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Section - 2 CHEMICAL FORMULAE AND STOICHIOMETRY

Thelanguagethat chemistsuseto describetheformsof matter and the changesinitscomposition appearsthroughout
the scientific world. Chemical symbols, formulas, and equationsare used in such diverse areasas agriculture,
home economics, engineering, geology, physics, biology, medicine, and dentistry. Inthissectionwe shall describe
the simplest atomic theory. We shdl useit aswe represent chemical formulas of e ements and.compounds. Later
thistheory will be expanded when we discuss chemical changes.

Theword*“ stoichiometry” isderived from the Greek stoicheion, which means*first principle or element,” and
metron, which means* measure.” Stoichiometry describesthe quantitative rel ationshipsamong e ementsin
compounds (composition stoichiometry) and among substances asthey undergo.chemical changes (reaction
stoichiometry). In thissection weshall be concerned with chemical formulasand composition stoichiometry. In
next section we shall discusschemical equationsand reaction stoichiometry.

Atoms and Molecules

Around 400 BC, the Greek philosopher Democritus suggested that all‘/matter is composed of tiny, discrete,
indivisible particlesthat he called atoms. Hisideas, based entirely on philosophical speculation rather than
experimental evidence, werergected for 2000 years.

(Theterm“atom” comesform the Greek language and means* notdivided” or indivisible.)

By the late 1700s, scientists began to realise that the concept of atoms provided an explanation for many
experimental observationsabout the nature of matter.

By the early 1800s, the Law of Conservation of Matter (Section 1) and the Law of Definite Proportions
(Section 1) were both accepted as general descriptions of how matter behaves. John Dalton, an English
schoolteacher, tried to explain why matter behavesin such smpleand systematic ways asthose expressed above.
In 1808, he published thefirst “modern” ideas about the existence and nature of atoms. He summarised and
expanded the nebul ous concepts of early philosophersand scientists; moreimportantly, hisideaswere based on
reproducible experimental results of measurements by many scientists. Taken together, theseideasformthe
coreof Dalton’sAtomic Theory, oneof the highlightsof scientific thought. In condensed form, Dalton’sideas
may bestated asfollows:

1. Anéeement iscomposed of extremely small indivisibleparticlescaled atoms.
2. All atomsof agiveneement haveidentical properties, which differ fromthoseof other elements.

3. Atoms cannot be created, destroyed, or transformed into atoms of another element. (However, later it
wasfound that thisstatement istrue only for chemical reactionsand not for nuclear reactions. Wewill
discusthiswhenwe discussNuclear chemisiry inlater units).

4. Compoundsareformed when atomsof different e ementscombinewith each other in small whole-number
ratios.
5. The relative numbersand kinds of atomsare constant in agiven compound.

Dalton believed that atomswere solid indivisible spheres, anideawe now reject. But he showed remarkable
ingghtintothe natureof matter anditsinteractions. Someof hisideascould not beverified (or refuted) experimentaly
at thetime. They were based on thelimited experimental observationsof hisday. Evenwith their shortcomings,
Daton’sideas provided aframework that could be modified and expanded by later scientists. ThusJohn Dalton
isthefather of modern atomic theory.
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Thesmallest particleof an element that maintainsitschemica identity through al chemical and physical changesis
caled anatom (figure5). Inunit on “atomic structure” we shall study the structure of the atom in detail;let us
smply summarise herethemain featuresof atomic composition. Atoms, and thereforeall matter, consstprincipaly
of threefundamental particles: eectrons, protons, and neutrons. These arethe basic building blocksof &l atoms.
The masses and charges of the threefundamental particlesare shown in Table 5. The masses of protonsand
neutronsarenearly equal, but the mass of an el ectronismuch smaller. Neutronscarry no charge. Thechargeon
aprotonisequal in magnitude, but oppositein sign, to the charge on an electron. Becauseatomsareelectricaly
neutrd,

| anatom contains equal numbers of electrons and protons. |

60000

Figure 5. Relative sizes of monatomic molecules (single atoms). of the nobl e gases

Table 5: Fundamental Particles of'Matter

Particle (symbal) M ass* Charge (relative scale)
electron (€) 0.00054858 amu 1-
proton (p or p*) 1.0073 amu 1+
neutron (n or n°) 1.0087 amu None
*1 amu = 1.6605 x 10" g (Wewill discuss“amu” as we proceed further in this section)

Theatomicnumber (symbol isZ) of an eementisdefined asthenumber of protonsinthenucleus. Intheperiodic
table, elementsarearranged in order of increasing atomic numbers.

A moleculeisthesmallest particle of an element or compound that can have astableindependent existence. In
nearly all molecules, two or more atoms are bonded together in very small, discrete units (particles) that are
eectricdly neutrd.

Individual oxygen atomsare not stable at room temperature and atmospheric pressure. Single atomsof oxygen
mixed under these conditionsquiekly. combineto form pairs. Theoxygenwithwhichweared| familiarismadeup
of two atomsof oxygen; itisadiatomic molecule, O,. Hydrogen, nitrogen, fluorine, chlorine, bromine, andiodine
areother examplesof diatomicmolecules(figure 6)

@@ @@ GO QO

(hydrogen) (oxygen) (fluorine) (iodine)

Figure 6: Models of diatomic molecules of some elements approximately to scale.

[ Note: For Group 0 e ements, the noble gases, amol ecul e contains only one atom and so an atom and amolecule
arethesame (figure5).]
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Some other e ementsexist asmore complex molecules. Phogphorusmoleculescons st of four atoms, whilesulphur
existsaseight-atom moleculesat ordinary temperaturesand pressures. M olecul esthat contain two or mereatoms
arecalled polyatomic molecules. SeeFigure7.

i

N

@ (b)
Figure 7 (a) A model of the P, molecule of white phosphorus. (b) A model of the S; ring found in rhombic sulphur.

[Note: You should remember the common elementsthat occur asdiatomic molecule:H,, O,, N, F,, Cl, Br,, |,]

In modern terminology, O, isnamed dioxygen, H, isdihydrogen, P, istetragphosphorus, and so on. Eventhough
suchterminology isofficially preferred, it hasnot yet gained wide aceeptance. Most chemiststill referto O, as
oxygen, H, ashydrogen, P, as phosphorus, and so on.

Moleculesof compounds are composed of morethan onekind ofiaom. A water molecule consistsof two atoms

of hydrogen and one atom of oxygen. A molecule of methane cansists of one carbon atom and four hydrogen
atoms.

Atomsarethe componentsof molecules, and molecul esarethecomponentsof many e ementsand most compounds.
We areableto see samplesof compounds and el ementsthat consist of large numbers of atomsand molecules. It
would take millionsof atomsto makearow aslongasthediameter of the”.” at the end of thissentence.

Chemical Formulas

Thechemical for mulafor asubstance showsits chemica composition. Thisrepresentsthe elements present as
well astheratioinwhich theatomsof theelementsoccur. Theformulafor asingleatomisthesameasthesymbol
for the element. Thus, Nacan representasingle sodium atom. It isunusua to find such isolated atomsin nature,
withtheexception of thenoblegases(He, Ne, Ar, Kr, Xe, and Rn). A subscript following the symbol of aneement
indicatesthe number of atomsinamolecule. For instance, F, indicatesamol ecul e containing two fluorine atoms
and P, amolecul e contai ning four phosphorus atoms.

Some elementsexist in moere than oneform. Familiar examplesinclude (1) oxygen, found as O, molecules, and
ozone, found as O, molecules(fig. 8) and (2) two different crystallineforms of carbon—diamond and graphite.
Different formsof the same e ement inthe same physica statearecalledallotr opic modificationsor allotr opes.

Compounds containtwo or more e ementsin chemical combination infixed proportions. Many compoundsexist
asmolecules(Table6). Hence, each molecule of hydrogen chloride, HCI, contains one atom of hydrogen and one
atom of chloring; each moleculeof carbontetrachloride, CCl,, containsone carbon atom and four chlorineatoms.
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Table 6 : Names and Formulas of some common molecular compounds.

Name Formula Name Formula Name Formula
water H,O sulphur dioxide SO, butane CyH 1o
hydrogen peroxide | H,O, sulphur trioxide SO, pentane CsHyp
hydrogen chloride* HCI carbon monoxide | CO benzene CoHs
sulphuric acid H,SO, carbon dioxide Cco, methanol (methyl alcohol) | CH4OH
nitric acid HNO, methane CH, ethanol (ethyl alcohol) 1" CH,CH,OH
acetic acid CH;COOH | ethane CoHs acetone CH3COCH;
ammonia NH; propane CsHg diethyl ether (ether) CH3CH,~O-CH,CHs
*Called hydrochloric acid if dissolved in water

fig. 8. An O, molecule

We find many organic compoundsin nature. Or ganic compounds contains C—C or C—H bonds or both.
Eleven of the compoundslisted in Table 6 are organic compounds (acetic acid and thelast ten entries). All of the
other compoundsin thetable arel nor ganic compounds:

Compoundswerefirst recognised asdistinct substancesbecause of their different physical propertiesand because
they could be separated from one another by physicalimethods. Once the concept of atoms and moleculeswas
established, thereason for these differencesin properties could be understood: Two compoundsdiffer fromone
another becausetheir moleculesaredifferent. Conversaly, if two molecules contain the same number of thesame
kindsof atoms, arranged the sameway, then both are mol ecul es of the same compound. Thus, the atomic theory
explainsthe L aw of Definite Proportions(Section 1).

