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WhatisThermochemistry?

Thermochemistryisanaspectofchemistrythatdealswiththeamountofheat

exchange(i.e.,absorbedorreleased)duringachemicalreaction

AthermochemicalequationisachemicalequationwiththeΔHforthereaction

included

RulesofThermochemistry

1.ThemagnitudeofΔHisdirectlyproportionaltotheamountofreactantorproduct:

(i)Ifareactionisdividedby2,soisΔH

(ii)Ifareactionismultipliedby6,soisΔH

2.ΔHforthereactionisequalinmagnitudebutoppositeinsignforΔHforthereverse

ofthereaction

3.ThevalueofΔHisthesamewhetherthereactionoccursinonesteporasaseries

ofsteps.ThisruleisadirectconsequenceofthefactthatΔHisastatevariable.This

ruleisastatementofHess’sLaw.

ReactionEnergy:

a.Thestudyofenergyinchemicalreactionsiscalledthermodynamics,whichliterally

means“changesinheat.”

b.Thestandardconditionsforthermodynamicsare

i.Standardtemperature=25°C=298K

ii.StandardPressure=1atm

iii.NoticethatthesearedifferentthanSTPforgases(whereST=273KandSP=

1atm).

c.Allchemicalreactionseitherreleaseorrequire(absorb)energywhentheyoccur.

Anotherwayforsayingthisisthatreactionseither“giveoff”or“takein”energy.

d.Heatenergyisreferredtointhiscourseasenthalpy(H).

i.Enthalpyistheheatabsorbedorreleasedbyasystem atconstantpressure.

ii.Itisimpossibletomeasureenthalpydirectly.Onlychangesinenthalpyareusedin

thiscourse.Weonlyuse“ΔH”inthiscourse.ΔH=Hfinal-Hinitial

iii.Unitsofheatenergy.Wewillusejoules(J)orkilojoules(kJ).
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iv.System (thechemicalreactionunderstudy),surroundings(everyplaceinthe

universeexceptthesystem),anduniverse(thesystem andthesurroundings)

v.Exothermicreactions:Anexothermicreactionisareactioninwhichheatisreleased

bythesystem tothesurroundings.From theperspectiveofthesystem,“heatisgiven

off.”Foranexothermicreaction,thesignofΔH isnegative.Whenareactionis

exothermic(ΔHisnegative),thatisafavourablecondition.Enthalpyisjustoneofthe

variablesinvolvedwhenpredictingwhetherornotareactionwilloccur,butreactions

whichreleaseheataremorelikelytooccurthanonesinwhichheatisrequired,all

thingsbeingequal.

Example:Aswaterfreezes,itmustgetridof(release,giveoff)heat.Therefore,ifthe

waterisconsideredthesystem,thenthefreezingofwaterisexothermic

vi.Endothermicreactions:Anendothermicreactionisareactioninwhichheatis

absorbedbythesystem from thesurroundings.From theperspectiveofthesystem,

“heatistakenin.”Foranendothermicreaction,thesignofΔH ispositive.Whena

reactionisendothermic(ΔHispositive),thatisanunfavourablecondition.Enthalpyis

justoneofthevariablesinvolvedwhenpredictingwhetherornotareactionwilloccur,

butreactionswhichabsorbheatarelesslikelytooccurthanonesinwhichheatis

released,allthingsbeingequal.

Example:Asicemelts,ithastoabsorbheat.Therefore,ificeisdefinedasthesystem,

thenthemeltingoficeisendothermic.

ConventionsforThermochemicalEquations

1.ThesignofΔHindicateswhetherthereactionisendothermicorexothermic;ΔHis

directlyproportionaltotheamountofreactantorproduct

2.Thecoefficientsofthethermochemicalequationrepresentthenumberofmolesof

reactantandproduct.

3.Thephasesofallreactantandproductspeciesmustbestated

4.ThevalueofΔHapplieswhenproductsandreactantsareatthesametemperature,

usually25°C

Forcalculations:

 Ifareactionisdividedby2,soisΔH;ifareactionismultipliedby6,soisΔH

 ΔHchangessignwhenthereactionisreversed

 ΔHhasthesamevalueregardlessofthenumberofsteps
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TypesofHeat(Enthalpy)ofReaction

Heatofformationisdefinedasthechangeinenthalpythattakesplacewhenone

moleofthecompoundisformedfrom itselement.Itisdenotedbychangeinheatof

formationΔHf.Theenthalpyofformationofanelementinitsstandardstateat25°C

is“0"foritsΔHθ
f.

Question:Findthestandardchangeinenthalpyfortheevaporationofwater,andstate

whetherthereactionisexothermicorendothermic.

(Watervapour,Hθ
f=-241.82kJ/mol;liquidwater,Hθ

f=-285.82kJ/mol).

