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6.1.1CollisionTheory

Kinetic Theory

= Thekinetic theory developed inthe 18t"centuryout of aneed to explainhow it is that gases exert
pressure inside acontainer

= Theories about gas particles and movement were extended to include all states of matter
= The kinetic theory of matteraccounts forthe properties of solids, liquids,and gasesinterms of
theinteractions of particles and theirrelative energies

Summary Table of the Kinetic Theory

= The average kinetic energy of the particles is directly proportional to the temperature of the
systeminKelvin

= Kinetic energy refers to the energyassociated withmovementormotion.ltis determined by the
mass and velocityof the substance according to the relationship:

KE =Vamv?

= As the kinetic energy of the particles at the same temperature is equal, this means there is an
inverse relationship betweenmass and velocity

= Thisis whysubstances with alowermass diffuse more quickly thanthose with greatermass at
the same temperature
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CollisionTheory
Collision Theory

= Whenreactants come togetherthe kinetic energytheypossess means theirparticles willcollide
and some of these collisions willresultinchemicalbonds beingbrokenand some new bonds
beingformed
= Therate ofachemicalreactiondepends onfourfactors:
= collisionfrequency
= collisionenergy
= activationenergy
= collisiongeometry

Collision frequency

= [fachemicalreactionis to take place betweentwo particles, theymust first collide

= The numberofcollisions betweenparticles perunittimeinasystemis known as the collision
frequency

= The collisionfrequency of agivensystem canbe altered by changing the concentrationofthe
reactants, by changing the total pressure, by changing the temperature orbychanging the size
of thereacting particles

Collision energy

= Notallcollisionsresultinachemicalreaction
= Mostcollisionsjustresultinthe colliding particles bouncing off each other
= Collisionswhichdo notresultinareactionare knownas unsuccessfulcollisions

= Unsuccessfulcollisions happenwhen the collidingspecies do nothave enough energyto break
the necessarybonds
= |ftheydo nothave sufficient energy, the collisionwillnotresultinachemicalreaction
= |ftheyhave sufficient energy,theywillreact,and the collisionwillbe successful
= The combined energyof the colliding particles is known as the collisionenergy
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Collision energy is the combined energy of two colliding particles

Activation Energy

= The minimumenergythe colliding particles need inorderto reactis known as the activation
energy

= |[fthe collisionenergy of the colliding particles is less thanthe activation energy, the collision will
be unsuccessful

= |fthe collisionenergy is equalto orgreaterthanthe activation energy, the collisionwill be
successful,and areactionwill take place

= The activationenergy canbe changed bythe addition of a catalyst

Molecules with the activation energy lead to successful collisions

Collision Geometry

= Particles have to have the right orientationwhen theycollide forthe reactionto be successful
= Thisis particularlythe case withlarge molecules withcomplex shapes
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Orientation becomes increasingly important in large complex biomolecules such as proteins and
carbohydrates where active sites (reactive part of the molecule) can only be accessed in one orientation

= Mostcollisionsdo notresultinreactionbecause they do not reachthe activationenergy rather
thannothavingthe correctcollisiongeometry

Summary Table of CollisionTheory Factors
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6.1.2 Rate of Reaction

Rate of Reaction

Reactionrate

= Somereactions take place instantly,but mostare muchslowerand itis possible to measure how
longthesereactions take toreachacertainstage

= Asachemicalreactionproceeds,the concentrationof thereactants decreases and the
concentrationof the productsincreases

= Therateof areactionis the speed at whichachemicalreactiontakes place and has units mol
dm-3s-1

= Therateofareactioncanbe calculated by:

= Graphicallywe canrepresent the rate of reactionas:

Rate of reaction graphs
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@ Worked example

lodine and methanoic acid reactinaqueous solution.
l>(aq) +HCOOH (aq) — 2I-(aq) +2H*(aq) + CO2 (Q)

The rate of reactioncanbe found by measuring the volume of carbon dioxide produced perunit
time and plottinga graph as shown

Calculate therate ofreactionat 20 seconds

Answer:

= Draw atangentto the curve at 20 seconds:

= Complete the triangle and read off the values of xand y
= Determine the gradient of the line using Ay / Ax
= Rateofreaction=24+40=0.60cm3s"!
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O ExamTip

