes lost much of their validity. The greatediron the arrangement of elements has
gone to Mendeleev because he was able to predectptbperties of several as yet
undiscovered elements for which he had left blgrdcss in his table.

4.0 Mendeleev's classification of elements

I