Answer:H2O(l)⟶H2O(g)

ΔHθ
rxn=ΔHθ

f(products)–ΔHθ
f(reactants)

ΔHθ
rxn=-241.82–(-285.82)

ΔHθ
rxn=44kJ/Kmol.Thus,thereactionisendothermic

Question:Findthestandardchangeinenthalpyforthecondensationofwatervapour,

andstatewhetherthereactionisexothermicorendothermic

StandardHeatofFormation:Thestandardheatofformationofacompoundis

definedasthechangeinenthalpythattakesplacewhenonemoleofthecompoundis

formedfrom itselement,allsubstancesbeingintheirstandardstate(298kand1atm

pressure).

HeatofreactionorEnthalpyofreaction:Heatofreactionmaybedefinedasthe

amountofheatabsorbedorevolvedinareactionwhenthenumberofmolesof

reactants,asrepresentedbythebalancedchemicalequations,changedcompletely

intotheproduct.

CO(g)+½O2(g)⟶ CO2(g), ΔH=-284.5KJ

The heatexchange accompanying a reaction taking place at298k and one

atmosphericpressureiscalled theStandard HeatchangeorStandard Enthalpy

change.It’sdenotedbychangeinΔH¬θ

StandardHeatofReaction(ΔHθ)from standardheatofformation(ΔHθ
f)

Thestandardheatofreactionisequaltothestandardheatofformationof

product—thestandardheatofformationofreactant

ΔHθ=ΔHθ
f(products)⟶ΔHθ

f(reactants)

Letusconsiderthegeneralreaction
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aA+bB⟶ cC+dD

ΔHθ=ΔHθ
f(products)⟶ΔHθ

f(reactants)

=[c*ΔHθ
f(C)+d*ΔHθ

f(D)]⟶[a*ΔHθ
f(A)+b*ΔHθ

f(B)]

HeatofCombustion:Theheatofcombustionofasubstanceisdefinedasthechange

inenthalpyofasystem whenonemoleofthesubstanceiscompletelyburntinexcess

ofairoroxygen.ItisdenotedbychangeinHC

CH4(g)+2O2(g)⟶CO2(g)+2H2O(l), ΔHc=-21.0Kcal

Heatofcombustionisalways–ve

HeatofNeutralization:Heatofneutralizationisdefinedasthechangeinheatcontent

(enthalpy)ofthesystem whenoneform equivalentofanacidisneutralizedbyone

form equivalentofabaseorviceversaindilutesolution

HNO3(aq)+NaOH(aq)⟶ NaNO3(aq)+H2O(l), ΔH=-13.69Kcal
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Question:
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ENTROPY

Therandomnessordisorderofasystem istheentropy(S)ofthatsystem.Thechange

inentropydenotes“ΔS”.

Highlights:

 WhenareactionhasapositiveΔS,thatisafavourablecondition.Entropyisjust

oneofthevariablesinvolvedwhenpredictingwhetherornotareactionwill

occur,butreactionswhichincreaseentropyaremorelikelytooccurthanonesin

whichtheentropydecreases,allthingsbeingequal.

 WhenareactionhasanegativeΔS,thatisanunfavourablecondition.Entropyis

justoneofthevariablesinvolvedwhenpredictingwhetherornotareactionwill

occur,butreactionswhichdecreaseentropyarelesslikelytooccurthanonesin

whichtheentropyincreases,allthingsbeingequal.

 UnitsofΔSisJ/(K.mol)

GIBBSFREEENERGYANDREACTIONSPONTANEITY

Thespontaneityofachemicalreactionisthepossibilityofthereactionoccurringor

notwithouttheaidofoutsideenergy.

Highlights:

 Ifareactionoccurswithoutanetinputofenergy,itiscalled“spontaneous.”This

typeofreactionactuallyreleases(“givesoff”)usefulenergy.

 Ifareactionrequiresenergyinordertooccur,itiscalled“nonspontaneous.”

Thistypeofreaction“takesin”energywhenitoccurs.

 Gibbsfreeenergyistheenergythatis“free”todowork.

 UnitsofGibbsfreeenergy:mostoftenkJ/mol.

 Importantformula:ΔG=ΔH–TΔS,whereΔGisthechangeinGibbsfreeenergy.

Tablesummarizingfavorabilityandspontaneity

EndResult SignofΔH SignofΔS OverallSign of

ΔG

Spontaneous -ve(favourable) +ve(favourable) –

DependsonT -ve(favourable) -ve(unfavourable) ?

DependsonT +ve(unfavourable) +ve(favourable) ?

Nonspontaneous +ve(unfavourable) -ve(unfavourable) +
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LATTICEENERGY

Thepositiveandnegativeioninanioniccrystalareheldtogetherbyelectrostatic

forces.Thebondenergyisexpressedintermsofthelatticeenergywhichmaybe

definedastheenergyrequired(enthalpychange)toconvertonemoleofanionicsolid

intogaseousionicconstituents.

