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1.1 INTRODUCTION T0 THE PARTICULATE NATURE OF MATTER AND cHeMicAL cuance (i || L/ VA3

Chemists study how elements and compounds react with one anothe

created in these reactions, and how they can be used in many

important applications.

The compound sodium chloride, Nacl, s made up of the elements

The group 1 alkali metal sodium is a soft metal that undergoes rapid
aron n air and violenly reacts with water, creating alkaline solutions.

Sodium s stored under oil to prevent these reactions, It i the sixth most

The halo
highly iritating 1o the eyes, skin. and the upper respiratory raci

The highly reactive clements sodium and chlorine combine to form
the fonic crystalline compound sodium chloride, commonly called
table salt and consumed daily n the food we ear. The properties

and uses of sodium chloride e very different from those
consttuent clements.

Mixtures

A pure subst
chemical and physical propertics are distinct and consistent. Examples

include the clements nitrogen, N, and argon. Ar and compounds such as

Pure substances can physically combine to form a mixture. For
example, sea water contains mainly sodium chloride and water. Purc
substances can b separated from the mixture by physcal techniques
such as filtation, ractional distilltion, or chromatography. The
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Prouet's lew of constant composition bound tgether. ! !

(1508) st compounde e

el it Hormogeneous mistres have bt uniform compostion and unform
emenacamposionass. properes throughout the mixture. Exampies ncude salt water or a

composition and hence their propertis vary throughout the mixture

Examples indlude foods such as tom yum goong (Thai hot and sour
prawn soup) or Iish stew (@ mixture of cubed meat and vegetables

Figure 9 summarizes the classification of matter into clements,
ind mixtures.

compounds,

Remogenes s beapesss e semest e el com

wipvenes  virgegiee e ogesd s, i sadhmng e

e B Choine e

- ——

v Eaments, compounds,and ixtures

@ Thelanguage of chemistry
Chemistey b a universal language that ranscends borders and

that requires no transation.
Knowledge of the symbols for clements and compounds and their
e T——r relationship o one another as displayed in a balanced equation
i, Nt 1t s very e poperies unlocks a wealth of information, allowing understanding of the

Pt ——-— chemical process being examined.
Chemical symbols are a way of expressing which clements are present
and in which proportions,in both organic and inorganic compounds.
“The Interational Union of Pure and Applied Chemisiry (IUPAC) is
an organization that develops and monitors a system of siandardized
nomendarure for both organic and inorganic compounds. IUPAC's role

/ 510 provide consstency in the naming of compounds, resulting in a
language of symbols and words that require no translaton lrom one
country or culture’s language to another:

.‘ Famsry Useful Resource
e | Th UPAC GoldBook [t /gldbockupac.orgindex hi) s UPAC
o ee P et e campendiumofchemical terminaogy.

5




image6.png
5.1 INTRODUCTION T0 THE PARTICULATE NATURE OF ATTER AND cHENICAL cuance Y| (D) )| ) | S

Tok Nomeof | Formula | Nameof | Formua
polgatomicion polystomicion

Language s crucial component i the communication of ammoniomion | WA, | phosphatelVlion | 0,1
knowedge and ming Does th sngusge ofchemisy nith o I Ry A
sy e carbonateion | €07 | phosphonateion | po
understanding? What e does ogistcdeeminmplay? | hudrogencarbonate | Hco, | sulelVion |50,
Forexample, th concepo equibriumis o nally o

misierpretd. Preconcived deas ocus ona 5050 balance nyarosideion | ou- | sukwelVion | so;
between eactantsand products. reqies anundersanding niwel¥)ion | N0, | ewanedoasion | 0t
hatequilbrum means hat bt the forvardandrverse nicselli)ion | N, | peroudeion | 07
eacions r ccuringthe same e before we cansee that d e

an equibium eacion might favour the ormatonof roducts . e 1 Common poltom ks
orreacions, o thatsucha eactoncold e on spontaneous:

Name o acd Formia
Common combinations of elements: Background "9"““?‘“1'“ - o

. ] acit ™
to writing equations . o o
Anfon is a charged species. Anions are negatively charged and cations are. Phedeholely) sc i
posively charged. suric) ac Hso,
There are a number of comnan polyatomic ons that exist in many of | _ stendeas cuoon

the substances you will study and work with. You need to be familiar

with the names and formulac of these fons, shown i tables 1 103, + "5 2€mnon s

Name of aion | Formula | Naming suffix

@ Writing and balancing equations mierm || 15 St
Am ability 0 write cquations is esential {0 chermisiry and requires suaelV)ion | 50, ae

2 full understanding of the language of cqustions. AL the most nitsides]| el p
fundamental level, ormulac for the reactants are put on the I sl || 50, -
hand side along with thei sate symbols (), () (). 00) A08 UGS i g amns, o e eritic e
forthe products on the right-hand side. The arrow represents a ey
boundary between reactants and products. Stat symbols can be il 4

deduced by referring to the solubilitis of fonic salts and the state of
matter of the clement or compound at a given temperature.

A reaction may be described in terms of sarting materials and producis,  Worked example

“The process of translorming these words into a balanced chemical Magnesium burns in oxygen to

equation sarts with the construction of chemical formulae. Writing form a white powder known as

fonic.and covalent formulac will be discussed in depth in topic 4. ‘magnesium oxide. Write a chemical
equation (o represent this change.
including state symbols.

Solution

“The reactants are the metal
‘magnesium, a sold at room
temperature, and the diatomic
‘molecule, oxygen, which is a
a5 The product i the oside of
‘magnesium, magnesium oxide
whichis a sold substance.

2M5(5) + O,(8) -+ 2MEO0(s)

Ouick questions.
Wit equatons forthefollowing chemical reactions, including state symbols. Refer
t0the working method on th next page on balancing equatons f you need o

1 inc metat reacs with hyirchloric et fom th sl ine chrideHygrogen
s s evolved.

2 ysogen g ndoxygen o et together o form vt

3 Atahigh emperatur,calcom carbonate decamposesino calcium axde and
carbondanide.
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Working method: how to balance
chemical equations
‘The xamples below involve eactions of meta

Figure 10 reminds you that metals are below and
o the lef of the metalloids in the periodic table.

Remember that to balance an equation you
change the coclficlent of  formula (add a number
in front of the formula). You do not change the
formula sl

Step 1: Firs balance the metallc lement on
each side ofthe equation - add a number
nfront of the symbol on one side f
necessary s that there s the same number
of atoms o this lement on cach side.
Balance any clements that occur in

only one formula on the reactant and
products side. Sometimes polyatomic
fons remain unchanged in reactions and
they can be balanced easily at this stage.

Step 3: Balance the remaining elemens il ecesary.

Step2:

T EEER]
HHEH 444
HEEE 2+
T 2
Getss @ e et

A Pgre e e ot it b it
friiniaiy

Example 1
e alkalinecarth metal calcium reacs with

water to produce an alkalne solution. Balance the
following equation.

is balanced.

Calsh + H,0() > Ca(OH),(aq) + H,(8)

Step 2 Balance O et

as it occurs n only one formula on

cach side. (H occurs in both producs.)
Maultiply 1,0 by 2 0 balance O.

Ca(9) 4 2H () CalOH) (o0) + H(5)

Step 3

You can now see that hydrogen

has been baanced by sep 2, which often
happens. Aliways check to make sure.

‘The equation is now balanced overs

Example 2

Potasium hydroxide i  soluble base that can

neutrllze the diproic acd sulurc acd.Diprotic

ackds roduce two hydrogen fons when they
sodiate Balance th illowing equation

Step 1: Balance K by doubling KOH on
the reactant side.

HSO,(aq) + KOH(aa) -+ K,50,aa) + HO()

Step 2: Both 0 and H
occur in two compounds on both
ides of the equation. The sulfae fon is
(unchanged in the reaction and s balanced. so
the coctfiient for 1,50, will stay the same.

There are 4 H atoms on the reactant
side. so muliply H,0 by 2.

11,50, (aq) + 2KOH (ag) -~ K,0,(aq) + H,0(1)
1,50, aq) + 2KOH(aq) ~ K.SO,(aq) + 2H,00)
“The cquation is now balanced.




image8.png
1.1 INTRODUCTION T0 THE PARTICULATE NATURE OF MATTER AND chEmicaL cance )| (i) L/ T\

Some types of reaction The namesandsymbol of

Combinaon.r synthsis escons i he comsinaion of o more he lementscan e foundin

subsancesoproduce 3 singe product secton o the Doto bkt
Cle) +0,() +€0,(g)

Decomposiian eacions invole 2 single reactan beingboken down ot

moe product

a5+ Ca0(s) +€0,8)

Singl replacement reactions occur when one element repaces another in 3
compound.n example of thistype ofreaction i  edos reaction (10pic 9]

Mgls) + () - MgCfaa) + g

Doublereplacement eacions accur between ions n slution o form nsoluble
Substances and weak o o electolyes,aso ermed metathesis reactons:

HCl(aq) -+ NaOH(ag) -+ NaCifa) + 001
This example s an acid bas reacton discussed frther i 0pic .