Thislaw, asoknown astheL aw of Constant Composition, can now beextended to includeitsinterpretationin
termsof atoms. It issoimportant for performing the cal culationsin the chapter that we restateit here.

Different pure samples of a compound always contain the same elements in the same proportion
by mass; this corresponds to.atoms of these elements combined in fixed numerical ratios.

So we seethat for asubstance composed of molecules, the chemical formula givesthe number of atomsof each
typeinthemolecule. But thisformuladoes not expressthe order in which theatomsin the moleculesare bonded
together. The structural for mula showsthe order in which atoms are connected. Thelines connecting atomic
symbolsrepresent chemical bonds between atoms. The bonds are actually forcesthat tend to hold atoms at
certain distancesand anglesfrom one another. For instance, the structural formulaof propane showsthat thethree
C atomsarelinkedinachain, with three H atoms bonded to each of the end C atoms and two H atoms bonded
tothecenter C(fig.9)

L1
T
H H H

fig. 9. Structural formula of propane
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lons and lonic Compounds

So far we have discussed only compoundsthat exist asdiscrete molecul es. Some compounds, such assodium
chloride. NaCl, consist of collectionsof large numbersof ions. Anion isan atom or group of atomsthat carriesan
electrical charge. lonsthat possessapositive charge, such asthe sodiumion, Na', arecalled cations. Those
carrying anegative charge, such asthe chlorideion, Cl', are called anions. The charge.en an.ion must be
included asasuperscript on theright side of the chemical symbol(s) when wewritetheformulafortheindividual
ion.

Asweshall seeintheunit on atomic structure, an atom consistsof avery small, very dense, positively charged
nucleus surrounded by adiffuse distribution of negatively charged particles called electrons. The number of
positive chargesin the nucleus definestheidentity of the element to which the atom eorresponds. Electrically
neutral atomscontain the same number of e ectrons outs de the nucleus as positive charges (protons) withinthe
nucleus. lonsareformed when neutral atomslose or gain electrons. An Na' ion isformed when asodium atom
losesoneelectron, andaCl ionisformed when achlorine atom gainsone electron.

The compound NaCl consists of an extended array of Na“ and Cl ions. A two-dimensional view of itisshown

CIOICIOCIOIOIT,

@©®E @O ®E
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fig. 10. A two-dimensional view of NaCl crystal

Every Na' ionissurrounded by six Cl - ionsin3-D space. Infigureabovewe can seeonly four Cl ionssurrounding
each Na' ion becauseitisa2-D figure. You canvisudiseaCl ion aboveand bel ow the Na* ion coming out of the
planeof paper and goinginsdethe planeof paper. And youwill havethered structureof NaCl inyour mind. (Can
you also seethat just likeNa, each €l ionisalso surrounded by six Naions?)

Animportant point that should be notedin thediscuss on aboveisthat intheNaCl crysta, the congtituent substances
areNa' and Cl ionsand NOT NaCl molecules. Thereisno such thing asaNaCl molecule. Thisisbecause, as
you can seeinthefigure 10 above, we cannot specify soastowhich Cl ion belongstowhich Na* ionaseach Na*
ionattractsall thesix Cl ionssurrounding it equally with el ectrostatic force of attraction. Thisisthecasewithdl
theionic compounds.

Becausethereareno“molecules’ of ionic substances, we should not refer to “amolecule of sodium chloride,
NaCl,” for example. Instead, werefer to afor mulaunit (FU) of NaCl, which consistsof oneNa' ion andtwo Cl-
ion. Likewise, oneformulaunit of CaCl, consistsof one Ca* ionandtwo Cl ions. Similarly, we speak of the
formulaunit of all ionic compounds. It isalso acceptableto refer to aformulaunit of amolecular compound. One
formulaunitef propane, C.H,, isthe same asone moleculeof C_H,; it containsthree C atomsand eight H atoms
bonded together into agroup.

For the present, we shall tell you which substancesareionic and which aremolecular whenitisimportant to know.
Lateryouwill learn to makethedistinction yoursdlf.

(Please note that the general term “formulaunit” appliesto molecular or ionic compoundswhereasthe more
gpeciticterm “molecul€’ appliesonly to e ementsand compounds that exist asdiscretemolecules.)
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Important points

(@) Compound, whether ionic or molecular, iselectricaly neutrd; i.e., it hasno net charge. InNaCl thismeans
that theNa" and Cl-ionsarepresentinal: 1ratio and thisisindicated by theformulaNaCl:

2 Polyatomicionsaregroupsof atomsthat bear an electrical charge. Examplesincludetheammoniumion,

NH; , thesulphateion, SO, andthenitrateion, NOj . Table 7 showstheformulas, ionic charges, and
names of somecommonions.

Table7: Formulas, lonic Char ges, and Names of Some Common | ons

Formula | Charge Name Formula Charge Name
Na’ 1+ sodium F 1- | fluoride
K* 1+ potassium o 1- | chloride
NH4" 1+ ammonium Br= 1- | bromide
Ag" 1+ silver OH™ 1- hydroxide
CHsCOO™ 1- acetate
Mg®* 2+ | magnesium NO;~ 1- | nitrate
ca™” 2+ | calcium
zZn** 2+ |zinc 0> 2- | oxide
Cu’ 1+ copper(l) or cuprous” | S 2— sulphide
cu? 2+ | copper(ll) or cupric | SO5* 2— | sulphite
Fe?t 2+ | iron(ll) or ferrous S04% 2- | sulphate
COs% 2— | carbonate
= 3+ | iron(lll) or ferric
Al* 3+ | aluminum PO,> 3- | phosphate

Asweshall seeinlater units, somemetal s can from move than onekind of ion with positive charge. For such
metals, we specify which ion wemean with aRoman numeral—e.g., iron (11) or iron (111). Because zincformsno
stableionsother than Zn?*, we do not need to use Roman numeralsinitsname.

An Introduction to Naming Compounds

Throughout your study of chemistry you will have many occasionsto refer to compoundsby name. Inthissection,
weshall seehow to nameafew compounds. More comprehens verulesfor naming compoundswill be presented
at theappropriateplacelater intheunit on“ genera inorganic chemistry.”

Table6includesexamplesof namesfor afew common molecular compounds. You should learn that short list. We
shdl name many more molecular compounds aswe encounter themin later chapters.

Thenamesef somecommonionsappear in Table7. You should learn the namesand formulas of thesefrequently
encounteredions. They can be used to write the formulas and names of many ionic compounds. Wewritethe
formulaof anionic compound by adjusting the rel ative numbersof positiveand negativeionssother total charges
cancel (i.e., add to zero). The name of anionic compound isformed by giving the names of theions, with the
positiveion namedfirst.
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Example — 12

Writetheformulasfor thefollowing ionic compounds: (a) sodium fluoride, (b) calcium fluoride; (€).iron (I1)
sulphate, (d) zinc phosphate.

Critical thinking

In each case, weidentify the chemical formulas of theionsfrom Table 7. These ions must be present in
a ratio that gives the compound no net charge. The formulas and names of‘ioni¢ compounds are
written by giving the positively charged ion first.

Solution: (&) Theformulafor thesodiumionisNa" and theformulafor thefluorideionisF (Table 7). Because
thechargesonthesetwoionsare equal in magnitude, theionsmust bepresent in equal numbers,
orinal: 1ratio. Thus, theformulafor sodiumfluorideisNaF.

(b) Theformulafor thecalciumionisCa* and the formulafor the fluorideionisF. Now each
positiveion (Ca?*) providestwice as much charge as each hegativeion (F). So there must be
twiceasmany F-ionsas Ca* ionsto equdisethe charge. Thismeansthat theratio of calciumto
fluorideionsis1: 2. Sotheformulafor calcium fluorideis CaF.,.

(c) Theiron(ll) ionisFe?" and the sulphateionis: SO . Asin part (&), the equal magnitudes of
positive and negative chargestell usthat thetonsmust be present inequal numbers, orinal: 1
ratio. Theformulafor iron(Il) sulphateisFeSO,.

(d) ThezincionisZr?* andthe phosphateionis PO . Now it will takethereZn? ionsto account for

asmuch charge (6+ total) aswouldbe presentintwo PO} ions (6-total). So theformulafor
zinc phosphateisZn,(PO,)...

Example — 13

Namethefollowingionic compounds: (@).(NH,).S, (b) Cu(NO,),, (c) ZnCl,, (d) Fe,(CO,)..

Critical thinking
In naming ionic compounds, it is helpful to inspect the formula for atoms or groups of atoms that
we recognise asrepresenting familiar ions.

Solution: (@) The presenceof the polyatomic grouping NH, in theformulasuggeststo usthe presence of the
ammoniumion, NH;. Therearetwo of these, each accounting for 1 +in charge. To balancethis,
thesingle Smust account for 2—in charge, or S, which werecognise asthe sulphideion. Thus,
the name of the compoundisammonium sulphide.

(0)~TheNO, groupingintheformulatellsusthat thenitrateion, NO, ", ispresent. Two of thesenitrate
ionsaccount for 2 x 1—=2—in negative charge. To balancethis, copper must account for 2+
chargeand bethecopper(I1) ion. Thenameof thecompoundiscopper (11) nitrateor, dternatively,
cupricnitrate.

(c) Thepositiveion presentiszincion, Zr?*, and the negativeionischloride, Cl . Thenameof the
compoundiszincchloride.