NaCl(s)⟶Na+
(g) +Cl-

(g)

ABorn-HabercyclefortheformationofNaClcrystalfrom itselement

HessLawApplicationintheDeterminationofLatticeEnergy

HessLaw:Hesslawstatethatifachemicalchangecanbemadetotakeplaceintwo

ormoredifferentwayswhetherinonesteportwoormoresteps,theamountoftotal

heatchangesissame,nomatterbywhichmethodthechangeisbroughtabout.

ThelatticeenergyofanioniccrystalcanbefoundbyapplyingHesslaw.Consideran

enthalpychangeforthedirectformationofNaCl

Na(s) +½Cl2(g)⟶NaCl(s), ΔHθ =-411KJmol-1

Step1:conversionofsodium metaltogaseousatom

Na(s)⟶ Na(g), ΔH1
θ=+108KJmol-1

Step2:Dissociationofchlorinemoleculestochlorineatoms

½Cl2⟶Cl(g), ΔH2
θ =+121KJmol-1

Step3:Enthalpyofionization;conversionofgaseoussodium tosodium ionbylossof

anelectron

Na(g)⟶Na+
(g) +e-, ΔH3

θ =+495KJmol-1

Step4:Chlorineatom gainsanelectrontoform chlorineion.Theenergyofelectron

affinityofchlorine

Cl+e- ⟶Cl-
(g), ΔH4

θ =-348KJmol-1

Step5:Sodium andchlorideionsgettogetherandform thecrystallattice

Na+
(g) +Cl-

(g)⟶NaCl(s), ΔH5
θ =-(latticeenergy,L.E.)

ΔHf
θ=ΔH1

θ+ΔH2
θ+ΔH3

θ +ΔH4
θ+ΔH5

θ

-411kJ=108+121+495–348+(–L.E.)

Latticeenergy=+787KJmol-1.
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CHEMICALKINETICS:RATESOFREACTION

Thisisthestudyoftherateofreactioninchemistry.AtypicalreactionrateunitisM/s,
thechangeinconcentrationofaspeciesperunittime.Increasingreactionratesisthe
goalofmanyindustrial(andbiological)processes.

Chemicalkineticscoversthefollowing.

1.Therateofreactionsandratelaws;

2.Thefactorsastemperature,pressure,concentrationandcatalystthatinfluences
therateofreaction;

3.Themechanism orthesequenceofstepsbywhichareactionoccurs.

The rate ofchemicalreaction depends on the nature ofreactant,temperature,
concentrationorpressureofthereactant,surfaceareaofthereactantsandthe
presenceofcatalyst

1.Natureofthereactants:Thecomplexityofthereactantwillaffecttheirabilityto
colliderightly.

2.Effectoftemperature:Achemicalreactionisaffectedbytemperaturebecausethe
velocityofthereactingmoleculesisalteredbychangeintemperature.Increasein
temperatureincreasetherateofreactingmolecule.AccordingtoMaxwell-Boltzman’s
molecularvelocitydistribution,highertemperatureactivatesmoremoleculestoattain
highvelocitywhichisrequiredforeffectivecollision

3.Effectofpressure/concentration:Withtheexceptionofzeroorderreaction,therate
ofchemicalreactionisdirectlyproportionaltotheconcentrationofthereactingspecie
ortothepressureofthereactingspecies(ifthereactantsaregaseous).

4.EffectofSurfaceArea:Thisisimportantonlyifthesystem isheterogenous.The
largerthesurfaceareaforcontact,themoremoleculesthatareexposedtoeachother
andthemorethenumberofpossiblecollisions.

5.Effectofcatalyst:Thepresenceofcatalystcanincreaseordecreasethespeedofa
reaction.Forinstance,hydrogenandoxygendonotcombinebutinthepresenceof
platinum catalyst.Similarly,asmallamountofglycerinslowsdownthedecomposition
ofhydrogenperoxide.

Inchemicalkinetics,reactioncanbecategorizedintotwo:

1.Homogenousreaction:Ittakesplacesentirelyinonephase.

2.Heterogeneous:Ittakesplaceintwoormorephases.Forexample,gaseous
reactiontakingplaceonthesurfaceofasolidcatalyst.

RATEOFREACTION
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Therateofareactiontellsusthespeedofreaction.Considerasimplereaction:

A ⟶ B.

TheconcentrationofreactantAdecreasesandthatofBincreasesastimepasses.

Therateofreactionisdefinedasthechangeinconcentrationofreactantorproduct
perunittime.Forthegivenreaction.Therateofreactionmaybeequaltotherateof
disappearanceofAwhichisequaltotherateofappearanceofB.Therefore,

rate=-d[A]/dt=+d[B]/dt.