(@ some applications and reactions of butane

Fuels and refiigerants
Butane, €, is mixed with ot hydrocarbonssuch s propane 1o
create th 1o liquefed ptroicam g (LPG). This i wsed in 3 wide
varicy of appicatons.

Methylpropane (aso cale sbutane) i an somer of utane smmers
have the same <hemical formula but thei toms ar amanged siucturaly
in a different way. Methylpropane is used as a refrigerant, replacing the

CEC that were previously usd fo thispurposc CFCs and the impact of
Osone oceurs naturaly i the srstosphere, i the upper aumopshere, | S6180€8 and technology
Ozone ilers out most of the harmiul ulzsviolet rays from the sun. Theprocess of efrigeration
Without his protection the ullravioltrodarion would b harmful o | inlves heenegychanges o
‘many forms o e, causing skin cancer in humans and other probcs. | 3ondensaton-evaporson
cyceusing volte lgids.
Chorohorocarons CFCs)
were radiionalyused
inrlrgertorsand i
condiioning . They couse
depltionar the oz ager
intheamosphere, which
protects us rom he harmful
efectsof vt adaton
insuntght
CFCsarenowbamnedinmang
& igwe 11 0tone.0, JUAmT— counies, and on hlgenaied
CRC undergo reactions with the ozone in the stratosphere, cousing i | PEOXEROnSsoch a8 propane
0 break down. Th ‘ozone hole i thinig of the ozone layer that | ¢ commonk sed
appears over the poar regions of the Earth cach spring. The use of et
CFCs has causd this depltion of the azone layer,so they have oy | 17 500ieS3

been replaced by methylpropane.
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The combustionof
hyrocarbons, L produces
arbon ioide and wate

Since 1997, tais in Hong Kong
have been powered by iuelied
petoleu gas (LPG.Today
there areaver 18000 LPG
taxis and SO0 LPG ghtbuses
aperatingthere.LPS,consisig
ofburane andiorp

undergoes combustonto
eiease energy to powerthe
vehicle, Th resction produces
carbon doside and water
[subtopc 102)LPG bums.
much more leany than ptrol

Balancing the equation for the combustion of butane
The combustion of butane i a cxothermic rcaction

L8+ 0,8+ COLp) + B0
Step 1: There are no mealatoms 10 balance, 5o blancethe carbon
stoms s by multilying €O, by 4.

L8+ 0,5+ 100, ) + H00)
Step 21 Orygen s found it compovds an the produc sde 30

leave this until last, Hydrogen has 10 atoms on the left and 2 atoms on
the right, so multiply B,0 by 5.

CHL(8) + 0,(8) + 4CO,(8) + SH,ON)

Step 3: The products now contain 13 oxygen atoms, an odd number.

o balance the cquation 6.5 molecules of axygen are required.
CHL(8) + 6.50,(8) €0, (g) + SH,00)

Fractions are not used in balanced equations, except when calculating

lattice enthalpy (see topic 15). We therclore muliply the whole

equation by 2.

26H,,(8) + 130,8) +8CO,(8) + 10H,O)

The complex coelficients in this example show why the method of
balancing cquations on page 8 is more eficent than justtrial and error

Rushhour i Hong

10




image10.png
£.1 INTRODUCTION 10 THE PARTICULATE NATURE OF MATTER AND CHEMICAL chaNGE () ()| L) | S

The atom economy
The gobal demand for goads and sevices along withan incressing world
populaton, rapdly developing cconomic, increasing levels of ollton.
ind dwinding e esources have led 10, he

need o conserve esoures.Synihetic reacons and indusiral processes
must be increasingly lfcent o preserve rw materials and produce
fewerand e toxc emissons. Sustanable development i the way of
e fuure

To this end the atom economy was developed by Professor Barry
Trost of Sanford University Stanford, CA. USA. This looks at the level
of efficiency of chemical reactions by comparing the molecular mass of
atoms in the reactants with the molecular mass of uselul compounds,

percentage_ Molecular mass of atoms of useful products

atom cconomy =~ Molccular mass of atoms i reactants '

‘The atom economy is important n the discussion of Green Chemistry.
which we wil discuss later n this book. In an ideal chemical process
the amount of reactants = amouns of products produced. So an atom
conomy of 100% would sugsest hat 1o atoms are wasted.

Activity

2) Suggestwhy evenifachemical eacton has a gieldcose 0 10017, the tom
economymay be poo. Cary out some research o this aspect.

B) Discuss some otherways  chemica pocess may b evaluated other than
the atom economy, egenergy consumpion etc.

€) Deduce the percentage atom economy for the nucleaphilc substtuion
eaction:

CH(CH,), 08 1 NaBr 1 1,50, - CH,(CHBr + H,0 4 NahO,

Ouick questions
Idenitythetyp o rescon and then capy and balance
theequaton,usingthe smalist posibie whole number
coeficients

1 50,5) 000 50, oa)

2 NG N+ Ol

3 onfg)+0,(0) *00,(g)+ HOlg)

Als)+0g) 40,05
KCI0,(s) +Kelfs) +0,(8)

80, 0,[g)+ H0lg)
W04, (s + HClla) -+ i (aq) -+ 001
44N o)+ Culs) > CulNO,) (30 + gls)
(o)) Cals)+ 000

1
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1.2 The mole concept

Understandings

> The molesa fxed number ofpartcies and
Tefers tothe amoun,n, ofsubstance

> Masses of stoms are compared o scale
telative 0 C and ae expessed as reative
atomic mass (4) and relative formla/
molecular mass ().
Molarmass (4] has the uits g mol
The empricalformula and molcular formula
of compound gvethe simplest atioand the
actual number of aoms presentin amolecule
espectvely

@ Nature of science

@ Applications and skills

> Colciaion ofthe mola masses o soms, s,
P ———y

> Soluton of prblems involing e
eaonsips beween e numberofprices,
nesmountof substance e s e
meseingams.
Inercanersion fth percentage composiion
by mass and the empirical formula.
Deteminationaf he moleculr ol of
s conpoundrom s ampirca frmula and
o mass.
Ousingand sing epermentl o
deving emprcl ol o eacions
ilingmasschanges.

> Concepts - the conceptof the mole developed from the related concept of‘equivalent mass'inthe early

19t century,

Sl: the international system of measurement

Throughout hisory socities have developed different forms of

‘measurement. These may vary from one country and cultu
50 an internationally
surements regardless of the language of our culue

o another,

reed set of units allows us o understand

Units of measurement are essential in al walks of life, The

financial world speaks in US dollars, the resources industries use
million tonnes (MT) pre
agricultural manufacturing uses a range of measures including yield
pet hectare, and environmental protection agencies, amongst others,
talk about parts per million (ppm) of particulate matter. Which units
do chemists use?

ous metals are measured in ounces,

The desire for a standard international set of units led 10 the
development of a system that transcends all languages and
cultures - the Systéme International d"Unites (S0). Table 1 shows
the seven base units of the 1 system. All other units arc derived

from these seven base units.
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@ Accuracy and Sl units

Continual improvements i the precision of instrumentation used
i the measurement of ST units have meant that the values of some
physial constanis have changed over time. The International
Bureau of Weights and Measures (known as BIPM from its
initialsin French) monitors the correct use of ST unts, o that n all
applications of scence, from the school laboratary to the US National
Actonautics and Space Administration (NASA), SI units are used and
are equivalent in al cases.

Property it Symbol
mass Kiogram M
temperature kehin K
e second .
amount mole mol
electic crent ampire A
uminosity candela a
engih metre n
Table 2 shows two quantities that are used throughout the study of
chemistry,along with their unis. Table 3 i a lstof standard prefixes
used to convers S1 units 0 a sultable size for the applicarion you are

A Figur 1 Apstinm-rdum cine

S Techcigy, Gstner

0. ush,
\goass

Studytips

The value of Avogadro’s
constant Lor ) wilbe

Physical constants and unit
conversians are avaiaie n
section 2ofthe Dot bookiet.

provded n Paper 1 questons,

Molarvolume of an el gas a1 273 Kand | | andmaybe efemed oin the
Avogatsconstant (1) e ‘ Datobookiet when compieting
ot Papers 2and 3,
602 < 107t | 22710 "mmol (= 227ammo |
x| Abbreviaton | Scae
Amount of substance: The mole P
10 control and make use of the reaction. From scale industrial v 10 |
processes such as electrolytic smelting of aluminium and industries L] L 10
invalved In processing of food and beverages to pharmaceutial cont 10
companies synthesizing medicines and drugs, the bily 10 measure = T=il5<)
precise amounts of reacting substances i of cucial imporance e :
ANl chemicl substances are made up of cements that are composed o T
equal amountsof difeent clemens regadies of how big thelr atoms oo o |
are, which allows them to calculae reacting quantitcs. The mole s an & e 3 seupreece,

St unit, symbol mol. defined as  fixed amount . of a substance, This

3
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defnition can be applied to atoms, molecules, formula units o fonic

mm ‘:';:;".‘ compounds, and electrons in the process of electrolysis.

quantative

et o “This fixed amount is a number of partcles called Avogadro’s constant
pemstltedel (symbol Lor N, and i has a value of 6.02 x 10 mol ", Avogadro’s
i o) constant enabies us to make comparisons between chemical species. A
Tlationships dependonhe | mole of any chemical species always contains an identical number of
ibicms mrsss presentative units.