Chemistry / Basics of Chemistry www.locuseducation.org




[Locus 8 |

(d) Each CO, grouping inthe formulamust represent the carbonateion, CO_*. The presence of
three suchionsaccountsfor atotal of 6—in negative charge, sotheremust beatotal of 6+ present
in positivechargeto balancethis. It takestwo ironionsto provide this6+, so eachionmust have
achargeof 3+ andbeFe*, theiron(l11) ion or ferricion. Thenameof the compoundisiron(l11)
carbonateor ferric carbonate.

(Please notethat have we have used the information that the carbonateion hasa2-chargeto find
thechargeontheironions. Thetotal chargesmust add to zero.)

ATOMIC WEIGHTS

Asthechemigtsof theeighteenth and nineteenth centuries paingtakingly sought informatien about the compositions
of compounds and tried to systematise their knowledge, it became apparent that each element hasa character
massrelativeto every other element. Although these early scientistsdid not have the experimental meansto
measurethe mass of each kind of atom, they succeeded in defining arel ative scale of atomic masses.

An early observation wasthat carbon and hydrogen haverel ative atomic masses, also traditionaly called atomic
weights, AW, of gpproximately 12 and 1, respectively. Thousandsof experimentson the compositionsof compounds
have resulted in the establishment of ascale of relative atomic weightsbased on theatomic massunit (amu),

1
which is defined as exactly D) of the mass of an atom of.@ particular kind of carbon atom, called
carbon-12.

Onthisscale, theatomicweight of hydrogen (H) is1.00794 amu, that of sodium (Na) is22.989768 amu, and that
of magnesium (Mg) is24.3050 amu. Thistellsusthat Naatoms have nearly 23 timesthe massof H atoms, while
Mg atomsare about 24 times heavier than H atoms.

When you need values of atomic weights, consult.theperiodic table or the a phabetical listing of elements.

Note: (Theterm*aomicweight” iswidely accepted becauseof itstraditiona useathoughitisproperly amass
rather than aweight. “ Atomic mass’ isoften used.)

The Mole

Eventhesmallest bit of matter that canlbe handled reliably contains an enormous number of atoms. So we must
ded withlargenumbersof atomsinany real Stuation, and someunit for conveniently describing alarge number of
atomsisdesirable. Theideaof usingaunit to describe aparticular number (amount) of objectshasbeen around
for alongtime. You aredready familiar with the dozen (12 items) and the gross (144 items).

The Sl unit for amount isthemol e, abbreviated mol. It isdefined asthe amount of substancethat containsas
many entities (atoms, molecules, or other particles) asthere are atomsin exactly 0.012 kg of pure carbon-12
atoms. Many experimentshave refined the number and the currently accepted valueis

1 mole=6.0221367 x 10% particles

Thisnumber, oftenrounded off to 6.022 x 10%, iscalled Avogadr o’snumber in honour of Amedeo Avogadro
(1776-1856), whose contributionsto chemistry aremanifold.

Accordingteitsdefinition, themoleunit refersto afixed number of entities, whoseidentities must be specified.
Just aswespeak of adozen eggsor apair of aces, werefer to amole of atomsor amole of molecules(or amole
of ions, electrons, or other particles). We could even think about amole of eggs, although the size of therequired
carton staggerstheimagination! Helium exists asdiscrete He atoms, so one mole of helium consistsof 6.022 x
102 He atoms. Hydrogen commonly exists are diatomic (two-atom) mol ecules, so one mole of hydrogenis
6.022 x 10 H, molecules and 2(6.022 x 10%°) H atoms.
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Every kind of atom, molecule, or ion hasadefinite characteristic mass. It followsthat one mole of agivenpure
substance al so has adefinite mass, regardless of the source of the sample. Thisideaisof central impertancein
many cd culationsthroughout the study of chemistry and therelated sciences.

Becausethemoleisdefined asthe number of atomsin 0.012 kg (or 12 grams) of carbon-12, and the atomic mass

unitisdefined as % of themass of acarbon-12 atom, thefollowing convenient relationship istrue,

The mass of one mole of atoms of a pure element in grams is numerically equal to the
atomic weight of that element in amu. Thisis also called the molar mass of the element:
its units are grams/mole.

For instance, if you obtain apure sample of the metallic element (Ti) whose atomic weight is47.88 amu, and
measure out 47.88 gramsof it, you will have onemole, or 6.022 x 107 titanium atoms.

Thesymbol for aneement can (1) identify theelement, (2) represent one atom of the element, or (3) represent one
moleof atomsof theelement. Thelast interpretation will be extremely useful.in calculationsinthe next chapter.

A quantity of asubstance may beexpressedinavariety of ways. For example, consider adozen eggsand 55.847
gramsof iron, or one moleof iron. We can expressthe amount of éggsor iron present in any of several different
units. We can then construct unit factorsto relate an amount of the substance expressed in onekind of unit tothe
sameamount expressed in another unit.

Unit Factorsfor Eggs Unit Factorsfor Iron
12 eggs 6.022x10% Featoms
1 doz eggs 1 mol Fe atoms
12 eggs 6.022x10* Featoms
24 ounces of eggs 55.847 x g Fe
and soon and so on

Table 8: M assof One of Atomsof Some Common Elements

Element | A Samplewith a Mass of Contains

Carbon 12.011gC 6.022 x 10” C atoms or 1 mole of C atoms

Titanium | 47.88g Ti 6.022 x 10”° Ti atoms or 1 mole of Ti atoms

Gold 196.96654 g Au 6.022 x 10” Au atoms or 1 mole of Au atoms

Hydrogen | 1:00794 g H, 6.022 x 10* H atoms or 1 mole of H atoms
(3.011 x 10% H, molecules or 1/2 mole of H, molecules

Sulfur 82.066 g S5 6.022 x 10® Satoms or 1 mole of S atoms (0.7528 x 10%
Sg molecules or 1/8 mole of Sg molecules)

AsTable8suggests, the concept of amoleasapplied to atomsisespecialy useful. It providesaconvenient basis
for comparing the masses of equal numbersof atomsof different elements.

The relationship between the mass of asample of an element and the number of molesof atomsinthesampleis
illustrated in the next example.
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Example — 14

How many moles of atomsdoes 245.2 g of iron metal contain?

/Critical thinking R

The atomic weight of iron is55.85 amu. Thistells usthat the molar mass of iron is 55.85 g/mol, or that
one mole of iron atoms is 55.85 grams of iron. e can express this as either of two:unit factors:

1 mol Fe atoms or 55.85g Fe
55.85g Fe 1 mol Fe atoms

Because one mole of iron has a mass of 55.85 g, we expect that 245.2 g will'be afairly small number of
\moles (greater than one, but less than ten).

J

Solution:  ? mole Featoms= 245.2 g Fe x 1 mol Featoms _ 4.390 mol Fe atoms

55.859g Fe

Oncethe number of molesof atomsof an e ement isknown, the number of atomsin the sample can be cal cul ated,
asnext exampleillustrates.

Example — 15

How many atomsare contained in 4.390 molesofiron atoms?

(" Critical thinking )
One mol e of atoms of an element contains Avogadro’s number of atoms, or 6.022 x 10?® atoms. This
lets us generate the two unit facts.

6.022 x 10* atoms and 1 mol atoms
1 mol atoms 6.022 x 10 atoms
. /
23
Solution:  ? mole Featoms = 4.390 mol Fe atoms x 6.022 x 10 atoms = 2.644 x 10** Fe atoms.
1 mol atoms

If weknow theatomic weight of an element on the carbon-12 scale, we can use the mol e concept and Avogadro’s
number to calculate the average mass of one atom of that element in grams (or any other massunit we choose).

Example — 16

Calculate themassof oneironatomingrams.
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Critical thinking

Wk expect that the mass of a single atomin grams would be a very small number. We know that one
mole of Fe atoms has a mass of 55.85 g and contains 6.022 x 10?® Fe atoms. e use thislinformation
to generate unit factors to carry out the desired conversion.

?gFe _ 5585gFe 1mol Featoms }
Featom 1mol Featoms  6.022x10% Featoms - 2-274 > 107 g Fe/Fe atom

Thus, we seethat the mass of one Featomisonly 9.274 x 102 g.

Solution:

FORMULA WEIGHTS, MOLECULAR WEIGHTS, AND MOLES

The formula weight (FW) of a substance is the sum of the atomic weights (AW) of the elementsin
the formula, each taken the number of times the element occurs. Hence a formula weight gives the
mass of one formula unit in amu.

Formulaweights, like the atomic weight on which they are based, arerelative masses. Theformulaweight for
sodium hydroxide, NaOH, (rounded off to the nearest 0.02'amu) isfound asfollows.

No. of Atomsof Stated Kind x Mass of One Atom = Mass Due to Element

1xNa = 1 x 23.00amu =23.00 amuof Na

1xH = 1 x 1.0 amu =101 amuofH

1xO = 1 %.16.00 amu =16.00 amuof O
Formulaweight of NaOH =40.01amu

Theterm“formulaweight” iscorrectly.used for either ionic or molecular substances. Whenwerefer specificaly to
molecular (nonionic) substances, i .e.; substancesthat exist asdiscrete molecules, we often substitute the term
molecular weight (MW).

Example — 17

Calculatetheformulaweight (molecular weight) of 2,4,6-trinitrotoluene (TNT), C.H(NO,)., using the precisely
known valuesfor aomic weightsgiveninthelnternationa Tableof AtomicWeightsinany standard periodictable.