WheresquarebracketrepresentsconcentrationofAandB.Thenegativesignshows
theconcentrationofAdecreasesinthecourseofthereaction.Whereasthepositive
signindicatesincreaseintheconcentrationofBasthereactionproceeds.

THERATELAW

Atafixedtemperature,therateofagivenreactiondependsonconcentrationof
reactant.Theexactrelationshipbetweenconcentrationandrateisdeterminedby
measuringthereactionratewithdifferentinitialreactantconcentration.Itisshown
thattherateofreactionisdirectlyproportionaltothereactionconcentration,each
concentrationbeingraisedtosomepowers.

Thus,forasubstanceAundergoingreaction:rate,r∝[A]n,r=k[A]n

Forareaction: 2A +B⟶product,

thereactionratewithrespecttoAorBisdeterminedbyvaryingtheconcentrationof
onereactant,keepingthatoftheother.Thus,therateofreactioncanbeexpressedas

rate=k[A]m[B]n

Anexpressionwhichshowshow therateofreactionisrelatedtoconcentrationof
reactantiscalledtheratelaworrateequation.

Thepower(exponent)ofconcentrationnorm intheratelawisusuallysmallwhole
numberintegers1,2,3orfractional.Theproportionalityconstant,k,iscalledtherate
constantforthereaction

ORDEROFREACTION

Itisdefinedasthesum ofthepowersoftheconcentrationintheratelaw.Reactant
ordersaretypically0,1,2,3,orsometimes0.5.Azeroorderreactantmeansthatthe
rateofthereactionisnotinfluencedbytheconcentrationofthatparticularreactant.
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Considertheexampleofareactionwhichhastheratelaw:rate=k[A]m[B]n.

Theorderofsuchareactionism +n.

Theorderofareactioncanalsobedefinedwithrespecttoasinglereactant.Thus,the
reactionorderwithrespecttoAism,andnwithrespecttoreactantB.theoverallorder
ofthereaction(m +n)mayrangefrom 1to3andcanbefractional.Examplesoforder
ofreaction.

Thereactionwillbeclassifiedasfirstorder(m +n=1);secondorder(m +n=2);third
order,ifm +n=3.Azeroorderreactionisthereactionwhichdoesnotdependonthe
concentrationofthereactant.Areactantwhoseconcentrationdoesnotaffectthe
reactionrateisnotincludedinaratelaw.

NO2(g)+CO(g)⟶NO(g)+CO2(g) at200oC

rate=k[NO2]2

Here,theratedoesnotdependontheconcentrationofCO,soit(CO)isnotincludedin

theratelawandthepowerofCOisunderstoodtobezero.Therefore,thereactionis

zeroorderwithrespecttoCO,butsecondorderwithrespecttoNO2.Theoverall

reactionorderis2+0=2.

MOLECULARITYOFAREACTION

Molecularityofanelementaryreactionisdefinedasthenumberofreactantmolecules
involvedinareaction.

Differencesbetweenorderandmolecularityofareaction

S/N Orderorareaction Molecularityofareaction

1 Itis the sum ofpowers ofthe

concentrationtermsintheratelaw

expression

Itisnoofreactingspeciesundergoing

simultaneouslycollisioninthe

elementaryorsimplereaction

2 Itisanexperimentallydetermined

value

Itisatheoreticalconcept

3 Itcanhavefractionalvalue Itisalwaysawholenumber

4 Itcanassumezerovalue Itcannothavezerovalue

5 Orderofareactioncanchangewith

the reaction condition such as

pressure, temperature

concentration

Itisinvariantofreactionconditionfora

givenchemicalequation
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METHODSFORTHEDETERMINATIONOFTHEORDEROFREACTIONANDITSRATE
CONSTANT

(a)TheInspectionmethod

Examples:

(i) Forareactionrepresentedbytheequation

A(g)+B(g)⟶C(g),thefollowingdatawereobtained

Experiment [A](M) [B‾](M) rate(Ms-1)

1 1.0 1.0 2.0

2 1.0 2.0 4.0

3 2.0 1.0 4.0

Thedatashowthatthreeexperimentswerecarriedoutsuchthattheconcentrations
ofAandBarekeptconstantintwooftheexperiments.Lookingatthedatawhen[A]
wasmaintainedconstantand[B]wasdoubled(experiment1and2),therateof
reactiondoubled.Thisimpliesthattherateisdirectlyproportionalto[B].Hence,the
orderwithrespecttoBis1.Similarly,when[B]waskeptconstantand[A]wasdoubled
(experiments1and3),therateofreactiondoubled.Hence,ratewasalsofirstorderin
[A].Therefore,theoverallorderofthereactionwas2.Therateconstant,k,canbe
calculatedbysubstitutingapairofvaluesintherateequation:rate=k[A][B].