Whendrawing the tangent to a curve make the triangle large and try to intersect with gridlines if
you can. This minimises errors of precisionand reduces the chance you willaccidently misread
the graphvalues

6.1.3Measuring Rates

Measuring Rates

= To measure therate of areaction,we need to be able to measure eitherhow quickly the
reactants are used up orhow quickly the products are formed

= The methodused formeasuringdepends onthe substances involved

= There are anumberof ways to measure areactionrate inthe lab;theyalldepend onsome
propertythat changes duringthe course of thereaction

= Thatpropertyis takento be proportionalto the concentrationof the reactantorproduct,e.g,,
colour,mass,volume

= Somereactionrates canbe measured as the reactionproceeds (this generates more data);

= fasterreactions canbe easierto measure whenthereactionis over,byaveragingacollected
measurement overthe course of thereaction

= Three commonlyused techniques are:
= massloss
= gasproduction
= colorimetry

Changesin colour

= Acolorimetermeasures the amount of light that passes throughasolution

Colorimetry Set Up
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= |fasolutionchanges colourduringareactionthis canbe used to measure the rate

= Theintensityoflightreachingthe detectoris measured everyfew seconds and the datais
plotted to showhow the concentrationof the reactants orproducts changes with time

= Thelightintensityis related to the concentration,so the graphrepresents agraph of
concentrationof products orreactants against time

Sketch graph of colourintensity against time (the coloured species is a reactant in this case)

= Note thatcolorimetrycannot be used to monitorthe formation of coloured precipitates as the
light willbe scattered orblocked by the precipitate

Changesinmass

= Whenagasisproducedinareactionitusuallyescapes fromthereactionvessel,so the mass
decreases
= This canbeused to measure therate ofreaction
= Forexample,thereactionof calciumcarbonate with hydrochloric acid produces CO,
= Themassis measured everyfew seconds and change inmass overtimeis plotted as the CO,
escapes
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Measuring changes in mass using a balance

= Themassloss provides ameasure of the amount of reactant,so the graphis the same as agraph
of amount ofreactantagainst time

Mass loss of a product against time

= However,one limitation of this method is the gas must be sufficientlydense orthe changein
mass is too smallto measureona2or3 dpbalance
= So carbondioxide would be suitable (Mr=44)but hydrogenwould not(Mr=2)

Volumes of gases

= Whenagasisproducedinareaction,itcanbe trapped and its volume measured overtime
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= Thiscanbeusedto measure therate ofreaction.
= Forexample,thereactionof magnesiumwith hydrochloric acid produces hydrogen

Collecting gases experimental set up

= Analternative gas collectionset upinvolves collecting a gas through waterusinganinverted
measuringcylinder(aslongas the gasis not watersoluble)

Alternative gas collection set up
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= Thevolume canbe measured everyfew seconds and plotted to show how the volume of gas

varies with time
= Thevolume provides ameasure of the amount of product, so the graphis agraphofamount of

productagainst time

Graph of gas volume evolved against time

Measuring concentrationchanges

= Measuringconcentrationchanges duringareactionis noteasy;the act of takingasample and
analysingit by titrationcanaffect therate ofreaction(unless thereactionis deliberately
stopped- thisis called quenching).
= Oftenitis more convenientto ‘stopthe clock’whenaspecific (visible) pointinthe reactionis
reached
= Forexample whenapiece of magnesiumdissolves completelyinhydrochloric acid
= Anothercommonrate experimentis the reactionbetweensodiumthiosulfate and
hydrochloric acid which slowly produces ayellow precipitate of sulfurthat obscures across
whenviewed through the solution:

Na,S,0z(aq) +2HCl(aq) — 2NaClaq)+S0O,(g) +H,O (1) +S(s)
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The disappearing cross experiment

The mainlimitation here is that oftenit onlygenerates one piece of dataforanalysis

O Exam Tip

Youshould be familiarwith the interpretation of graphs of changesinconcentration,volume or
mass against time and be able to calculate arate from atangent to the graph
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6.1.4 ActivationEnergy

ActivationEnergy

Forareactionto take place, the reactant particles need to overcome a minimumamount of
energy

This energyis called the activationenergy (Ey)