Critical thinking

We add the atomic weights of the elementsin the formula, each multiplied by the number of timesthe
element occurs. Because the least precisely known atomic weight (12.011 amu for C) is known to
three significant figures past the decimal point, the result is shown to only that number of significant
figures.
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Solution: No. of Atomsof Stated Kind

x Massof One Atom = MassDueto Element

7xC= 7 x 12.011 amu = 84.077 amuof C
ExH= 5 x 1.00794 amu = 5.03970 amu of H
3xN-= 3 x 14.00674 amu = 42.02022 amu of N
6x0= 6 x 15.9994 amu = 95.9964 amu of O
Formulaweight (molecular weight) of 2,4, 6-trinitrotoluene(TNT) ( =227.133amu

the units grams/mole.

The amount of substance that contains the massin grams numerically equal to its formula
weight in amu contains 6.022 x 10% formula unit, or one mole of the substance. Thisis
sometimes called the molar mass of the substance. Molar massis numerically equal to
the formula weight of the substance (the atomic weight for-atoms of elements), and has

Onemoleof sodium hydroxideis40.01 g of NaOH, and onemole TNT is227.133 g of C,H,(NO,).. One mole

of any molecular substance contains 6.022 x 10% molecul es of the substance, as Table-illustrates.

Table9: One M ole of Some Common Molecular Substances

Substance  Molecular

Weight

A Sample with a

Contains
M ass of

hydrogen 2.016

oxygen 32.00

methane 16.04

2,4,6-trinitroto-  227.13
luene (TNT)

6.022 x 10” H, molecules or

1 mol of H, molecules

(contains 2 x 6.022 x 10” H atoms
or 2 mol of H atoms)

2.016g H,

1 mol of O, molecules
(contains 2 x 6.022 x 10* O atoms
or 2 mol of O atoms)

32.00g O,

6.022 x 10” CH, molecules or
1 mol of CH, molecules
(contains 6.022 x 10 C atoms
4 x 6.022 x 10” H atoms)

: 6.022 x 10” O, molecules or
16.04 g CH, :

6.022 x 10° C,H,(NO,), molecules or

1 mol of C,H,(NO,),
molecules

227.13 g C,H(NO)),

Theformulaunit (molecul€) of oxalic acidis(COOH), (FW = 90.04 amu; molar mass= 90.04 g/mol). However,
whenoxalic acid isobtained by crystallization from awater solution, two moleculesof water are present for each
molecule of oxalic acid, even though it appears dry. The formula of this hydrate is (COOH), . 2H,0
(FW=126.06 amu; molar mass=126.06 g/mol). Thedot showsthat the crystals contain two H,O molecules per
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(COOH), molecule. Thewater can bedriven out of the crystals by heating to leave anhydr ous oxalic acid,
(COQOH),. Anhydrous means“ without water.” Copper(I1) sulphate, anionic compound, showssimilar behaviour.
Anhydrous copper(l1) sulphate (CuSO,; FW = 159.60 amu; molar mass = 159.60 g/moal) is amost white.
Hydrated copper(l1) sulphate (CuSO, . 5H,0: FW = 249.68 amu, molar mass = 249.68 g/mol) is deep blue.

Becausethereareno smple NaCl moleculesat ordinary temperature, it isinappropriateto referto the™ molecular
weight” of NaCl or any ionic compound. Onemole of anionic compound contains 6.022x:102formulaunits
(FU) of the substance. Recall that oneformulaunit of sodium chloride consistsof one sodiumion, Na', and one
chlorideion, Cl". Onemole, or 58.44 grams, of NaCl contains6.022 x 10 Na' ionsand 6.022 x 10?2 Cl-ions.
See Table 10.

Table 10: OneM ole of Somelonic Compounds

Compound Formula A Samplewith a Contains
Weight Mass of 1 mole
g Horid 844 £8.44 0 NaCl 6.022% 10” Na’ ions or 1 mole of Na' ions
sodium chloride . ' . .
¢ 6.022 x 10 Cl ionsor 1 mole of Cl™ ions
Acium chorid I 6:022:% 10” C&”" ions or 1 mole of C&" ions

cadumechloride 1110 110gcad, 2(6.022 x 107) Cl™ ions or 2 molesof Cl” ions

' 2(6.022 x 10™) AI*" ions or 2 moles of A" ions
auminum sulphate - 342.1 3421 gAl(SQ); 3(6.022 x 10*) SO,” ions or 3 moles of SO, ions

Themoleconcept, together with Avogadro’snumber;providesimportant connectionsamong theextensive properties
mass of substance, number of moles of substance, and number of moleculesor ions. Theseare sammarised as
follows.

MassA MolesA
FWA __GA Avogadro's _ FU of A_
(molar massA) — mol A number -~ mol A
MolesA FU of A

Thefollowingexamples show the rel ations between numbers of molecules, atoms, or formulaunitsand their
Masses.
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Example — 18

What isthemassin gramsof 10.0 billion SO, molecules?

Critical thinking
Onemoleof SO, contains 6.02 x 10 SO, moleculesand hasamass of 64.1 grams.

64.1 9 SO,
6.02x10%° SO, molecules

Solution: 29 SO, =10.0 x 10° SO, molecules x

=1.06 x 10"2g SO,
i.e. Ten billion SO, molecules have amass of only 0. 00000000000106 gram.

Example — 19

How many (a) moles of O,, (b) O, molecules, and (c) O atoms are contained in 40.0 grams of oxygen gas
(dioxygen) at 25°C?

Critical thinking

We construct the needed unit factorsfrom thefollowing equalities: (a) themassof onemoleof O,is32.0g
(molar mass O, = 32.0 g/moal); (b) onemole of O, eontains6.02 x 107 O, molecules: (c) one O, molecule
containstwo O atoms.

Solution:  Onemoleof O, contains 6.02 %10 O, molecules, and itsmassis32.0 g.

1 mol O,

a) ?mol 0,=40.0g O; x
@2 2 9> 32.0g O,

=1.25mol O,

6.02 x 10® O, molecules
32090,

or, wecan usethe number of molesof O, cal culatedin part (&) to find the number of O, molecules.

(b) 20, molcules=40.0g O, x =7.52x10% molecules

6.02 x 10® O, molecules
1 mol O,

O,molecules=1.2mol O, x x7.52x10%0, molecules

6.02 x 10® O, molecules . _ 20 aoms
32090, 1 O, molecule

=1.50 x 10** O atoms.

()20 aoms=40.0g O, x
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Example — 20

Calculatethe number of hydrogen atomsin 39.6 gramsof ammonium sulphate. (NH,),SO,.

Critical thinking
One mole of (NH,),SO, is6.02 x 10* formula units (FU) and has a mass of 32 g.

gof [0 - molof 0 - Fuof 0 - H atoms

(NH,), SO, (NHy4), SO, (NHy,), SO,

1 mol (NH,),SO,
132 g (NH,),SO,

Solution: ?H atoms=39.6 g (NH,),SO, x

. 6:02x 10 FU (NH,);SO, ;  8H atoms
1mol (NH,),SO, 1FU (NH,),SO,

=1.44 x 10* H atoms

Theterm“millimole” (mmol) isuseful inlaboratory work. Asthe prefix indicates, onemmol is1/1000 of amole.
Small massesarefrequently expressed in milligrams(mg) retherthan grams. Therelation between millimolesand
milligramsisthe same asthat between molesand grams(Table 11).

Table - 11: comparison of moles and millimoles

Compound | 1 Mole 1 Millimole
NaOH 40.0g 40.0 mg or 0.0400 g
H3PO, 98.1g 98.4gmgor 0.0981 g
SO, 64.19g 64.1 mg or 0.0641 g
CsHg 4419 44,1 mgor 0.0441 g

Example — 21

Calculatethe number of millimolesof sulphuric acidin0.147 gramof H,SO,.

Critical thinking

1mol H,80, = 98.1'gH.S0O,; 1 mmol H,S0, = 98.1 mg H,SO,. e can use these equalities to solve
this problem by‘either. of two methods. Method 1: Express formula weight in g/mmol, then convert g
H,SO, to mmol H,S0,. Method 2: Convert g H,SO, to mg H,SO,, then use the unit factor mg/mmol to
convert to mmol H,SO,.

1 mmol H,SO,
0.0981gH,SO,

Solution: ~Method 1: 2 mmol H,SO, =0.147gH,S0O, x =1.50 mmol H,SO,

Method 2: Using0.147 gH,SO, = 147 mgH_,SO,, we have,

1 mmol H,SO,

? mmol H,SO, =147 mg H,SO, x 98 Lrma H.50
-1Mg H,50,

=1.50 mmol H,SO,
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PERCENT COMPOSITION AND FORMULAS OF COMPOUNDS

If theformulaof acompound isknown, itschemical composition can be expressed asthe mass percent of each
element in the compound. For example, one carbon dioxide molecule, CO,, containsone C atom andtwo O
atoms. Percentage is the part divided by the whole times 100 percent (or simply parts per 100), So we can
represent the percent composition of carbon dioxide asfollows.

%C= M x 100% = Lofc x 100% = 12.0amu x 100% = 27.3%
mass of CO, MW of CO, 44.0 amu

%0= _MaSOEO e 2ZXAWOIO | g, 2068.08mU) = 00— 757040
mass of CO, MW of CO, 44.0 amu

Onemoleof CO,(44.0 g) containsonemole of C atoms(12.0 g) and two,moles of O atoms(32.0 g). Therefore,
we could have used these massesin the preceding cal cul ation. These numbersare the same asthe ones used—
only theunitsaredifferent. In Example 22 we shall base our cal cul ation on one mole rather than one molecule.

Example — 22

Calculate the percent composition of HNO, by mass.

Critical thinking

We first calculate the mass of one mole. Then we express the mass of each element as a percent of the
total.