NOTE:Ifyoudoubleareactantconcentrationforasecond-order,therateshould
increasefour-foldandforathird-order,therateshouldincreaseeight-fold.

(ii) Forareaction:2N2O5(g)⟶ 4NO2(g)+O2(g)

theinitialratesofthereactionweredeterminedfordifferentconcentrationsofN2O5(g)

[N2O5](mol/L) Rate(mol/L/h)

0.1 0.016

0.2 0.032

0.4 0.064

Thedataindicatethattherateisdoubledastheconcentrationisdoubled.Thus,rate∝
[N2O5]1.
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Thereactionisthereforefirst-orderandtherateequationisrate=k[N2O5]1.Therate
constantforthereactionisobtainedbysubstitutionofanypairofvaluesfrom the
tableintotheratereaction:

k=rate/[N2O5]

k=0.016/0.1,k=0.16h-1.

(b)Theratecurvemethod

Therateatagivenconcentrationistheslopeofthetangenttotheconcentration-time
curveatthatconcentration.Byassuminganorderofreaction,aplotoftherate
againstconcentrationraisedtothepowerwhichisequaltotheassumedorderis
carriedout.Iftheassumedordertallieswiththeactualorderofthereactionthena
linearplotwillbeobtained.

Forareaction:

Mg(s)+2HCl(aq)⟶ MgCl2(aq)+H2(g),

Theratecurveisobtainedbyplotting[HCl](mol/L)againsttime.Thereactionrate
obtained from ratecurveisthen plotted against[HCl]n,wheren standsforthe
assumedorder.Ifalinearplotisobtained,thennrepresentstheactualorderofthe
reaction.

Experimentally,thevalueofnwasfoundtobe2.Therateconstantforthereaction
canbeobtainedbysubstitutingapairofvaluesintotherateequation:

Rate=k[HCl]2.

(c)Integratedratesmethod(foryourfurtherread)

RATEOFREACTION

Introduction:Therateofareactionistherateatwhichproductsareformedortherate

atwhichreactantsareusedupinthereaction.Rateofreactionisthechangeinthe

concentrationofareactantorproductwithtime.Bydefinition,itisnecessaryto

monitortheconcentrationofthereactant(ortheproduct)asafunctionoftime.

Considerareactionofmolecularbromineandformicacid:

Br2(aq)+HCOOH(aq)⟶ 2Br-
(aq)+2H+

(aq)+CO2(g)

Averagerate=Δ[Br2]/ΔT

=-([Br2]final–[Br2]initial)/(Tfinal-Tinitial)

MolecularBromineisreddishbrownincolor.Allotherspeciesinthereactionare
colourless.As the reaction progresses,the concentration ofBromine steadily
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decreasesanditscolourfades.Thislossofcolourand,hence,concentrationcanbe
monitoredeasilywithaspectrometer,whichregisterstheamountofvisiblelight
absorbedbybromine.Measuringthechange(decreases)inbromineconcentrationat
someinitialtimeandthenatsomefinaltimeenablesustodeterminetheaveragerate
ofthereactionduringthatinterval.

The rate ofany reaction depends on a numberoffactors,among which are
concentrationorpressureofreactants,temperature,presenceofcatalystandnature
ofreactants.Forinstance,rateofreactionincreasesasthesurfaceofthereactantis
increasedandthisiswhysolidreactantreactswithlessratethanpowderedreactant.

Question

Usingthedataprovidedbelow

i. Calculatetheaveragerateoverthefirst50secs.

ii. Calculatetheaveragerateoverthefirst100secs.

Time(s) [Br2](M) Rate(M/s) k=rate(s-1)/[Br2]

0 0.012 4.2x10-5 3.50x10-3

50 0.0101 3.52x10-5 3.49x10-3

100 0.00846 2.96x10-5 3.50x10-3

150 0.00710 2.49x10-5 3.51x10-3

250 0.00500 1.75x10-5 3.50x10-3

(i) averagerateoverthefirst50sec:
rate=-(0.0101–0.012)/(50–0)
rate=1.9x10-3/50=3.8x10-5M/s

(ii) calculateonyourownfollowingworkedexamplein(i)above

Letusconsidertheeffectthebromineconcentrationhasontherateofreaction.
Lookingatthedata,theconcentrationatt=50sisdoubletheconcentrationatt=250
sandtherateofreactionatt=50secisdoubletherateatt=250sec.Thus,asthe
concentrationofbromineisdoubledtherateofthereactionalsodoublestherefore,
therateofreactionisdirectlyproportionaltothebromineconcentration

rate∝[Br2],thusr=k[Br2]

Wherekisknownastherateconstant

BecausetherateofreactionhastheunitofM/sandbromineconcentrationisinM,
theunitofkis“s-1”.Itisimportantto notethatkisnotaffected bybromine
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concentration.Tobesure,therateisgreateratahigherconcentrationandsmallerat
lowerconcentrationofbromine,buttheratioofrate/[Br2]remainsthesameprovided
thetemperaturedoesnotchange.