‘and definie proportons They

ahowr chamiots o colculte Relative atomic mass, relative formula mass,

the proportons of reactants 10

mxandowokoutexpeces | and molar mass

yields, rom he atios of Isotopes are atoms of the same clement that have the same number
reactants and producs. of protons i the nucleus but different numbers of neutrons (see sub
according o the alanced topic 2.1). Kotopes of an element have dierent mass numbers. The
chemicalequation. relative abundance of each isotope I a measure of the percentage that

occurs in 2 sample of the clement (table 4).

The masses of atoms arc compared with one another on a scae in which

asingle atom of carbon-12 equals 12 units. The relative atomic mass

‘Retive | Momic | 4, f an atom s a weightcd average of the atomic mascs of s sotopes

abundance | mass | and their relative abundances. The exisience of different sotopes resul

e = in carbon having an 4, of 12.01. The relative molecular mass or

"0 | #5% | 350 | relative formula mass M, for a molccule or formula unit s determined

"0 | 2s% | 370 | by combining the 4, valucs o the individual atoms orfons. 4, and
have no units as they are both ratos.

Taotope.

Relstvestomicnass 4,355

e & To el stomc mass o
e e et g o
the st mass of s sates

The molar mass is defined as the mass of one male of  substance. 1t
has the unit of grams per mole, ¢ mol " (figure 2).

S0z 100 60z 107 sozx 107
s fomuisunts roces
e s o

A Figue 2 The el mass o substancecoting Avogar's numbar o rpresntstie
paricies the paricles g b tams, il or ors]

TOK

Scientifc discoveriesae the product of many diferent ways of knowing
(WOK).Toconstruct knowledge and understanding scientists can use.
intuion, imagination, reasoning, and even emoion s wel 3 detiled
nvestgaton snd anayis of farge volumes of data tht ether suppartor
disprove observations and hypotheses. Sometimes it canjust be a matter
oferendipity. The scaleof Avogadro'sconstant (502000 000 000 000 000
000 000) passes beyond the boundaries o ot experience n Earth.The
popuation of th planetis dwarfed by this number How does this experience
fimitourabilty o b inttive?
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Example 1

State the relative atomic mass 4, of luminium. 2 gt et e

eptesetadin e panode b

Solution
Figre 3 shows the periodic abe entry for s,
(A = 2698
EBxample 2
Calclate the malar mass M, of slfurc acd 1,50,
Negative indices and units
Solution Anindexorpowe s 3 el
Table 5 shows the data needed to answer this question. ‘notation that shows that s quantity
orphysialuntrepetedy
g ety ere e miptedysk
missh, wome | masg mxm=
nydrogen. To1 2 202 ‘Anegative index shows a reciprocal:
s w207 T [
e 60 T [ e
aTavles Concentration (molarity): units
magbewitenas moldm M, ox
M0, = (2% 1.01) + (1% 32.07) + (4 % 16.00) molL-*[US).
M50 = 9809 g mol R —
srimol
Example 3 ottt fesction uns e
Calculate M, of copper(ll) sulfate pentahydrate, CuSO,-5H,0. moldm 75
Solution

Many transition metal complexes (sub-topic 13.1) contain water
molecules bonded to the central meal fon. The formula CuSO, SH,0
shows that 5 mal of water combines with | mol of copper(l) sulfaic

Gement | Resivestonic | Wamberot | Combioed
mess4, woms g Swdytips
copper 6355 1 6355 * When adding and subtracting
numbers,aways expess
tr £ f 20 i d ot
oo w0 ) o0 umberofdecmlplaces 5.
oxygen 16.00 §x1=5§ 8000 tha s pracibe v woed:
* When dividing or multiplying,
yirogen Tor sxz [ e e
[T ———————— he same umberafsignfcant
s s e esstprecie
M(CUSO,51,0) = 24972 g mal . vlueused
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Ouick question Primary standards.
Calcuate themlarmass ofthe || A prmary standardsanysubstanc o ver g prity and arge molar mass,
fallowng substances andions. | whh when disalved in known volume of slvent creates  primary standard
o) vgino), oo
R Prmany standardsoltons areused i acid-basetratons o mprovethe
0, accuracy ofthe il calculation The concenratonof apimary standardcanbe
o Fels0), Geterminedsccuatel.
as
o) ZoloH), Mole calculations
0 ), Al chemists, whether i the scientific community, manufscturing
o indusrics, or research faciliies, work every day with reacting
3 quantities of chemical substances and sa need 1o perform
N eSO, 74 toichiometric alculatins. The relationship between the amoun (in
- mo). number of patiles, and the mass of the sample is summarized
0 )
Bl Bh i figure 4,
P e,
R — X molms
gl —_ s

[ ——

& igoe 4 Th fstionspbetween amount. mas,and b of prices

@ Worked examples: mole calculations

Example 1

Calculate the amount (in mol) of carbon dioxide,
#(CO,) in a sample of 1.50 x 107 molecules.

Solution
number of particles

amount (in mo) 1 = 0 o constant.

Rearranging and substtuting values:

150 % 107

1,50 mol of ghucose contains 9 mol of € atoms.

umber of atoms — amount (in mol) 1 %
Avogadro's constant, L

=9 mol x 6,02 x 10% mol *
= 5.42 % 10“C atoms

Study tip

The answer s recorded o3 sgricant igures, a5 this s
thepreciion fthedat gen by the examine 1.50 o).

nico,

602 % 107 mol |
0249 mol

Example 2

Calculate the number of carbon atoms contained
in 1.50 mol of gucose, C,1,0,.

Solution

= 1 molecule of glucose contains 6 atoms of
carbon, 12 atoms of hydrogen. and 6 atoms
of axygen,

1 mol o glucose contains 6 mal of C atoms

Example 3

Calculate the amount (in mo) of water molecules
in 3.00 % 107 formula units of hydrated
ethanedioic acid, 1,C,0,:211,0.

Solution

= For every 1 formula unit there are 2 molecules
o water,

> 1 mol of a substance contains Avogadro’s
‘number of particies.
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Theclore, Examy
number of paricles B
amount (i mol) n = P OISyt the mumber of chlorine atoms i a
oy “ "7 6.00 mg sample of the anti-cancer drug cisplatin,
C.0,210) — 20U 0% 0 oc0n iy cdamminedichlroplatinum . PN, Cl
6oz 107
AH,0) = 2  0.0500 mol = 0100 mol Solution
> First convert the massin mg 10 5.
Units > Next find the amount n mol by caleulating
Amountofsubstance s the uis el the molar mas.
n= ﬁ = Finally remember that there are 2 mol of
chlorne atoms n every mal o cisplatin.
Mossmhasthe uis  mlrmass hashe s g
6.00mg =600 x 10" g
HIPUNH,)CLI
Example 4 ~ 600510
Calculate the amount (in mol) in 8.80 g of carbon = T95.08 4 2014001 + 6(1.01) + 2(35.45)
e =200 x 10" mol
Solution ) =2 X 200 X 10-'mol = 400 % 10”'mol
E0) = s Dumber of atoms (C1 = 4,00 x 10-*mol x
B e 602 % 10°mol
= 1201 216,00 gmol T —241x 10"
= 0200 mol
“
Example §
Calculate the mas in §of 0.0120 mol of sulfric
acid, 150,
Solution
Coleulae the molar massof .50, and subsiute
o the equaton:
mas () = H(1S0,) % M(50,)
00120mol x [201.01) 3207+
4(16.00) gonct A Figure S The anti-cancer drug cisplatin
Lisg
Ouick questions

1 Caleuat the amount (ol in each ofth lawing masses:
4) 809 gofauminium
51 S8gofsulcacd
&) 250gofcalcumcaronste
) 27094 gotron)sufe.
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ELATIO!

1PS

2 Calclate the mass(ingams) ineschf e fllowing
41 0150 molofnivogen. N,
5 120molofsulr dioxide, SO,
€] 0710 mlof calium phosphate, Ca, [,
) 0600 molofehanoicacid, 40,
3 Colculat the number of parices present i he follwing:
4] 200molofvanadum,v
510200 molof sodum chioate [V, NaC0,
€1 7299 gofiron{i) choride Fecl,
4) 460 gofivogen(V)ouide

Experimental empirical and molecular formula
determination

al descrbes information that s drived through
idor invesigation, using scientifc methods. Chemical
aboratoris involved in medial rescarch and developmen, manufacturing.
or food prodiuction wilofen carry out analyses of the composiion of a
compound in processesthat may be cither qualative or quantitative in

Qualitative analysis focuscs on determining which clemens are
present in a compound. It could also verify the puriy of the substance.
Quantitative analysis cnables chemists 1o determine the relatve masses
of clements which allows them to work out their exact compositon.

e empirical formula of a compound i the simplest whole-number ratio
of toms or amount in mol) of cach element present i compound. The
‘molecular formula s the actual number of toms or amount (i ml) of
s in one structural i oF e mole of the compound, respectivel.
fore the molecular ormula is a whole-number ratio o the empirical
formula. Sometimes the empirical formula i the same as the molecular
formula, Table 7 shows some examples.