Solution: ThemolarmassofHNOsiscaIcuIatedfirst.

No. of Mol of Atoms x Mass of One Mol of Atoms = Mass Dueto Element
1xH= 1 x1.0g9 =1.0gofH
1xN-= 1 x14.09 =14.0gof N
3x0= 3 x16.09g =48.0gor O
Massof 1 mol of HNO, =63.09g

Now, its percentcompositionis

opH= L MESOTH ha00= 1009 1000 = 1.6% H
mass of HNO, 63.09

goN=_MBSOIN 100 = 14009 10096 = 22206 N
mass of HNO, 63.09

%0= MBSO 10006 = 209 10006 = 76.2% 0

mass of HNO, 63.09

Nitric acid is 1.6% H, 22.2% N, and 76.2% O by mass. All samples of pure HNO, have this
composition, according to the Law of Definite Proportions.
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DERIVATION OF FORMULAS FROM ELEMENTAL COMPOSITION

Each year thousands of new compoundsare madein laboratoriesor discovered in nature. Oneof thefirst stepsin
characterising anew compound isthe determination of itspresent composition. A qualitativeanaysisisperformed
to determinewhich el ementsare present in the compound. then aquantitative analysisis performed todetermine
theamount of each element.

Oncethe percent composition of acompound (or itselemental composition by mass) isknown, the ssmplest
formulacan be determined. Thesmplest or empirical for mulafor acompound isthe smallest whole-number
ratio of atoms present. For molecular compoundsthemolecular for mulaindicatestheactual number of atoms
present in amol ecul e of the compound. It may bethe same asthe simplest formul a erel Sesome whol e-number
multipleof it. For example, thesimplest and molecul ar formulasfor water areboth H;O. However, for hydrogen
peroxide, they areHO and H,O,, respectively.

272!

Example — 23

Compounds containing sulphur and oxygen are seriousair pollutants; they represent themajor causeof acidrain.
Analysisof asample of apure compound revealsthat it contains50.1% sul phur and 49.9% oxygen by mass.
What isthesimplest formulaof the compound?

("Critical thinking: A

One mole of atoms of any element is6.022 x 10 atoms, so the ratio of moles of atomsin any sample
of a compound is the same as the ratio of atomsin that compound. This calculation is carried out in
two steps. Sep 1. Let’'s consider 100.0 grams of compound which contains 50.1 grams of Sand 49.9
grams of O. We calculate the number of moles of atoms of each. Siep 2: We then obtain a whole-
number ratio between these numbersthat gives the ration of atoms in the sample, and hence in the
\si mplest formula for the compound:

J
1 mol Satoms
ion: : ?mol Satoms=50.19gSx ———— =1.56 mol S atoms
Solution: Step 1: K g 32195
?mol O atoms=49.9g O x 1 mol O aoms _ 3.12 mol O atoms
16.0g0O
Step 2 Now we know that 100.0 gramsof the compound contains 1.56 moles of Satomsand

3.12 moles of O atoms. We obtain awhole-number ratio between these numbersthat
givestheratio of atomsinthesmplest formula

A simple and useful way to
obtain whole number ratios

|0'1

among several number follows.
(a) Divide each number by the
smallest, and then, (b) if necessary

\\—_// multiply’ al of the’resulting numbers

Rw

vl W

N OO
I |

CD|

by the smallest whole number that will
eliminate fractions.
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Thesolutionfor last example 23 can be set upin tabular form.

Element Relative Relative Number Divide by Smallest Whole
M ass of of Atom Smaller Number Number Ratio
Element (divide mass by AW) of Atoms
S 50.1 ﬂ =1.56 @ =1.00S
32.1 1.56 \\/502
O 49.9 @—312 Q—ZOOO
) 16,0 ~ 156

Thistabular format providesaconvenient way to solve s mplest-formulaproblemsasthe next example
illudtrates.

Example — 24

A 20.882-gram sampl e of anionic compound isfound to contain 6.072 grams of Na, 8.474 gramsof S, and
6.336 gramsof O. What isitssimplest formula?

Critical thinking
Wereason asinlast example 23 cal culating the number of moles of each element and theratio among them.
Herewe usethetabular format that wasintroduced above.

Solution: Element Relative Relative Number Divide by Convert Fractions  Smallest Whole
M ass of of Atom Smaller Number  to Whole Number Number Ratio
Element (dividemassby AW) (multiply by integer) of Atoms
6.072 0.264 _ _
Na 6.072 530 - 0.264 0264 = 1.00 1.00x =2 Na
8.474 _ 0.264 _ _
S 8.474 01 - 0.264 0264 - 1.00 1.00x=2S Na,SO,
6.336 _ 0.396 _ _
@) 6.336 2160 - 0.396 0264 - 1.50 150%x=30

Theratio of:aiomsin the ssmplest formulamust be awhole-number ratio (by definition). To convert
theratio 1:1: 1.5to awhole-number ratio, each number in theratio wasmultiplied by 2, which gave
thesmplest formulaNa,S,0.,.
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PROBLEM-SOLVING TIP Know Common Fractionsin Decimal Form

As Example 24 illustrates, sometimes we must convert a fraction to a whole number by
multiplication by the correct integer. But we must first recognise which fraction is
represented by a nonzero part of a number. The decimal equivalents of the following
fractions may be useful.

Fraction | Decimal Equivalent | To Convert to Integer,
(to 2 places) Multiply by
1/2 0.50 2
1/3 0.33 3
2/13 0.67 3
14 0.25 4
3/4 0.75 4
1/5 0.20 5

multiplied by 5.

The fractions 2/5, 3/5/, 4/5 are equal to 0.40, 0.60, and 0.80, respectively; these should be

When we use the procedure given in this section, we often obtain numbers such as 0.99
and 1.52. Because there is usually some error.in results obtained by analysis of samples
(as well as roundoff errors), we would interpret 0.99 as 1.0 and 1.52 as 1.5.

Determination of molecular formulas

Percent composition datayield only simplest formul as. To determine the molecular formulafor amolecular
compound, both itssmplest formulaanditsmalecul ar wel ght must be known.

Millionsof compounds are composed of carbon, hydrogen, and oxygen. Analysesfor C and H can be performed
inaC—H combustion system. Anaccurately known mass of acompound isburned in afurnacein astream of
oxygen. The carbon and hydrogeninthe sample are converted to carbon dioxide and water vapour, respectively.
Theresultingincreasesin massesof the CO, and H,O absorbers can then berel ated to the masses and percentages
of carbon and hydrogenintheorigina sample.

Example — 25

Hydrocarbons are argani c compounds composed entirely of hydrogen and carbon. A 0.1647-gram sampleof a
pure hydrocarbon wasburned inaC—H combustion train to produce 0.4931 gram of CO, and 0.2691 gram of
H,O. Determinethe masses of C and H in the sampleand the percentages of these elementsin thishydrocarbon.
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/Critical thinking )
Step 1:

We use the observed mass of CO,, 0.4931 grams, to determine the mass of carbon in the ariginal
sample. Thereis one mole of carbon atoms, 12.01 grams, in each mole of CO,. 44.01 grams; we use
this information to construct the unit factor

12.01gC
44.01g CO,
Step 2:
Likewise, we can use the observed mass of H,0, 002691 grams, to cal cul ate the'amount of hydrogen

in the original sample. We use the fact that there are two moles of hydrogen atom, 2.016 grams, in
each mole of H,0, 18.02 grams, to construct the unit factor

2016 gH
18.02gH.,0O
Step 3:
Then we calculate the percentages by mass of each element inturn, using the relationship
% element = g glement x100%
\_ g sample )
Solution: Stepl: 29 C=04931gCO, x —2020C _41364C
44.019 CO,
Sep2 2gH=02691gH,0% =220 0H 3010 gH
18.02gH,0O

Ses wC=013409C L n00s=81720C
0.1647 g sample

oo H= 200100H 10000 = 18.28% H
0.1647 g sample

Total = 100.00%

When the compound to e analysed contains oxygen, the cal cul ation of theamount or percentage of oxygeninthe
sampleissomewhat different. Part of the oxygen that goesto form CO, and H,O comesfrom the sampleand part
comesfrom the oxygen Stream supplied. Thereforewe cannot directly determinetheamount of oxygenaready in
the sample. Thegpproachisto analyseaswedidin Example25for all elementsexcept oxygen. Then we subtract
the sum of their masses from the mass of the original sampleto obtain the mass of oxygen. The next example
illustratessuchacaculation.

Example — 26

A 0.1014-gram sample of purified glucose was burned inaC—H combustion train to produce 0.1486 gram of
CQO, and0.0609 gram of H,O. An elemental analysis showed that glucose containsonly carbon, hydrogen, and
oxygen. Determinethemassesof C, H, and O inthe sample and the percentages of these elementsin glucose.
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4 O
Critical thinking

Steps 1 and 2: Wefirst calculate the masses of carbon and hydrogen as we did in Example 25.

Step 3: The rest of the sample must be oxygen because glucose has been shown to contain
only C, H, and O. So we subtract the masses of C and H from the totalsmass of
sample.

Step 4. Then we calculate the percentage by mass for each element.