ReactionrateandStoichiometry

WehaveseenthatforstoichiometricallysimplereactionsoftypeA⟶ B,theratecan
eitherbeexpressedintermsofdecreaseinthereactantconcentrationorincreasein
productconcentration.Formorecomplexreactions,wemustbecarefulinwritingthe
rateexpression.

Considerforexample,2A⟶B:

Rate= =
-1

2

d[A]

dt

d[B]

dt

r= × =
-1

2

Δ[A]

Δt

Δ[B]

Δt

Ingeneral,forthereactionaA+bB⟶cC+dD.Therateisgivenby:

rate= = = =
-1

a

Δ[A]

Δt

-1

b

Δ[B]

Δt

1

c

Δ[C]

Δt

1

d

Δ[D]

Δt

Question
Findtherateexpressionforthefollowingreactionintermsofdisappearanceand
appearanceoftheproduct.

i. 4NH3(g)+5O2(g)→4NO(g)+6H2O(g)

ii. CH4(g)+½Br2(g)→CH3Br(g)+HBr(g)

Answer:

i. rate= = = =
-1

4

Δ[N ]H
3

Δt

-1

5

Δ[ ]O
2

Δt

1

4

Δ[NO]

Δt

1

6

Δ[ O]H
2

Δt

ii. calculateonyourown,followingthesolvedquestionin(i)above

Question:Considerthereaction: 4NO2(g)+O2(g)⟶2N2O5(g)

Supposethatataparticularmomentduringthereactionmolecularoxygenisreacting
astherateof0.0024Ms-1

a)AtwhatrateisN2O5beingformed?

b)AtwhatrateisNO2reacting?
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Answer:

a.r=½Δ[N2O5]/Δt
0.0024=½Δ[N2O5]/Δt
Δ[N2O5]/Δt=0.0024x2
Δ[N2O5]/Δt=0.0048M/s

b.r=-1/4Δ[NO2]/Δt
0.0024=-1/4Δ[NO2]/Δt
Δ[NO2]/Δt=4x0.0024
Δ[NO2]/Δt=-9.6x10-3M/s

RATELAW OFFIRSTORDERREACTION

Therateofafirst-reactiondependsonlyontheconcentrationofonereactant,A.

A→products

Bydefinition,rate=-Δ[A]/Δt;rate=k[A]

Therefore,-Δ[A]/Δt=k[A]

d[A]/dt=-kt(Instantaneousrateofchangedescribedbycalculus.)

ln([A]/[Ao])=-kt(Calculussolutiontotheequationbyintegration)

ln[A]-ln[Ao]=-ktor

ln[At]=-kt+ln[Ao]

y=mx+c

ALTERNATIVELY:

A⟶Product

Supposeatthebeginningofareactiontime(t=0),theconcentrationofA=amol/L.If
aftertimet,xmolofAhaschanged,theconcentrationofAisa–x.

We know thatfora firstorderreaction,the rate ofreaction (dx/dt)is directly
proportionaltotheconcentrationofthereactant.Thus,

dx/dt=k(a-x)

dx/(a-x)=kdt………………(1)
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Integrationofequation(1)gives =∫x

0

dx

(a-x)
∫t

0
kdt

-ln(a–x)+lna=kt………………….(ii)

k=2.303/tlog(a/a-x)

k=1/tln(a/a-x)

Intermsofvolume,

k=2.303/tlog(Vo/Vo–Vt)

Half-lifeoffirstorderreaction

Thehalf-lifeofareactionisausefulparameter.Thehalf-lifeofafirst-orderreactionis
characteristicofthereactionandisindependentofthestartingconcentrationofAas
provenintheequationbelow:

t=(1/k)×ln[Ao]/[A]

t½ =1/k×ln(1/0.5)

t½ =(1/k)×ln2=(1/k)×0.693=0.693/k

t½ =0.693/k

RATELAW OFSECONDORDERREACTION

SecondorderreactionsinAcanbeeasilydescribedmathematically.(Note:Second
orderinvolving[A]and[B]reactantsandthirdorderreactionswillnotbecoveredhere.