For fonic compounds the empircal formula i the same as the formula
for the compound. since the formula represents the simplest raio of ons

within the structure (figure 6).

Substance Molecularfornula | Empiricalformula
e o o,
t o Ho
hudrogen proide Ho, Ho
butacic acid cH, o
shcose 0, oo

b7 Some exampesof e and mprica forrale.
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(@ Worked examples: percentage composition by mass

You can use your undersanding of how 1 calculate
the molar mass of a compound to calculat the
percentage by mass of lements in a compound.

Example 1
Caleuat thepercentage by mass o sulfr in
Slforic acid 7,50,

Solution

. A

st = 1 A ot
~ 207 e
= 3o = paon < ameo0 < 0%
— 529

I you have a compound of unknown formula
but you know the percentage compasition by
mass of the elemens present, you can calculate
the empirical formula and, in some cases, the
molecular lormula,

Example 2

Determine the empirical formula of an organic
compound that contains 757% carbon and 25°%
hydrogen by mass.

Solution
“The firststep s 10 determine the ratio of
) 10 n(H)

reative amount o substance = ~-<ompositon

molar mass

=275

Now take the smallest quotient (6.24). Use this as
the divisor o determine the lowes! whole-number
Fato of the clements:

oo
aon 824,
bydrogen 2473 397

Because the percentage composition s
experimentally determined it s acceptable o
round to the nearest whole number if the number
s close 10.3 whole number. Thercfore the simplest
whole-number rato of carbor to hydrogen i 1:4
and the empirical formula i CH,

Sometimes muliplication i needed to convert the

Fato to whole numbers:

example 1 13125 Muldply each sde by 4
A1):4(1.25) = 45

example2 15133 Muliply each side by 3:

303(133) = 34

Study tip
Empiricalformue are based on experimental
ats those for example 2 would kel have been

determined by a combustion reaction.Thevale
0f3.97 ratherthan 4 for hydrogen comes fom
experimentaleroc

Example 3

Upon analysi, a sample of an acid with a molar
mass of 194,13 g mol was ound 10 conta
025 gof hydrogen, 8.0 g of sullur, and 16.0 g of
xygen. Determine the cmpirical formula an the
molecular formula,

_ 80 _ 025
s =330 025 o
nO) = =10
) 025

Tor

‘Therelore the empirical ormula s HSO,
To calculate the molecular formula, calculate the
empirical formula mass and determine how many
empirical formulae make up the molar mas.
molar mass
empircal formula mass

JRNN VT ST
TO1 73207+ 4(16.00) 9708

2

‘The molecular formula of the acd is 2(HS0,) or
H,5,0, This compound is called peroxodisulluric
aad (igure 7).

& Fgur  Maecuar model of perosndsulrc
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1.3 Reacting masses and volumes

Understandings © Applications and skills

> Reactants can be either lmiting or excess. e o e

> The experimental yield can b diferent fom quantiies, lmiting and excess reactants,
the theoreica el theoretica, experimental, and percentage yelds.
> Avogadro'slaw enables the moe ratioof Calculation ofreacting volumes of gases using
eacing gases tobe determined from volumes Mvogadrosiow.
ofthe gases. Soluton ofproblems and analyss of
> The molar volume ofan ideal gas s a constant §raphs involving the relationship between
atspecied temperature and pressure temperature, pressure, and volume for  ixed
> The mola concentation ofa solution s mass of anideal gas.
determined by the amaunt of solute and the Solution ofproblems relatng o the deal gas
volume of oluton. S
> Astandard soluton s ane of known. Explanation ofthe deviation of eal gases from

concentraton. ideal behaviourat low temperature and igh
pressure

Obtaining and using experimentalvalues to

calculatethe molar mass ofa gas from the ideal

g equation.

Soluton o problems involing molar

concentration, amount o solute,and volume of

solution.

Use of the experimental method o vaton to

calculate the concentation of a solution by

reference to.a standard soluion.

@ Nature of science
> Making careul bservations and obianing evidenc for scintifctheores - Avogadros il

hypathesis.

Stoichiometry
A olanced chemcal equation povides nformation about what the
veactants and products are their chemical symbol,their state of matir
and also the relave amunts of resctants and products. Chemical
quations may s inchue specilc quantiative daa on the enthalpy
o he recton (s toic ). Stoichiometry s the quantatve method
understanding of this s vial i induscra proesses where he lficrcy
o chemical reactions,paricularly the percentage yield. i dirctly
Hinkedtothe success and profiabley of the organizaion.

20
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From a balanced chemical equation the coeficients can be interpreted
as the ratio of the amount, in mol, of reactanis and products, This i the

cquation for the reaction used for the manufacture of ammonia in the e

Haber proces s topic 7 ke
o)+ M) = NG A= 9222k s
Anviedg ndundersansing
11shows tha one olecul of iogen s e okl of
Tydogen g eambine Inan exohermi macion o rodie (¥ i ———
‘molecules of ammonia. However, when setting up a reaction the reactants. Mot ofScuna05]
may nokalways be mixed i this ratlo - their amounts may vary from the | oS uS it experimeral
exact stoichiometric amounts shown in the balanced chemical equation. e
Sndmahmatclnayss
sreqrndto e predse
The limiting reagent desrprons, prdcrons
Experimentaldesgnersof industrial pocesss use the concept of and vy v e
Umiting reagent a5 a means of controling the amoun o producs devlped Mahemarcs
obtained. The limiting reagent, often the more expensive reactant, will s anintegralpartol
be completely consumed during the reaction. The remaining reactants ‘sciontiic endeavours. The
are present in amounts that exceed those required 1o react with the: o foumbers and 20
imiting reagent. They are said to be in excess. ‘understanding of the mole
concepthav eped eviop
11 the it eagent hat deterines the amount ofproducs foraed. | o o pSN
Using measured, calulated amouns ofthe lmiing reagen cnables s g s s
speciic amountsof the producs o e btsned. The assumpion made s

here is that the experimental or actualyield of products achieved s Pl wokd?
dentical o the theoretical or predicted yield of products. This i racly the

case. Much elfort s focused on improving the yield of industril processes, 18 oMo Chemisty Sylabus
as this equates to increased profit and effcient use of aw materials,

@ Worked example: determining the Ilmnlnq reagent
P )

moltenclmental phosphorus s oxidized W
R e e w005

o,

10008 5ot
chemical equation: T600) g o™
P} + 50,(8) + 6H,0() > 4H,PO (a0) B+ 50,(8) + 6HL,O()  41LPO, oq)
124,77 g of phospharus reacts with 100.0g of
oxygen and excess water, detcrmine the lmiting .
reagent, the amaunt in mol of phospharic(Y) acid  M(gmol ') 12338 3200
produced (the theoretical yield) and the mass.
in g of phosphoric acid. mig 277 1000 exeem
Solution
“The amount in mol of phosphorus and oxygen /MOl 0200 2 e 0
is determined using the working method from
subvtopic 12 njmol
= “To determine the amount o oxygen that wil
=3 react with the phosphorus we can use a cross-
ESH ey multiplcation technique:

T A0 gmal

S
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F:0,

s
axd’s

1x0=02000x 5

s
02000 3

1,000 mol

‘Therefore 0.2000 mol of phosphorus requircs.
1,000 mol of axygen to completely react. There is
3.125 mol of oxygen available so this is in excess
and phosphorus i the limiring reagent, All the
phosphorus will be consumed in the reaction and
3,125 - 1,000 = 2.125 mol of oxygen willremain
alter the reaction comes to completion.

“The limiting reagent dicats the amount of
phosphoric acid protuced. The mole rato s s

‘o determine the amount o product, in mol. Four
times the amount in mol of phosphoric acid will be
produced compared with the amount of phosphorus:

P{8) + 50,(8) + 6H,O(1) - 4H,PO faq)

AMgmol ') 123.88 32.00

g 2477 1000 excess
mjmol 02000 1125 excess 0
mmol 00 2125 excess 08000

“The mass o phosphoric aid, 1O, produced can
be determined by multiplying , by M;
m=Mxn

3(1.01) +30.97 +4(16.00)] g mol *
 0.8000 mol = 78.40

“This value represents the theoretical yield of
‘hosphoric acid. Theoreticalyields are rarely
achieved in practice.

Quick questions,

1 Butane lighters ork by he release and combusion
ofressurzed utane:

20,{8) +130,) 800, fg) + 104,000
Determine the it reagent n the olowing

) 20 melecues ofC 5, and 100 molecues of ),
b) 10moecuesofC}H, andt molcuescf,

€ 020malofCH, and2 6 molof D,

@) 872501CH, a4 288000,

2 T aqueous soltons,one conaining 53 gofsodum
caonate and the oxher 2. gofcalcm hone, v
ined ogehe A precipaion escin occurs:
Na,C0,(3q) + CaCfaq) - 2NaCiag) + Ca0, )
Detemine th iitig eagent and themass, ing, o
preciptateformed (e heoretca gl

3 The oxygen equired inasubmarin canbe pracuced
by chemical eaction. Foassium superoxide, KO,
veacts wihcarbon dioxide, 0, 10 produce orgen and
potasium carbonate, K,C0,

) Witethe bolanced chemical equaton for s eacion.
b) 26.44507KD, reacts with 220050, Deduce.
helimitng resgent.