- J
_ 12.01gC
: : 20C=0.14869gCO, x ———————=0.040559g C
Solution: Step 1: 29 gLu, 44.01g CO, g
2.016 g H
: ?2gH=0.0609gH,0x ——————=0.00681gH
Step 2 20 92" 1802 gH,0 N

Step 3: ?2g 0 =0.1014 g sample—[0.04055 g C +0.00681 g H] =0.0540g O
Step 4: Now we can cal cul ate the percentages by masstor each element:

96 c= 20405509C 10000 = 30.999% C
0.1014 g

96 H = 20008LOH | 10096 =6.72% H
0.1014 g

9% 0= 2924090 10096 =532%0
0.1014 g

Total = 99.9%

For many compoundsthe mol ecular fermulaisamultipleof thesimplest formula. Consider butane, C,H, . The
simplest formula for butane is C,H,, but the molecular formula contains twice as many atoms; i.e.,

2x(CH,) =C,H,. Benzene, CH,, is another example. The smplest formulafor benzene is CH, but the

molecular formulacontainssixtimesasmany atoms; i.e., 6 x (CH) =C.H,.

Themolecular formulaforacompound iseither the sameas, or aninteger multiple of, the smplest formula.
molecular formula= nx smplest formula

Sowecanwrite

molecular weight = n x smpleformulaweight

_ molecular weight
simple t-formula weight

0

Themolecular formulaisthen obtained by multiplying thesmplest formulaby theinteger, n.
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Example — 27

In Example 26 wefound theel emental composition of glucose. Other experiments show that itsmolecular weight
isapproximately 180 amu. Determinethe smplest formulaand the molecular formulaof glucose.

(Critical thinking ™

Stepl: Wefirst use the masses of C, H, and O found in Example 26 to deter mine the simplest
formula.

Step2:  We can use the simplest formula to cal cul ate the simplest-formula weight: Because the
molecular weight of glucose is known (approximately 180 amu), wecan determine the
molecular formula by dividing the molecular weight by the simplest-formula weight.

molecular weight
simpest-formula weight
The molecular weight is n times the simpl est-formula‘wei ght; so the molecular formula of
\_ glucose is n times the simplest formula. )
Solution:  Step 1.
Element Mass of Moles of Element Divide by Smallest Whole
Element (divide mass by AW) Smallest Number

Ratioof Atoms

0.04055_ 0.003376 _
C 0.040559 =501 - 0.003376 mol 0003376 - 100C

H 0.00681 g %ggl =0.00676 mol 000676 _ 2.00H CH,O

0.003376 N,
O 005409 —2220-000338mol S8 — 10 o\/

16.00 0.003376

Step 2:
Thesimplest formulais CH,0, which hasaformulaweight of 30.02 amu. Becausethe molecular
welght of glucoseisapproximately 180 amu, we can determinethe molecular formulaby dividing the
molecular weight by thes mplest-formulaweight.
180 amu
30.02
Themolecular waight issix timesthes mplest-formulaweight, 6 x (CH,0) =C H_,O,, sothemolecular

6 1276
formulaof glucoseisCH,,O,.

=6.00

Aswe shall see whenwe discuss the composition of compoundsin some detail, two (and sometimes more)
elementsmay form morethan one compound. TheL aw of M ultiple Pr opor tionssummari sesmany experiments
on such compounds. Itisusudly stated: When two e ements, A and B, form more than one compound, theratio of
themassesof &ement B that combinewith agiven moledement A in each of the compounds can be expressed by
small whelenumbers. Weter, H,O, and hydrogen peroxide. H,O,, provide an example. Theratio of masses of
oxygenthat combinewithagivenmassof hydrogenis1:2inH,0and H,O,. Many similar examples, suchasCO
and €O, (1 : 2ratio) and SO, and SO, (2 : 3 ratio), are known. The Law of Multiple Proportions had been
recognised from studies of eemental composition beforethetimeof Dalton. It provided additional support for his
atomictheory.
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Example — 28

What istheratio of the masses of oxygen that are combined with 1.00 gram of nitrogenin the compounds N, O,
and NO?

Critical thinking
First we calculate the mass of O that combines with one gram of N in each compound. Then we

: . g0
determine the ratio of the values — 7 for the two compounds.

gN
9
Solution:  InN,O,: 290 _ 48090 _ 1.7190O/gN
gN 28.0gN
7
inNo; 299 - 16000 _, 144 oign
gN 14.0gN
90 (inN,0)
i gN " TS171g0gN 153
Theratiois T14gOlgN 110~ 2
%(inNO) —

We seethat theratiois 3 massunitsof O (inN,O,) to 2 massunitsof O (inNO).

SOME OTHER INTERPRETATIONS OF CHEMICAL FORMULAS

Oncewe master the mol e concept and the meaning of chemical formulas, we can usethemin many, other ways.
Theexamplesinthissectionillustrateafew additiona kindsof information we can get from achemica formulaand
the mole concept.

Example — 29

What massof chromiumis contaipedin35.8 gramsof (NH,),Cr,0.?
(" Critical thinking N
Let usfirst solve the problem in'several steps.
Step 1. The formula téllsus that each mole of (NH,),Cr, O, contains two moles of Cr atoms, so we
first find thesnumber of moles of (NH,).Cr,O., using the unit factor,
1 mol (NH,),Cr,0O,
252.09 (NH,),Cr,0O,

Step 2:  Then'we convert the number of moles of (NH,).Cr,O. iron the number of moles of Cr atoms
it‘contains, using the unit factor,

2 mol Cr atoms
1 mol (NH,),Cr,0O,

Step:3: We then use the atomic weight of Cr to convert the number of moles of chromium atoms to
mass of chromium.

\_ Mass (NH,),Cr,O, — mol(NH,),Cr,0, — mol Cr — Mass Cr )
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1 mol (NH,),Cr,0O,
252.0g (NH,),Cr,0O,

Solution:  Step 1: 2 mol (NH,),Cr,O, = 35.8 g (NH,) ,Cr,O, x

=0.142 mol (NH,),Cr,O,

2 mol Cr atoms
1 mol (NH,),Cr,O,

Step2: ?mol Cr atoms =0.142 mol (NH,),Cr,0, x

=0.284 mol Cr atoms

52.0gCr
1 mol Cr atoms
If you understand the reasoning in these conversion. you should beableto solvethisproblemina
singlesetup: (try it yourself first and then compare to the sol ution givenbel ow.)
1 mol (NH,),Cr,O, N 2 mol.Cr.atoms 8 52.09Cr
252.09(NH,),Cr,0, 1mol(NH,),Cr,0, 1molCr

Step 3: 29 Cr = 0.284 mol Cr atoms x =14.89Cr

?9Cr=35.89(NH,),Cr,O, x =14.89gCr

Example — 30

What mass of potassium chlorate, KCIO,, would contain 40.0 gramsof oxygen?

Critical thinking

Theformula KCIO, tells us that each mole of KCIOy contains three moles of oxygen atoms. Each mole
of oxygen atoms weighs 16.0 grams. So we can.set.up the solution to convert:

MassO - mol O — mol KCIO, = MassKCIO,

1molOaoms ~ 1mol KCIO,  122.6gKCIO,
16.0gO0aoms 3mol Oatoms  1mol KCIO,

=102 gKClO,

Solution: 29 KCIO, =40.0g 0O x

PROBLEM-SOLVING TIP  How Do We Know When...
How do we know.when‘to represent oxygen as O and when as O,.? A compound that

contains oxygen does not contain O, molecules. So we solve problems such as Examples
30 and 31 in terms of moles of O atoms. Thus, we must use the formula weight for O,
16.0g Oatoms

imol Oatoms -
elements that are polyatomic molecules in pure elemental form, such asH,, Cl,, or P,.

which is Similar reasoning applies to compounds containing other

Example — 31

@ What mass of sulphur dioxide, SO, would contain the same mass of oxygen asiscontainedin 33.7 g of

arsenic pentoxide, As,O, ?
(b) What massof calcium chloride CaCl,,, would contain the same number of chlorideionsasare contained
In48.6 g of sodium chloride, NaCl?
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4 Critical thinking )

(@) We would find explicitly the number of grams of O in 33.7 g of As,O,, and then find the mass of
SO, that contains that same number of grams of O. But this method includes some unnecessary

calculation. We need only convert to moles of O (because thisisthe same amountof O regardless
of its environment) and then to SO,

Mass As,O, — mol As,O, -~ mol O atoms — mol SO, - Mass SO,

(b) Because one mole always consists of the same number (Avogadro’s number) of items, we can
reason in terms of molesof Cl™ ions:

Mass NaCl — mol NaCl - mol CI”ions - mol CaCl = Mass CaCl,
- /

1molAs,O >(5mo| O aoms

Solution: (8  ?¢gS0,=33.79 As,O.x
e 229.8g As,O, 1mol As,O;

o L mol SO, , 6419 SO,

=23.59S0,
2mol Oatoms 1mol'SO,
() 2gCaCl,=48.6NaClx Mo Nacl  1molCl
58.4g NaCl ‘1mol NaCl
xlmol CaCl, ><111.Og CaCl, - 46.2g CaCl,

2mol Cl~ 1mol CaCl,

We have aready mentioned the existence of hydrates (for example, (COOH),»2H,0 and CuSO,*5H,0. Insuch
hydrates, two components, water and another compound are present in adefiniteinteger ratio by moles. The
following exampleillustrateshow wemight find usetheformulaof ahydrate.

Example — 32

A reaction requires pure anhydrouseal cium sul phate, CaSO,. Only an unidentified hydrate of calcium sulphate,
CaSO,*xH,0, isavailable.

(&) Weheat 67.5 g of the unknown hydrate until all thewater hasbeen driven off. Theresulting mass of
pure CaSO, is53.49. What istheformulaof thehydrate, and what isitsformulaweight?