ForsecondorderreactionsinA:

A→products

rate=-Δ[A]/Δt,butnowrate=k[A]2

Thegraphableequationbecomes:1/[A]=1/[Ao]+kt

Thehalf-lifeequationcanbeobtainedbysubstituting½[Ao]=[A]

Thehalf-life,t½ thenbecomes,t½ =(k[Ao])-1

Thismakessensebecausealargerateconstantleadstoafasterreactionandshort
half-life.Insecondorderreactions,half-lifedoesdependontheinitialconcentration
ofAbecauseahigher[Ao]meansmorefrequentcollisionsbetweenAmolecules

CalculationsinvolvingRatelawandorderofreaction

Q1:Forareactionwithk=5.50x10-3s-1at45.0ºC,whatwillbetheconcentrationofA
remainingafter12.0miniftheinitialconcentrationofAis0.200M?
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Answer:Sincetheunitofk(thereactionrateconstant)iss-1inthequestion,itshows
thatthereactionisafirstorder.TheunitofkforasecondorderreactionisM-1s-1(kis
invariantwhentemperatureisconstant).

ln[A]=-kt+ln[Ao]=-5.50x10-3s-1(12.0minx60s/1min)+ln(0.200)

ln[A]=-3.96+(-1.61)=-5.57

[A]=3.81x10-3M.

Q2:Thereactionofnitricoxide(NO)withhydrogenat1280oC

2NO(g) +2H2(g)⟶N2(g)+2H2O(g)

From thefollowingdatacollectedatthistemperature,determine(i)theratelaw(ii)the
rateconstant(iii)therateofthereactionwhentheconcentrationofNO=12×10-3M
andconcentrationofH2=6×10-3M

Experiment [NO](M) [H2](M) Initialrate(M/s)

1 5×10-3 2×10-3 1.3×10-5

2 10×10-3 2×10-3 5×10-5

3 10×10-3 4×10-3 10×10-5

Answer:

Generally,theratelawforthereactioniswrittenas:r=k[NO]x[H2]y

InExp1,r=1.3×10-5,then

1.3×10-5=k(5×10-3)x(2×10-3)y……..(1)

InExp2,r=5×10-5

5×10-5=k(10×10-3)x(2×10-3)y………(2)

InExp3,r=10×10-5

10×10-5=k(10×10-3)x(4×10-3)y………(2)

Equation2÷1results:

=
5×10-5

1.3×10-5

k×(10× ×(2×10-3)
x

10-3)
y

k×(5× ×(2×10-3)
x

10-3)
y

3.85=
10

x

5
x

=22 2
x
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x=2

Equation3÷2results:

=
10×10-5

5×10-5

k×(10× ×(4×10-3)
x

10-3)
y

k×(10× ×(2×10-3)
x

10-3)
y

2=2
y

y=1

Hence,theratelawforthereactionis,r=k[NO]2[H2]

(ii)from equation1,

1.3×10-5=k(5×10-3)2(2×10-3)

k=
1.3×10-5

(5× ×(2× )10-3)2 10-3

k=260M-2s-1.

(iii)from theratelaw,r=k[NO]2[H2],

When[NO]=12×10-3M and[H2]=6×10-3M

Then,

r=260(12×10-3)2(6×10-3)

r=2.25×10-4M s-1.

Q3:ThereactionofS2O8
2-withiodideisS2O8

2-
(aq)+3I‾

(aq)⟶2SO4
2-

(aq)+I3
‾

(aq)

From thefollowingdatacollectedatacertaintemperaturedeterminetheratelaw

i. therateconstant

ii. theorderofreaction

iii. therateofreactionwhentheinitialconcentrationofS2O8
2-andI‾arehalvedand

doubledrespectively

iv. ComparetherateofreactionIquestion(4)obtainedinexperiment(1)

Experiment [S2O8
2-](M) [I‾](M) Initialrate(M/s)

1 0.08 0.034 2.2×10-4

2 0.08 0.017 1.1×10-4

3 0.16 0.017 2.2×10-4
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SummaryofKineticsofZeroorder,firstorderandsecondorderreactions

Order Ratelaw Conc.-timeequation Half-life(t½)

0 rate=k [A]t=-kt+[A]o t½ =[A]o/2k

1 rate=k[A] ln[A]t=-kt+ln[Ao];

OR

ln([A]t/[A]o)=-kt

t½ =0.693/k

2 rate=k[A]2 1/[A]t=kt+1/[A]o t½ =(k[A]o)-1

Q4:Theconversionofcyclopropanetopropeneinthegasphaseisafirstorder
reactionwitharateconstantof6.7x10-4s-1at500oC

a)Ifthe initialconcentration ofcyclopropane was 0.25 M,whatis the
concentrationafter8.8min?

b)How long(inminutes)willittaketheconcentrationofcyclopropaneto
decreasefrom 0.25to0.15M

c) Howlong(inmins)willittaketoconvert74%ofthestartingmaterial

Answer:

(a)Sincethereactionisafirstorderandconcentration-timedependent,

theequationln([A]t/[A]o)=-ktappliestosolvetheproblem

[A]t=?