) Calclat the mass,ing, of,CO, produced.
) Calculte the mass, ing o0, produced.

4 Asolton o 155 g ofporassium odid, K s adedto
asautionof 175 g of i aid, O, The scd sct
ssanondzngsgent
() -+ BHNO,(aq) » 6KNO, () + 2N0(g)

+31(5) + 41,000
) Decuce hichregentisnexcess.
b1 Determinehow mang grams f s reactant il
remainunesced.
&) Dterminghowmany grams o itogen
monoxide, NO il e prouced

5 Chorne s i produced by the reactionof
hugrochori e an th oidzng sgent
manganese(V) oide, MnD,:

Mo, (- + 4]+ o)+ €, (g + 24,000
427315 Kand 100462, 58 34gfHC rescts it
.35 mlof M o prciuce .05 dmof chirine g
5] Ocducethe imitingeagent.

b) Calculte thetheoreicalyikd of chione.
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Theoretical and experimental yields
The balanced chemical equation epresnts

carried out under ideal conditions. I allows the

expected amount of products o be calculated - the
theoretical yield

Scieniists in industry work to maximize the yicld

of reactions and maximize profis. However, under
experimental conditions and especialy n large
Scale processes, many factors result in a reduced

yield o products. These factors could include

o loss of products from reaction vessels

o impurity of reactants

 changes in reaction conditions, such as
temperature and pressure.

o reverse reactions consuming products in
cquilibrium systems

o the existence of side-reactions due ta the

presence of impuritcs.

To calculate the percentage yield a comparison
s made between the theoretcal yield and the
actual amount produced in the process - the
experimental yield

vield
theoretical yield

@ Worked example: determining theoretical yield

Respirators are being used in
concer

casingly with
workplace safety and risng levels of
environmental pollution. Todine(V) oxide. 1,0,
reacts with carbon monoxide, CO and can be used
o remove this poisonous gas from air:

1,0,(5) + 5CO(g) - L{g) + 5C0,(5)

100001 10,
reacts with 336 &
of €O, Calculate
the theoretical
vield of arbon
dioxide and given
an experimental
yield. in mol, of
0.900 mol O,
aalculate the

1{‘

Figue L Achemistweainga

percentage yield.  rspitror ety
Solution
Step 1: Calculate the initial amount in mol of
reactants and determine the limiting reagent:
1,0 =2
1000g
3(126.90) + 5(16.00) gmol ©
= 0.299 mol
ncoy =2
N 336
1201+ 1600 gmal ©
= 120 mol

Step 2: Using mole ra
reagent.

10,:€0
15

. determine the imiting

03000 0

1xa=03000x 5

P
a=1500ml

“The reaction of 0.3000 ol of L0, requices 150 mol
ol CO for completion. Howeve, only 1.20 mol of CO
is available;thercfore tis i the limiting reagen.

“The ratio of limiting reagent €O 1o product CO,
is 515 o L:1. The number of mol of €O, that i
theoretically possibe i therelore 1.2 mol

1 was found that 0.90 mol or 39.61 g of €O, was
produced. This i the experimental yield

To determine the percentage yield of €O, we first

fced to calculate the theoretical yield of CO,

Mxn

= [12.01 + 2(16.00)] g mol * x 1.20 mol
58

yield - xperimental vield

2
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1 Acetsalicylic acd, lso known as aspiin, C0, s 2UaHCD,(5) - Na,CO,(5) + H,00) + €0,(g)

Synthesized by eacting salcgc acid,C 0, w

aceticanhydride, CA,0;

31,68 gsampleofsodium hydrogen carbonate s

. heate, calcitethemass, in g of sodum carbonate
CHD6) +CHD CHD[8) +CHIL) produced.
0 3 Sulrvionide, 50, canbe producedin e flowing
Cf\’ S O g, o
S L T a0 oo ey
vhay, 250,(g)+ (g~ 250,1g)

) Calulate the theoreicalyiel, ing, o aspiin

300 gofon disulid (pyite), s, resciinthe
presence of xcessoxygen o compleon

‘when 20 gof sacylc cd s eaced A OB L) Cocut hethesmncolyo g of sl

aceti anhydride.

iowide
b) e experimntal yeld of spiinis 373 b) Ifan experimental giedof 28.0 g ofsufor
calulatethe prcentage ild ioxide s achieved, deduce thepercentage

2 Thethermat decompasionofsodumyogen. viek.

catbonate,NaHCO,resulsna 7387 yedofsodum.

catbonate, N0

The sl nitof pressure s
the pascal Fa], N m . Many
ather unics o pressure

are commonig usedin
diferent counties,inclsing
the aumosphere (aim),
millmetes of mercury

{mm Hg), tor, bar,and.
pounds persquare inch

(psi). The b [10° Fa) is now
widely used a5 a convenient
unit3sitis very close 0
atmosphec pressure, 1 atm,

Avogadro’s law and the molar volume of a gas.

e kinetic theory of gases is a model wsed to explain and predict the
behaviour of gases at a microscopic level. The theory i based upon a
number of postulates or assumptions that must be truc for the theory
10 hold. These postulates are:

1 Gases are made up of very small particles, separated by large
distances. Most of the volume occupied by a gas is empry space.

2 Gaseaus particis are constantly moving in straight ines, but random
dircetions,

3 Gascous particies undergo elastic collsions with cach other and the
wallsof the container, No lossof kinetic cnergy occurs.

ous particles exert no force of atraction on other gases.

Under conditions of standard temperature and pressure, an ideal gas
obeys these postulates and the cquations that follow from the kinet
theary. At high temperature and low pressure, the significance of any
forces of attraction between the gas molecules is minimized - there is a
high degree of separation and they act in a way that adheres to the ideal
gas model.

However, at high pressure and low temperature the partiles of a gas
‘move more slowly and the distances between the partcies decreas.
Intermolecular atractions (sub-topic 4.4) become significant and
eventually the gas can liquely. These responses to changing conditions
mean that gases can depart rom ideal gas behaviour and exhibit the
behaviour of real gases.

“The carly postulaes of the Kineti theory were explained in quanttative
terms by scientisis such as Robert Boyle, Edme Mariott, Jacques Charles
and Joseph Louis Gay-Lussa.
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In 1806, Gay-Lussac proposed that the relationship between the
Volumes of reacting gases and the products could be expressed asa | Study tips
ratio of whole numbers. R L
‘There are many importan gas-phase reactions and the gas laws conversions can be found
and Avogadro’s law enable us to understand their behaviour and the Data bookle. The mlar
examine gaseous sysiems quantitatively. The models used 1o explain | volume of an deal gasis
the behaviour of gases are simple o apply. An important physical found in section 2.
property of a gas s is pressure, the force exerted by a gas as s

paricles collde with a surface.

Imagine taking a mass numerically cqual o the molar mass of diferent
gases and using each t inflate a balloon. Under the same conditions of
temperature (0°C/273 K) and pressure (100kPa) the balloons will have
the same volume (figure 2). These paricular temperature and pressure
conditions are known as standard temperature and pressure, STP.

XXX

A Figure 3 Amedeo Mogacro
(1776-1856) proposedin 1611

At STP the balloons will have identical volumes of 22.7 dm’ mol '
hatsquat vomes of ang g8

T bt ol voame o Heal akand s o cormamiars | Trembiemcla
e e e e L e sl
3o omtan 603 % 10 s 1 molecules of he e T Tee e

g e 2« Avopadn’ o vt vl o amy 555

vyl bt

Avogadross aw simplifies stoichiometric alculations involving reacting
gases. The coeffcients of a balanced chemical equation involving gases
correspond to the ratio of volumes of the gases (figure 4),

CHglg) + 502(e) ——  3C0(g) + 4H:0[)

X!

& Figue 4 Voumes o gases oo Mg
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Amoniomcatanse
decampess readigwhen
hesed
(04),00() - 20,5)
o)+ Hol)
Detemine hevolume, i
am’ ofthe ndvidul gses
produced n dcomposiion
o250 malof ammanium
caonste

HIPS

@ Worked examples: Avogadro's law

Example 1

Calclate (0, found i a 6.7 dm'sampe f oxygen gasat STP
1 1m0l 0, occupies 227 dm' at ST

Solution

_emsdm
"0 = 307w

296 mol

Example 2
“The hydrogenation of ethyne, €, involves reaction with hydrogen
25, H, in the presence o a finely divided nickel catalystat 130 ..
“The product i ethane. €1,

)+ 2H8) - €10
When 100 am’ o C,H, reacts with 250 e’ of H, determine the
volume and composiion of gasesinthe reaction vesscl
Solution
According to Avogadro’saw, for every 1 molecule of cihyne and
2 molecules of hydrogen. 1 molecule of cthane wil be formed.
Looking at the volumes eveals hat only 200 am’ of the hydrogen is
required, and that 100 cm’ of ethane will be formed. The final mixture
of gases contans both ethane and unreaccd hydrogen:

CHLE) 4 2,8 CHE)

nitl volume, Vjem' 100 250 0
final volume, Vim0 50 00

After reaction there wilbe 150 an’ of gases in the vessel comprising.
50 cn’ of H, and 100 ' of CH,.