(b) Supposewewishito obtain enough of thishydrateto supply 95.5 gramsof CaSO,. How many grams
should weweighout?

(" Critical thihking R

(@) To find the formula of the hydrate, we must find the value of x in the formula CaSO,*xH,O. The
mass of water removed from the sample is equal to the difference in the two masses given The
value of x is the number of moles of H,O per mole of CaSO, in the hydrate.

(b) The formula weights of CaSO,, 136.2 g/mol, and of CaSO,*xH.0, (136.2 + x18.0 g/moal, allow us
to write the conversion factor required for the calculation. y
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Solution: (a) ? gwater driven off =67.59 CaSO,»xH,0—-53.4gCaS0O,=14.1g H,O
_?molH,0 _ 141gH,0O 9 1mol H,O >(136.29 CaSO, _2.00mol H,O

X= =
mol CaSO, 53.4g CasO, 18.0gH20

1mol CaSO,

mol Caso,

Thus, theformulaof thehydrateis CaSO, [2H,0. Itsformulaweightis
FW =1x(formula weight CaSO,) +2 x(formula weight H,O)

=136.2 g/mol +2(18.0g/mol) = 172.2 g/mol

(b) Theformulaweightsof CaSO, (136.2 g/mol) and of CaSO,+2H,0O(172.2g/mol) allow usto
writethe unit factor

172.2 g CaSO, [2H,0

136.2g CaSO,

Weusethisfactor to perform therequired conversion:

29 CaS0, 2H,0 =955 g CaSO, desired

172.2g CaSO, (2H,0

= 121g CaSO, [2H,0

136.2g CasO,

Many important relationshipshave beenintroduced in this ehapter. Some of the most important transformations
you have seenin sections 1 and 2 are summarised inthefollowing figure:

MIXTURE
CONTAINING A

%A PartsA (by mass)

Mass mixture |«

(by mass) ~ 100 parts mixture (by mass)

| B =
i Density _Mass mixturei
| mixture ~ Vol mixture !

Vol mixture

Figure: Some important relationships from sections 1 and 2.
The relationships that provide unit factors are enclosed in

dotted boxes.

PUREA
Vol A
T I\_/I ""A’
i ; _ MassA |
iDens|tyA_ Vol A i
MassA
gA’
i FWA = oA |
MolesA
! Avogadro's_ FunitsA |
i Number = mo A |
F unitsA
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Having finished this section, we are hereby providing you with some good scientific articles from
various sources. The idea behind providing you with these articles is to help you develop a broad
scientific aptitude in general. We have always believed that proper education is not just about
cramming of some results and facts and then reproducing them in the examination hall..It is about
going deep into every concept that comes your way and focus on understanding it completely. If
this is taken care of, the examination generally takes care of it self. This is the.approach that has
been maintained throughout this study material. But we expect more for our. students than just
understanding and applying concepts in solving problems. We want you-to develop a broad
scientific aptitude on the concepts that you learn and appreciate its various nuances and its
application and relation to our daily lives. To help you in developing this broad aptitude, we hereby
are providing you with some general scientific articles generally using whatever you have learnt in
this chapter so far. We will be providing you with more such articles-as you proceed along with
your studies. We hope that this should inspire you enough to.leok for such articles on your own
from various sources like the internet and scientific journals. In the process, we hope that you come
to appreciate science on your own and develop a flair for the subject you have decided to make
your career in!

Article 1: Science and the Scientific Method

All liveand nonliving entities, from single cell sand compl ex animal sto starsand gal axies, undergo change. They
emerge, age, die, and continueto change even afterdeath. Scienceisthe careful inquiry into the many changesthat
occur within us, around us, and throughout our universe.

Many peopleareinterested in and seek explanationsfor the changesthey observe. Some become so interested
and fascinated with transformationsthat they devotetheir livesto the study of changes. In sodoing, they gaina
deeper understanding of redity. Scienceisavehicleused to study changes, thosewho pursuethisstudy arecalled
scientists.

Some of the observationsthat wemake about the propertiesand behaviour of the matter around usarequalitative
(onesubstanceisashiny solidthat conductsel ectricity; another substancereactsviolently with water ) and others
are quantitative (the pressure of agasismeasured to be 1 atmosphere; water is 11.1% hydrogen and 88.9%
oxygen by mass). Theresultof an accurate observationisafact. Often wefind patternsin thefactswe observe.
A lawisaconciseverbal ormathematical statement of agenerally observed pattern of behaviour.

After many facts have been observed, it ishuman natureto try to discover or devel op an explanation for the
observations (facts). Scientistsusetheir imaginationsand reasoning powers to devel op specul ative explanations
caled hypothesesfor their observations. They then perform additional experiments, makefurther observationsto
weed out falseeonjecture, and try to devel op better explanationscalled theories. Thisapproach used by scientists
to devel op, test, and refine explanationsfor observed changesis called the scientific method.

We canunderstand the scientific method by applyingit to an everyday situation such astrying to determinewhy an
air conditioner inacar isn’t working properly. Let’ sassumethat one day, whiledriving to school, you noticethat
theinside of your car iswarmer and more humid than usual. You have observed achange. You remember that
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whileyou were stopped at atrafficlight yesterday, another student droveinto theside of your car. You speculate
that the damagefrom theimpact causesyour car door to closeimproperly. If thedoor doesnot close properly, the
cool air produced by theair conditioner can escape, and the air conditioner becomeslesseffective. Thisisyour
educated guess or hypothesisfor the changein temperature and humidity that you observe.

You check the car door and find that it is damaged and doesn’t close properly. Your educated guess has passed
thisadditional observation. However, after having your door properly aligned at abody shop; younoticethat the
heat and humidity within the car are still uncomfortable. Your educated guesswaswrong, or at least incomplete.
Your tentative conjectureto explain thechangein humidity and heet isnot supported by reproduci ble observations
or experiments. So you look further. You consider the possibility that therefrigerant level insidetheair conditioner
may below, so you takeyour car to an airconditioning service center. The mechanic correctsthe problem, and
your air conditioner then works properly. You now feel confident that your “ refrigerant explanation” wascorrect.
Your last educated guess (hypothesis) hasnow been elevated to thelevel of atheory.

Unknown to you, however, the mechanic had noticed that apiece of paper had blown against the cooling coilsof
your air conditioner. Thispaper prevented theair conditioner fromworking properly. Themechanic smply removed
the paper and charged you $95 to “ service your air conditioner,” and yougo through life mistakenly confident
about your “refrigerant theory.”

A good hypothesis or theory does morethan correctly explain redlity. A good hypothesisor theory must also be
ableto predict reality. When prehistoric men observed changes; they sometimes created superstitionsto explain
their observations. For example, when thunderstorms suddenly devel oped, the angry Thunder God explanation
wasinvoked. Although thisexplanation provided our early ancestorswith an explanation for sudden changesin
westher, it did not givethem the ability to make correctpredictions about thunderstorms, aserious shortcoming.
A hypothesisor theory gainsstatus asits predictionsaretested and verified.

Sometimes, both scientistsand the public misusetheward “ theory” to mean either an educated guessor afact. A
theory is neither afact nor a simple educated guess. Facts are things that we can observe. Correctly made
measurementsarefacts. A smpleeducated guessisahypothesis. A theory may have begun asan educated guess,
but the educated guess achievesthe statusof theory only after it survivesrepeated testing.

For any given phenomenon, it ispossibleto ereate many explanations. Only with time, continued observations,
and confirmation by others can oneexplanation dominate al others and become accepted by the majority of
scientists. Even o, the accepted lawor model may still require modifications as more observations are made.

Chemistry / Basics of Chemistry www.locuseducation.org




[Locus 29

Article 2: The“size” of Avogadro’s Number

If you think that thevalue of Avogadro’snumber, 6 x10%, istoo largeto be useful to anyone but chemists, look

up into thesky onaclear night. You may beableto see about 3,000 starswith the naked eye, but thetotal number
of starsswirling around you in theknown universeis approximately equal to Avogadro’snumber.dust think, the
known universe containsapproximately onemoleof stars! You don't haveto leave Earth toencounter such large

numbers. Thewater in the Pacific Ocean hasavolumeof about g x 102 millilitersandamassof about g x 1023

grams.

Avogadro’snumber isalmost incomprehensibly large. For example, if onemoleof rupeesweregiven away at the
rateof amillion rupeesper second beginning when the Earth first formed some4.5billion yearsago, would any
remain today? Surprisingly, about threefourths of the original mole of rupeeswould beleft today; it would take

about fourteen billion, five hundred million moreyearsto give away theremaining money a onemillion rupeesper
second.

Computers can be used to provide another illustration of the magnitude of Avogadro’snumber. If acomputer can
count up to onebillionin one second, it would take that computer-about: 20 millionyearsto count upto g x 10%.
In contrast, recorded human history goes back only afew thousand years.

Theimpressively large size of Avogadro’snumber can give usvery important insghtsinto thevery small sizesof
individual molecules. Suppose onedrop of water evaporatesinone hour. Thereareabout 20 dropsinonemilliliter
of water, which weighs one gram. So onedrop of water isabout 0.05 gram of water. How many H,O molecules
evaporate per second?

? H,0 molecules _ 0.05g9gH,O0 _1molH,O
= X X
second 1hr 18g H,O

6x10* H,Omolecules _1hr _ 1min
1mol H,0O 60min  60s

=5x10" H,0O molecules/second

5x10" H,O moleculesevaporating per second isfive hundred million billion H,O molecules evaporating per
second—anumber that isbeyondour comprehension! Thiscal culation helpsusto recognisethat water molecules
areincredibly small. Thereare approximately 1.7 x10% water moleculesinasingledrop of water.