[A]o=0.25

k=6.7x10-4s-1

t=8.8min(=528s)

ln(x/0.25)=-(6.7x10-4×528)

(x/0.25)=e-0.3538

x=0.176M

(b)ln([A]t/[A]o)=-ktwhichisthesameasln[A]t-ln[A]o=-kt

ln0.15-ln0.25=-(6.7x10-4)t

-0.5108=-(6.7x10-4)t
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t=762.4s(or12.7min)

(c)Ifattimet,74%ofthestartingmaterialisconverted,thenwhatremainsas[A]tis
26%of0.25M

Hence,[A]t=0.065M

ln[A]t-ln[A]o=-kt

ln0.065-ln0.25=-(6.7x10-4)t

-1.347=-(6.7x10-4)t

t=33.5min.

ACTIVATIONENERGYANDTEMPERATUREDEPENDENCEOFRATECONSTANTS

TheCollisionTheoryofChemicalKinetics

Areactionbetweentwoparticlescanoccuronlyiftheycollide(usuallyinagasor
liquidphase).Therefore,areactionrateisproportionaltotherateofcollisionorthe
numberofcollisionspersecond.

Thepercentageofsuccessfulcollisionsinchemicalsystemsvariesgreatly.Insome
systems,almostevery collision results in chemicalchange;i.e.,instantaneous
reaction.Inothersystems,collisionsrarelyproducechemicalchange;i.e.,aslow
reaction.Therefore,thereactionrateisnotthesameasthecollisionratebutisoften
directlyproportionaltoit.Chemicalreactionsoccurwhentheenergyofcollisionis
enoughtobreakreactantbandsandform productbonds.Ifthereisnotenough
kineticenergyincollidingspecies,reactantbondswillnotbreakandnew,product
bondswillnotform.

Itstands to reason thathighertemperatures (which increase the frequencyof
collisionsandincreasetheenergyofcollisions)willincreaseallormostreactionrates.

Thekineticenergyofthecollidingparticlesmustequalorexceedacertainminimum
valueinorderforareactiontoproceed.Thisminimum energyiscalledtheActivation
Energy,Ea.Ifacollision hasenough energyto breaksomereactantbonds,an
ActivatedComplexmayform.Thisisanintermediatestate,higherinenergythanthe
reactantsthatmayleadtoproductsormayleadbacktotheoriginalreactants.The
products thatform may be lowerin energy than the reactants (exergonic or
exothermicreaction)ormaybehigherinenergythanthereactants(endergonicor
endothermicreaction)

TheArrheniusEquation

TheArrheniusEquationrelatestherateconstantktotheEa(activationenergy,J/mol
orkJ/mol),R(thegaslawconstant,8.314Jmol-1K-1)andT(theabsolutetemperature,



CHM 101:LectureNote Thermochemistry&
ReactionRates

22

K):

k=Ae-Ea/RT,A isnotthereactantspecies,butadimensionlessconstant
(Arrheniusconstant)calledthecollisionfrequencyorfrequencyfactor.

Therateofreactiondoublesforevery10K riseintemperature.Therelationship
between temperatureand rateconstantisgiven byArrheniusequation which is
expressedas:

Toadapttheequationtographing,takethenaturallogofbothsides.Theequation
becomes:

lnk=lnA-Ea/RT

or

lnk=(-Ea/R)(1/T)+lnA

Theequationcorrespondstoy=mx+c.Thus,agraphoflnkagainst1/Tislinear;
wherem (theslope,–ve)=Ea/RandlnA=interceptofthegraph.

CalculationsinvolvinguseofArrheniusEquation

ForusingtheArrheniusEquationalgebraicallytocomparerateconstantvalueat

differenttemperatures,writetwoequationsfordifferenttemperaturesandtherefore

differentkvalues.

lnk1=lnA-Ea/RT1andlnk2=lnA-Ea/RT2

lnk1–lnk2=–Ea/RT1+Ea/RT2

ln(k1/k2)=Ea/R(1/T2–1/T1)usefulforsolvingforT1orT2

Question:Therateconstantforafirst-orderreactionis4.5×10-4s-1at25oC.Whatis

itsrateconstantat50oCiftheactivationenergyis35.6kJ/mol?

Answer:NotethatthecollisionfrequencyA,beingthesame,hascancelledoutofthe

equation.

T1=(25+273.2)K=298.2K,andT2=(50+273.2)K=323.2K.

Ea=35.6kJ/molwhichafterconversionis35600Jmol-1,sinceRis8.314Jmol-1K-1

Usinglnk1–lnk2=–Ea/RT1+Ea/RT2

lnk1+Ea/RT1–Ea/RT2=lnk2; lnk2=lnk1+Ea/R( - )
1

T
1

1

T
2

lnk2=-7.71s-1+4281.93K(2.597×10-4K-1)

lnk2=-6.60,k2=1.3610-3s-1.
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