The gas laws
The gaslaws e  series ofrelationships tht predict the behaviour of a fied
mas of gas inchaning condions o temperaure,pressre, and volune.

You have seen that Avogadro’s law sates that the molar volume (22.7 dm"
a1 STP) s independent o the compsition of the gas.

Boyle’s law
Robert Boyle (1627-1691) discovered tha when the emperaure rems
consant, an inverse relatonship cxists between pressure and volume
Gases contaned insmaler volumes will have n increased number of

collsons with the surface of the container, so exert a higher pressure
“The relationship between pressure p and volume V can be expressed as

pad o g vy
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, and 7, tepresent the iital volume and pressure and V.
the final volume and pressure, respectively.

ar,

pessu. P

A Figue S oue's b hepessure f 3 s verseyproprion 0 he volume s consant gt

@ Worked example: Boyle's law

A e il weatherballoon s desgned o s 0 siudes s igh
2537000 m. A balloon with  volume of 30 dn’and  presare
o101 kPa i relese nd e o an aliade of 3500 m wherethe
‘Stnospheric pressure is 68 kPa. Calculte the new volue,

in'dm’ 1 s assumed tht the emperature and amount. i mol.
emain consan.

Solution
First make a summary of the data:
7= 101 kP2
V, =550 dm’
7, = 68kpa
V,=adm
Making V, the subject of the expressior

Charles's law

Jacques Charles (1746-1823) investigated the relationship between
the temperature and volume of a gas. He discovered that for a fixed
mass of gas at a consiant pressure, the volume V of the gas i directly
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proportional 1o the absolute temperatue Tin kelvin. This relationship
Absolute zero can be expressed as

We sawinsubiopic L1 P
thatabsolue zeois 2610 var or Lot
onthe elvinscale, 0K
(-27315°C) Theideaot Wihen an inflated balloon isplaced nto a container of iquid nitrogen
negtive temperatues and (boiling point 196 “C).the average kincrc energy of the partices decreases.
theexstenceofaminmum he gascous particies collde with the inemal wal o the balloon with less
possibe temperstue had Irequency and energy and i begins to delate  the volume reduces. I the
beenwidely mvestigned balloon i then removed from the iquid nitrogen and allowed to retur to
bythe scientficcommurity room temperature the balloon wileinflate

before Locd Kehins sme

(1824-1907) Kelvinstated
thatabsolue zeoisthe
temperaturestwhich molecuar
motion cesses Accortingta
Chares's v f th temperature
ofa systemwas o doubie fom
10K1020K theaveragekinesc
energy of the patices would
doubleandhe volume would
conespondingy doutle

A Figue 6 Reducig the emperatur reducesthe verage ietic ergyofthe
poricie of o, and e volume rockces

(@ Worked example: Charles's law

A lass gas syrige conains 76.4 c of a gas a1 270 °C. Aler ranniog

o cold wate oree the usside o the gas spege, the temperature
e T ol the ga redoce 0 180 C. Calclate the e volame. i G

oceupied by the ga.

e ——
et —e
emperstre ot orstanpressee.
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Gay-Lussac’s law

Having established gas laws stating that pressure s inversely
proportional 1o volume at constant temperature and that volume
s dircaly proportional to temperature at constant pressure, the
remaining relationship involves pressure and temperature, at
constant volume.

Gay-Lussac’s (1778-1850) work with ideal gases led him 10 the
understanding that when the volume of a gas is constant, the pressure.
of the gas i directly proportional 0 its absolute temperature. The
relationship can be expressed as:

B

T

Figure 8 demonstrates that when the temperature reaches absolute 7ero
(0K), the Kinetic energy of the ideal gas partces s zero and it exerts
10 pressure. As the temperature increases, the particles collde with

the walls of the container with increased force and frequency, causing
Increased pressure.

paT or

The combined gas law
The thre gis s, Chishs livg Boyle e, and Gay-Lusacs i are ot
combined in ane law called the combined gas law. For a fixed amount

C=4
A Figure 8 G Lussacs o the prosure o
g8 ety poporians o abslte

temperatre t constant valume

‘The ideal gas equation

The ideal gas equation describes a elationship between pressure,
Volume, temperature, and the amount,in mol, of gas partices. Having
established that pressure and volume are inversel proportional and that
both pressure and volume have a diree reationship with the temperature
of a gas and the amount of gas paniles, the ideal gas equation combines
these interrelationships:

V= kT
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e @ Worked example: using the ideal gas

The idea gas equationis a
modelwhich s th product
ofa number of assumptons.
aboutthedeal ehaviour
ofgases. These have been
dscussed earlerinthe
topic. Scientfic models

are developed o explain
abserved behaviout Inthe
developmentof models what
ol do magination, sensory
perception, nuiion, o the
scquisiton of knowledge in
the bsence o reason play?

Real gasesdevite from.
ideaibehaviouratverylow
temperatureand high pressure
Underthese conditions
theforces between thegas

paricles ecome signfican,

nd the gas ges closertothe
pointwhere il condense
from gasto iquid.

equation to calculate volume

Calculate the volume, in ', of a balloon flled with 0.400 mol of
hydrogen gas at a temperature of 22.90 °C and a pressure of 1.20 Pa.

Solution
Convertall data to ST unts 10 enable the use of R as 831 1 K-'mol .
200

Veam
1400 mol

315K mol

72290 4 27315 = 206,05 K

0400 mol x 831 1K ' mol ! x 206,05 K
207

=s0m

@ Worked examples: determining the molar
mass of a substance

An organic compound A containing only the clemens cabo,
hydrogen, and oxygen was analysed.

Example 1: Empirical formula

A s found 1o contan 34.5% C and 9.1% H by mass,the remainder
Tcing oxysen. Detcrmine the cmpirical formula of the compound. 13

Solution

¥

ey

]

i) = 2~ 90

Tor - 228
364 228
o) =264 =224 ;.

The empirical formula i CH,0.

Example 2: Relative molecular mass
A0.230 g sample of A when vaporzed had a volume of 0.0785 dm”
95 °C and 102 kPa. Determine the relative molecular mass of A.  [3]
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Solution
pV=nkT

=it
L
mET_ 02308 X 311K ' mol x 68K
mRT_ 02308 X 83LIK " mol' X IOBK _ ooy
o 3 102 % 10°Fa % 0.0785 % 10w S0 8m!
Example 3: Molecular formula
Determine the molecula formula of A using your answers

from part (a) and (b). m
Solution
molar mass 5758
‘empirical formula mass ~ 3(1201) % 4(1.01) 7+ (16.00]
5758
B
molecular formula = CJ,0,
18, Nov 2005
Concentration
In a typical laboratory the majority of reactions carred out are in
solution rather than in the gaseous phase. Chemists need 10 make up

solutions of known concentrations.
Asolution is a homogenous mixture of a slute that has e dissolved in
a solvent. The solute is usually a sold but could be a liquid or gas. When
he salvent is water the solurion is described a5 an aqueous solution.

e molar concentration of a solution is defined 2 the amount in mol)
of a substance dissolved in 1 dn’ of solvent. 1 dan’ = 1 litee (11).

nount of substance ol
volume of solution V/dm’

concentration cmol dm

ey

AFigure 9 Ahomogeneous miture
schaacerzedyaconsant
[ —

To make up solutons ofknown
concentation, volumes must
be measured sccurately.
Apparatus used o dothis
nclude buretes, pipetes and
volumetic fasks.

Units of concentration Partsper millon (ppm) s notan S unibutis ofen used
St forveny it concenrationssuch 35 when measuring
govippe] poltants see subtoic 9.1,

i e Concentason i may o e refred 02 oty
 malpersnitvome, moldn' andsquarebrackets v sametmesusd 0 denote o
. parspermillon ppm)-one partin 1 x 10°parts.  concenvation, o exampe [MgCL) — 487 10 moldm .

1ppm=1mgdm *
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(@ Worked examples: concentration calculations

Example 1: Molarity of solution
Calculate the concentraton, in mol d . of a
soluion formed when 0.475 g of magnesium
hloride, MgCl, s completely disolved in water 0
‘make a solution with a volume of 100 .