By gaining someappreciation of thevastnessof Avogadro’snumber, wegain agrester appreciation of theextremely
tiny volumes occupied by individua atoms, molecules, andions.
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Article 3: Names of the Elements

If youwereto discover anew el ement, how would you nameit? Throughout history, scientistshaveanswered this
guestionin different ways. M ost have chosen to honour aperson or place or to describe the new substance.

Until theMiddle Agesonly nineelementswereknown: gold, silver, tin, mercury, copper, |ead;iron, sulphur, and
carbon. The metals' chemical symbols are taken from descriptive Latin names: aurum (“yellow”).
Argentum(“shining”), Sannum(“dripping” or “easily melted”), hydrargyrum(“ sllvery water” ), cuprum(Cyprus,
where many copper mineswerelocated, plumbum (exact meaning unknown—possibly “heavy”) , andferrum
(alsounknown). Mercury isnamed after the planet, one reminder that the ancients associated metal swith gods
and celestial bodies. Inturn, both the planet, which movesrapidly acrossthe sky, andthe element, whichisthe
only metal that isliquid at room temperature and thusflowsrapidly, are namedfor the fleet god of messengersin
Roman mythology. In English, mercury isnicknamed “ quicksilver.”

Prior tothereformsof AntoinelLavoiser, chemistry wasalargely nonquantitative, unsystematic scienceinwhich
experimenters had little contact with each other. In 1787 Lavoisier published his Methode de Nomenclature
chimique, which proposed, among other changes, that all new el ementsbenamed descriptively. For the next 125
years, most elementswere given namesthat corresponded to their properties. Greek rootswere one popul ar
source, asevidenced by hydrogen (hydros-gen, “ water-producing”), Oxygen (oksys-gen, “ acid-producing”)
nitrogen (nitron-gen “ soda-producing”), bromine (bromos, “stink™), and argon (a-er-gon, “No reaction”). The
discoverersof argon, Ramsay and Rayleigh, originally proposed the name aeron (from aer or air) but critics
thought it wastoo closeto thebiblical nameAaron! Latinroetssuch asradius(“ray”) wereaso used (radium and
radon are both naturally radioactive el ementsthat emit “rays’). Colour was often the determining property,
especially after theinvention of the spectroscopein 1859, because different elements(or thelight that they emit)
have prominent characteristic colours. Cesium, indium, iodine, rubidium, and thalliumwereall named inthis
manner. Their respective Greek and L atin rootsdenote blue-gray, indigo, violet, red, and green (thallus means
“treesprout”). Because of thegrest variety of coloursof itscompounds, iridiumtakesitsnamefrom theLatiniris,
meaning rainbow. Alternatively, an e ement namemight suggest aminera or theorethat containedit. Oneexample
iswolfram or tungsten (W), which wasisolated from wolframite. Two other “inconsistent” elementa symbols, K
and Na, arose from occurrence aswell. Kaliumwasfirst obtained from the saltwort plant, Salsola kali, and
natriumfrom niter. Their English names, potassium and sodium, are derived from the ores potash and soda.

Other elements, contrary to Lavoisier’s suggestion, were named after planets, mythological figures, places, or
superditions.“ Cdedid dements’ includehdium (sun), tellurium (earth), selenium (moon-thed ement wasdiscovered
in close proximity to tellurium), cerium (the asteroid Ceres, which was discovered only two yearsbeforethe
element), and uranium (the planet Uranus, discovered afew yearsearlier). Thefirst two transuranium elements
(those beyond uranium)te be produced were named neptunium and plutonium for the next two planets, Neptune
and Pluto. The names promethium (Prometheus, who stolefirefrom heaven), vanadium (Scandinavian goddess,
Vanadis), titanium«(Titans, thefirst sonsof the earth), tantalum (Tantal os, father of Niobe), and thorium (Thor,
Scandinavian god of war) al arisefrom Greek or Norse mythology.

“Geographica elements,” sometimeshonoured the discoverer’ snative country or workplace. TheLatin namesfor
Russia(ruthenium), France (Gallium), Paris (lutetium), and Germany (ger manium) were among those used.
Marie Sklodowska Curie named one of theelementsthat shediscovered polonium, after her native Poland. Often
thelocaleof discovery lendsitsnameto the element; therecord holder iscertainly the Swedishvillage Y tterby, the
gteof oresfromwhichthefour dementsterbium, erbium, ytterbium, and yttrium wereisol ated. Elementshonouring
important scientistsinclude curium, eingtei nium, nobelium, fermium, and lawrencium.
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Most of the elements now known were given titles peacefully, but afew were not. Niobium, isolated in 4803 by
Ekeberg from an ore that also contained tantalum, and named after the Greek goddess Niobe (daughter of
Tantalus), was|ater found to beindentical to an 1802 discovery of Hatchett, columbium. (Interestingly, Hatchett
first found the element in an ore sample that had been sent to England more than a century earlier by John
Winthrop, thefirst governor of Connecticut.) While*® niobium™ becamethe accepted designation inEurope, the
Americans, not surprisingly, chose* columbium.” 1t was not until 1949-when the I nternationa Wnion of Pureand
Applied Chemistry (IUPAC) ended morethan acentury of controversy by ruling in favor of mythology, that
element 41 received aunique name.

In 1978, the IUPA C recommended that, at |eas for now, the elements beyond element 103 be known by
systematic namesbased on numerical roots; element 104 isunnilquadium (unfor 1, nil for O, quad for 4,
plusthe-ium ending), followed by unnilpentium, unnilhexium, and so on. Arguments over the proper
namesof eements 104 and 105 prompted the lUPA C to begin hearing claimseofpriority to numbers 104 through
109, but namesfor those elements have not yet been officially approved by, lUPAC. In November 1993, the
Nomenclature Committee of the American Chemical Society (ACS) endersedthe useinthe United States of the
namesrutherfordium (Rf) and hahnium (Ha) for elements 104 and 105; and niel shohrium (Ns), hassium (Hs) and
meitnerium (Mt) for 107, 108, and 109, respectively. The name seaborgium (Sg), proposed by ACSfor e ement
106, has been rejected by IUPAC. You will recogni se some of these as derived from the names of scientists
prominent in the devel opment of atomic theory; othersare namedforscientissswhowereinvolved inthediscovery
of theseheavy elements.
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TRY YOURSELF - 11

Q.2

Q.3

Q.4

Q.5

Q.6
Q.7

Q.8

Q.9

Q.10

Convert each of thefollowinginto acorrect formularepresented with correct notation.
(&) AIOH,;  (b) Mg(CO); (9 Zn(CO,),; (d) (NH,)?SO,; “(e) Mg,(SO,),

Two (2,000) molesof Ni atomshavethe same massas 1.223 moles of atomsof another element. What
istheatomic weight of the other element? What isit? (Refer to any standard list of Atomicweights).

How many molesof substanceare contained in each of thefollowing samples?
(@ 16.8gof NH_; (b) 3.25kgof ammonium bromide; (c) 5.6 gofiPCl_; (d) 126.5gof Sn.

A 0.1647 gram sample of apure hydrocarbon was burned inaC-H combustion train to produce 0.5694
gramof CO, and 0.0826 gram of H,O. Determinethe masses of C and H.inthe sample and the percentages
of these e ementsinthishydrocarbon.

Nitricoxide, NO, isproduced ininternal combustion engines. When NO comesin contact with air, itis
quickly converted into nitrogen dioxide, NO,, avery poisonous, corrosive gas. What massof Ois
combined with 3.00g of N in () NO and (b) NO,? Show that/NO and NO, obey the Law of Multiple
Proportions.

What mass of NaCl would contain the sametotal number of ionsas 245 g of MgCl.?

(a) What isthe percent by mass of oxalic acid, (COOH),, inasample of pure oxalic acid dihydrate,
(COOH),*2H,0?(b) What isthe percent by massof (COOH), inasamplethat is72.4% (COOH),»2H,0
by mass?

We can drive off the water from copper sulphate pentahydrate, CuSO,*5H,0, by heating to obtain
anhydrous (meaning “without water*) CuSO,. An experiment callsfor 10.0 g of CuSO,. How many
gramsof CuSO,*5H,0 should we use to supply 10.0 g of CuSO,

Onemethod of analysing for theamount of Cr, O, inasampleinvolvesconverting thechromiumtoBaCrO,,
and then weighing theamount of BaCrO, formed. Supposethat thisprocess could be carried out withno
lossof chromium. How many gramsof Cr,O, arepresent intheorigina samplefor every gramof BaCrO,
that could beisolated andweighed?

Near room temperature thedensity of water is1.00 g/mL and the density of ethanol (grainacohol) is
0.789 g/mL. What yolume of ethanol containsthe same number of moleculesare present in 125 mL of
H,O?.
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TRY YOURSELF - I

ANSWERS

1. AI(OH), MgCQ,; ZnCQO,; (NH,),SO,; MgSO,
2. =95.97;Molybdenum
3. (a)0.988mol NH,
() 33.2mol NH,Br
(¢) 0.027 mol PCI,
(d) 1.066 mol Sn
4.  94.35% carbon; 5.61% hydrogen
(a) 3.43gramsof O
(b) 6.86 gramsof O
6. 225gramsof NaCl
7. (9 71.40%
(b) 51.7%
8.  15.6gramsof CuSO,.5H,0
9. 03gramsof Cr,0,
10. 406 mL ethanol
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