Solution
Firs calculate n(MgCl )
m_ 04755

"ML = 3 = 351+ 255 ol

— 499 %10 mol

Convertthe volume in cm’ to don’s

100an’ « 1dm?
1

Galculate the concentration of the solution:

499 % 10 m
o1 dm’
499 % 10 mol dm >

Example 2: Concentration of ions

IMgel) =

Deten concentration. in mol dm-* o the
chloride fons in example 1 above.
Solution

When sold MyCl, s dissolved in water, the.
consituent fons are liberated:

MgCL(5) + Mg (aa) + 2C1-{aq)

1 _ 20499 x 10 " mal)
oh= -2 =

— 998 % 10 mol dm

Example 3: Mass of solute
Galculat the mass, i g of potassum hydrogen
hthalate, €40, (3 rimary siandard) in
S50 cm' ot 1.25 mol dm-* sout

Solution
HCHOK) =V X [CHOK]

LA 25 ot dnr

50 < T 125 ol

0313 mal

= HCHOK) XM
0313 mol x 8(12.01) + 5(101) +
4(16.00) + 39.10] g ot

398

Example 4: Concentration of standard
solution

A standard solution is prepared by dissolving
530 of sodium carbonate. Na,CO, in 250 cm’ of
distled water in a volumeric flask. A 10.0 cm’
sample of this solution s removed by bulb

pipetie and diluted with water 10 the inal volume
0£0.100 dm’. Calculate the concenizarion, in

mol dm”, of the diluted solution.

Solution

First calculate #(Na,CO,) in a 10.0 cm’ sample of
the standard soluti

nNaCO —

3(22.99) + 1201 + 3(16.00) gmol

L J00am’
250cm’

00200 mol

Finally calculae the concentration of
Solution in mol dm-

1 0.00200 mol

Lol 0100 dm”

00200 mol din-*
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Titrations
‘Quantitative analysis includes a range of laboratory techniques used

e the amountor concentation o an anaiyte. Th resuls are | Ananalte s subsance
erical vales wih i hatis eing amlgsed by

given analgtical procedure.

‘Volumetric analysis is a quaniiative technique used by chemists
involing two solutions. A titration involves a standard solution
of known concentration which is added to.a solution of unknown

concentration uniil the chemical reaction is complete. The reaction
progress is monitored through colour changes using indicators
opic 8)

Ouick questions Astandad solutionccprimary

1 Cacult th massing ofH O, equied oprepare SO0 crof 2o | | $0MOn s prepaedusing
He— e

2 Asoluionofsuminium bromide, 4B, s o be sedinthelaboratoryduingan o oo
clectoie nvesigation Cacae et nmberfans present i 25 6 o ot mhen)

16 maldm * sluton of B,

@ Worked example: acid-alkali titration Swdytip
When soting quaniatve
calculation problem fvoing
Calclatethe volume, i dn, of 0,39 mold *potassum e
hydroxide, KOM soluon thai wll netalze 50 01035001 | comoma e et
dm Slaric acd 150, heamount nm, it
2KOH(aq) + H,S0,(aq) ~ K SO (aq) + 2H,0(1) ‘substances reacting and their
‘ eatoraip st shom by the
Solution ‘mole ratios inthe balanced
Step 1 Calculate the amount, in mol,of 1,50, chemical equation.
SO =cx V.

350 mol dm” x 0.0250 dm’”
75 % 10" mol

Step 2: The mole raio of acidalkali s
of acd reacts with 2(8.75 x 10° mol

Therelore 875 107 mol
1.75 % 10 mol of KOH

G o
v=2 geneni, simple touse fomua.
- “This formula can also be used for
e e
VIKOH) =-5350 mordm Lo question shown above.
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Questions

1 Epsom sats (magnesium sulfte) are commany
uscd a5 bath salts. However, the anhydrous
form o the st s a dryin sgent. T d
the watr of hydration of Epsom sl a 250
sample of the sl was placed in a porcelain
cvaporatng dish and gy hated over a
Bunsen buner flame wnll no futher changes
were abserved. Tabe § shows the rsuls.

Description Mass/g

mas=ofevaporating s 2410

mass of evaporating basin + MgsO,xH0 | 2660

mass of evaporatingbasin aterheatng | 2532
ooy

a) Calculate the mass, in g, of water
evaporated from the sample.

by Calculate the amount amount, in mol,
ol B0,

€ Calculate the mas,in g, of MgSO,

) Calculate the amount, in mol, of MgSO,

@) Calculate the atio of amount of
MgSO, : amount of H,0 and deduce the
value of

) State the formula o the hydrared sat

2 The value of xin Fe(NH,),(50,),4,0 can
be found by detcrmining the amount in
mol of sulfate in the compound. A 0.982 §
sample was dissolved in water and excess
BaCl,(aq) was added. The precipitate of
Bas0, was separated and dried and found to
weigh 117
) Calculate the amount,in mol, of B3SO,
inthe 1.17 g of preciitae. 121
Calculate the amount in mol, of sulfate in
the 0.982 g sample of Fe(NI,) (S0,

b

@ Calculate the amount, in mol, of fron in the
0.982 g sample of Fe(NH,),(50,,¥H,0. (1]
) Determine the mass.in g of the lollowing,
present in the 0.982 g sampie of
Fe(NH,),(50,)XH.0.
Gy iron (i) a

monium (i) sullate. (3]

) Use your answer from part (d) to determine
the amount in mol of water presen in the
0.982 g sample of Fe(NH,),(50,),4#,0. 2]

1) Determine the amount, in mol, of
Fe(NIH,),(50,,-H,0 and hence the
value ofx, [t
18, May 2008

The equation for a rea
synthesis of methanol i
€O+ 31, CHOH + 1O

Whatis the maximum amount of methancl
that can be formed from 2 mol of carbon
dioxide and 3 mol of hydrogen?

on occurring in the

A mal
B. 2mal

< 3mal

D. 5 mal [0}
18, May 2006

Calcium carbonate decomposes on heating as
shown below.

€aco, -+ a0 + €O,
When 50 g of calcium carbonate are decomposed.
7 g of clium oxide arc ormed. What is the
percentage yield of calcium oxide?

A
B, 25%

. s0%

D, 75% [0
1B, November 2006

Eihyne, C,H, reacts with oxygen according to
the equarion below. What volume of oxygen
(in ) reacts with 0.0 dm’ of C .2
208 +

A 040
B, 0.80
c 10

D. 20 m
1B, November 2007

50,8) + 4CO,(8) + 24,0(8)
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A fixed mass of an eal gas has a volume.
800 cm’ under certain conditons, The pressure
(inkPa) and temperature (i K) are both dowbled.
What s the volume of the gas aftr these changes.
‘with other conditons remaining the same?

A 200

B 800’

€. 1600 cm®

D. 3200w’

18, May 2005

m

Assuming complete reaction, what volume of
0200 mol din- potassium hydroxide solution.
KOM(ag) I required to neutralize 25.0 cm'
010,200 mol dm aqueous sulfuric acid,
H,50,6a0)?

A 25an

B 250an

. s00an

D. 750an

18, May 2007

U]

Copper metal may be produced by
of copper(l) axide and copper() sulfide
according o the below equarion.
2,0 + Cus + 6Cu + S0,

A mixture of 10.0 kg of copper(l) oxide and

5.00 ke of copper(l) sulfide was heated uniil no

further reaction occurred.

a) Determine the limiting reagent in this
reaction. showing your working.

b) Calculate the maximum mass of copper
that could be obtained from these masses

Bl

of reactants.
18, May 2006

[¢]

An organic compound A contains 62.0% by
mass of arbon, 24.1% by massof nitrogen. the

remainder being hydrogen
a) Deermine the percentage by mass of
ydrogen andthe cmpirical formula of A. (3]
) Define the term reltive molcculae mass. (2]
€ The relaive molecular mass of A s 116
Determine the molecular ormula of . [1]

1B, November 2006

10

Atoxic gas, A, consists of 53.8% nitrogen
and 46.2% carbon by mass. At 273 K and
101 % 10° Pa 1,048 g of A occupies 462 cn'’.
Determine the empirical formula of A
Calculate the molar mass of the compound
and determine fts molecular structure.

1B, specimen paper 2009

[H]

An axide of copper was reduced in a siream
of hydrogen. After heating. the stream of
hydrogen gas was mainiained until the
apparatus had cooled. The following results
were abiained.

Mass of empry dish = 13.80 &
Mass of dish and contents before heating
2755

Mass of dish and contents ater heating and
leaving to cool = 20.15

) Explain why the stream of hydrogen gas was
maintained uniilthe apparatus cooled. (1]

b) Calculate the empirical formula of the oxide
of copper using the data above, assuming

‘complete reduction of the oxide F]
) Write an equation for the reaction that
occurred. m

) State two changes that would be observed
inside the tbe as t was heated. 21

18, November 2004

0.502 ¢ of an alkali metal sulfate s issolved
in water and excess barium chloride solution,
BaCl,{aq) is added t precipiate all the
sulfate ons as barium sullate, BaSO, (5. The
precipitate s filtered and dried and seighs
06724,

a) Caleulate the amount (in mol) of barium

sulfate formed. 2
bl Determine the amount (in mal) of the
alkali metal sulfae present, m
) Determine the molar mass of the alkali
metal sulfae and stae is units. 121
) Deduce the identity of the alkali meal,
showing your workings. 2
) Write an equation for the precipiation
reaction, including state symbols @

18, May 2007
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13 Aspirin, one of the most widely used drugs in
the world, can be prepared according (o the

A student carried out this experiment three
times, with three identical small brass nals,

g belor. and obtained the following results,

o A0 Mas of brass 0456 £ 001 5
§ O o Tre T2
CO0H - A n/l\ Oty S coon
isroumeat | 00| 000 | 080
S e
A student reacted some salicylic acid. 50,1+ 005 n')
il excss ehanolc anhydede. Impure Fatvomeot | 2850 | 2850 | 7340
<aldapirin was btained by Mherng he 0100 moram”
Veacion miture, Pure apin was otained 5071+ o0sem)
by recysallzation. Table 3 shows he dta T P P Py
recorded by the studen. e
Wassorsalgicsctused | 315 Lotz 59 010em)
ass ofprs s traned | 250 0023 et el
s 1507
i) Determine the amount. in mol, of (L)
lylc c, ¢ (OHICOOH, wed. 121 w0
) Calclte the theoreical yikd,in . 1) Clculte the average amuns, in
of aspirin, €,H,(OCOCH,)COOH. 2] mol of $,0,* added in step 3. ()
it} Determine the percentage yield of i) Calculate the amount, in mol, of
pure aspirin. m copper present in the brass. n
i Sat the mumber ofsnicant ) Caleulae the s of copper I
figures associated with the mass of the brass, " n
puee e cbatnd, nd calodte 1o Calculae the perceniage by mass
The percentage unceriaimy s Chicue o ey -

with this mass.

[t]

V) The manulacturers claim that the

V) Another student repeated the experiment e
and obained an experaenal yield Yy mass.Detenmineth perceniage
of 130%. The teacher checked the e e m
alculations and found o errors
Comment on the resul, [y 2810
18, May 2009
14 Brass is a copper-containing alloy with many
uses. An analysis is carried out o determine the

percentage of copper present in three dentical

samples of brass. The reactions involved in this

analysis are shown below.

Step 1: Cu(s) = 2HNO,(aq) + 2H (aq)
Cu*(aq) + 28O, (8) + 2H,01)

Step 2: 41 (aq) + 2Cu* (aq) + 2Cul(s) + 1 aq)

Step3:1,00) +25,0," (ag) *21 (a0) + 5,0, aa)
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@ The atomic theory

B e et e

oy 5t ol e ¥ St f e
A s o

he seventeeth cenin e phiniaoh ey
i e
fcombustion s proposedtht 8 fre ke
S I
s e
Guaniative Invesgaionsofbuming meal
e e
T R e
the phlogiston theory.

Scientists use a wide range of methodologics,
instruments, and advanced computing power

‘commonly used today was not available 1o
scientistsin the past, who often made ground-
breaking discoverics in relatively primitive
‘conditions 1o feed their appetlte for knowlede,
Over time, theories and hypotheses have been
tested with renewed precision and understanding.
Some theorics do not stand the test of time.

‘The best theories are those that re simpie and
account for all the facs.

‘The atomic theory staes that all mater i
‘composed of atoms. These atous cannot be
areated or destroyed, and are rearranged during
chemical reactions. Physical and cheical
properties of mater depend on the bonding and

10 obtain evidence through observation and
experimentation. Much of the technology

Antoine Lavoisier (1743 -1794] is.
Seniredtos -ttt
e i it
e
e Lavirdcorred et
s ke
o Porke sl
R
et e e s
s lo g i
e

Gt pogommberearegtie

arrangement of these atoms.

States of mattel

Matter is everywhere. We are made up of matter, we consume i, it
surrounds us, and we can sec and touch many forms of maricr. Alris &
form of matter which we know is there, though we cannat sec it Our
planct and the cniire universe are made up of matter and chemistry
Sceks 10 cxpand our understanding of matter and it propertics

experiments was
eventually acceptod by the scentiic
commnity.His work contained
Some of the first examples of
quantiative chemistry and he
Iawof conservation of mass.His
experiments may appear simple by
present.day standards but they were
round-breaking i their day

e discovery ofoxygen by Joseph
Prestly snd CalScheele invaldated
the hiogston theory Thisis an
exampl ofa paradigmshit. The
dominsntparadigm orbele '
repiaced by new paradign. s his
how cientficknowledge progresses?

T ———
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1.1 INTRODUCTION T0 THE PARTICULATE NATURE OF MATTER AND CHEMICAL CHANGE

“The properties of he three states of matter are summarized below.

Soid Liquid [~

fixed volume o fixed volume o 0o fixed volume

fixed shape o fixed shape — takes the shape @ 1o fixed shape - expands to
of the container it occupies occupy the space available

cannot be compressed ® cannot be compressed o can be compressed

anractive forces berween 8 f0rces between paricles are - forces berween particles are-

particles hold the particesin Weaker than in solids taken as 7er0

a cose-packed arrangement

o pariices vibrate in fixed  *_ articles vibrate, rotate, and «  partices vibrate, rotate, and
positions. translate (move around) translate faster than in a liquid

The way the paricles of matier move depends on the temperature. A
the temperature increases the average Kinetic energy of the paricles
increases - the paricles in a salid vibrate mare. The partiles in liuids
and gases also vibrate, Fotate, and translate more.

Temperature

There are a number of diflerent temperature scales. The most commonly
used ae the Fahrenhei, Celius, and Kelvin scales. All three are named
i honour of the scientis who developed them

“The St unit for temperature i the kelvin (K). The Kelvin scale is used in
energetics calculations (see topic 5).

Absolute zero s zero on the Kelvin scale, 0 K (on the Celsius scale

his i -273 “C). 1t s the temperature at which all movement of paricles
Stops. At temperatures greater than absolute 7¢r0,al particles vibrate,
even In solid mater.

You can convert temperatures from the Celsus scale o the the Kelvin
scale using the algorithon:

temperature (K) ~ temperature (C) + 273,15

Changes of state

1 you beat  block o e in  beaker i will mel 0 form liquid wate. 1
you continue heating the wate, it will bl 0 form water vapour.Figure 2
shows a heating curve or water - shows how s emperarure changes
uring hese changes of tate. We shall look at the relationshipbetween emion
temperature and the Kinctc energy of partices during these changes of sate, & e o esingeune forvatr
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1 Eganwhytre
temperaure o aboing.
iqid does notincrease.
despite energy bing
constantysppied

2 Deducewhichwovidbe.
more painu,scading your
skinwithwater vapour or
bolingote,

3 Eplsinwhyyounightieel
cold and shivrwhen youget
outof he wteratthe besch
onavery bt windy day

sublimation. Foods thatequice
dehydration e st fozen and
then subjected 03 reduced
presure. The frozen vater
then subimes dectly o water
Vapou, effctiely dehydrting
thefood Th process has
widespread pplcatons n
areasoutside e food industry
such as pharmaceutcals
(vaccines), documentrecovery
forwaterdamaged books, and
scientiic research aboraans.

kS

r
e Figue 3 Changes of st for vt

(@ What happens to the particles during
changes of state?

o Asasample ofice i -10 °C (263 K) s heated. the water molecules
in the solid lttice begin to vibrate more. The femperature increases
il reaches the melting point of water at 0 °C (273 K)

© The ice begins to melt and a soid-liquid equilibrium s set up.
Figure 2 shows that there i no change in temperature while
meling is occurring, All of the energy s being used to disrupt the
lauice, breaking the attracive forces between the molecules and
allowing the molecules to move more feely. The level of disorder
increases. (The nature of the forces between molecules i discussed
n sub-topic 4.4,

+ Onceall the e has melted, further heating makes the water
molecules vibrate more and move faster. The temperature rises
until i reaches the boiling point of water at 100 °C (373 K), and
the water starts o boil.

© AU100 °C a liguid-gas equilirium is established as the water bois.
‘Again the temperature docs not change as energy is required o
overcome the atractive forces between the molecules in the liquid
water in order 1o free water molecules from the liquid to form a.
gas. (Equilibrium is covered in sub-topic 7.1.)

o The curve in figure 2 shows that while the water s boling s
temperature remains at 100 °C. Once all the liquid water has been
converted to steam, the temperature will increase above 100 °C.

+ Melding and boiling arc endothermic processes. Energy must
be transferred to the water rom the surroundings to bring about
these changes of sate. The porenial encrgy (stored energy) of the.
molecules increases - they vibrate more and move faser.

+ Cooling brings abou the reverse processes o heating - the
‘condensation of water vapour 1o form liquid water, and the
freezing of iquid water to form a solid.

+ Condensation and freezing are exothermic processes. Energy
s transferred 10 the surtoundings from the water during these
changes of state. The potential energy of the molecules decreases -
they vibrate less and move slower,

+ Vaporization i the change of stae from iuid 10 gas which may
happen during boling, or by evaporation at cmperatures below
the boling point. In sublimation maticr changes sate directly from
the solid to s phase without becoming a iquid. Deposition i the
reverse processof sublimation - changing dirctly from a gas 0.2 solid.

Elements and compounds
An element contains stoms of only one type. Atoms of clements combine
o3 fxed ratio 1o form compounds composed o molecules orfors. These

rearrangements of the partcis of matter are the fundamental comerstone
of chemistry, represented in formulae and balanced chemical cquatians.
(Atoms are covered in detalin sub-topic 2.1