Inexothermic reactions the reactants are higherinenergythanthe products
Inendothermic reactions the reactants are lowerinenergythanthe products
Therefore, the E;inendothermic reactions is relativelylargerthanin exothermic reaction

The diagram shows that the reactants are higherin energy than the products in the exothermic reaction,

so the energy needed for the reactants to go over the energy barrieris relatively small
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The diagram shows that the reactants are lowerin energy than the products in the endothermic reaction,
so the energy needed for the reactants to go over the energy barrier is relatively large

= Eventhoughparticles collide witheach otherinthe same orientation,if theydon’tpossessa
minimum energy that corresponds to the £,o0f thatreaction, the reactionwillnot take place

= Therefore,foracollisionto be successfulthe reactant particles must collideinthe correct
orientation AND possess aminimum energy equal to the E,of thatreaction

O Exam Tip

Youmaybe required to show orcalculate the activationenergyforareverse reactionusinga
labelled energy profile like those above.The activationenergyforthe reversereactionis found
by:

Foranexothermic reaction= AH +E, (forward)
Foranendothermic reaction=E,(forward) -AH

Calculations of the value of the activation energy from experimental data are notrequired at
Standard Levelbut are part of Topic 16 in HigherLevel Chemistry
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How catalysts work

BydecreasingEa,acatalystincreases therate of achemicalreaction, withoutitself being
permanently chemically changed.

= More particles are able to collide with sufficient energyto reactunderthe loweractivation energy
= More frequent,successfulcollisions lead to afasterrate ofreaction
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6.1.5Rate Experiments

Rate Experiments

= Duringareaction,the reactants are used up and changed into the products

= This means thatas thereactionproceeds, the concentrationofthereactantsis decreasing and
the concentration of the products is increasing

= Because ofthis,therate of thereactionis notthe same throughout the reactionbut changes

= Therate ofreactionduringthereactioncanbe calculated fromaconcentration-time graph.

= Theisomerisationof cyclopropane to propene willbe takenas anexample:

Isomerisation of cyclopropane

= The concentrations of reactant (cyclopropane)and product (propene) overtime canbe
experimentally obtained

= Whentaking the measurements, the temperature should be kept the same at alltimes as a
change intemperature willchange the rate of reaction
= Aconcentration-time graphforthe concentrationof propene as wellas cyclopropane canbe
obtained fromthe above results
= As anexample, the concentration-time graph forpropeneis shownbelow:
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The graph shows that the concentration of propene increases with time

Calculatingtherateatthe start of areaction

= Atthestart of thereaction, the concentration-time curve looks almostlinear
= Therate at this point cantherefore be found by treating the curve as alinearline and by using:

= Usingthe graph, the average rate of thereactionoverthe first 5 minutes forpropeneis:
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Line a shows the average rate over the first five minutes whereas line b shows the actual initial rate found
by drawing a tangent at the start of the curve. The calculated rates are very similar for both methods

0.27

Rate = 300

=0.0009 moldm-3s-!
Calculatingtherateasthereactionproceeds

= The curve becomes shallowerwith time which means that the rate decreases withtime
= Therate ofreactioncanbe calculated bytaking short time intervals

Eg.youcancalculate the rate of reactionfrom15 to 20 mins duringwhichthe concentration of
propeneincreases from0.68to 0.83 moldm=:
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(0.83) — (0.68)
(1200) — (900)

Rate =

0.5
= 300

=0.0005moldm™3s"!

= The smallerthe time intervals, the more accurate the reactionrate value is

Evenmore accurateis to find the rate of reaction at different concentrations of reactantor
product at particular time points

= This canbe done bydrawingtangents at several points onthe graph

= Asanexample,therates ofreactionat differentconcentrations of cyclopropane are
calculated bydrawing the appropriate tangents:

The rate of reaction at 3 different concentrations of cyclopropaneis calculated by drawing tangents at
those points in the graph
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Rate-concentration graph

= The calculated rates canthenbe summarised inatable to showhow therate ofreactionchanges
with changingconcentration of the reactants orproducts

Change inRate withDecreasing Concentrationof Cyclopropane Table

= Thisdatacanthenbeused to plotarate-concentration graph
= The graphshows thattherateis directlyproportional to the concentrationof cyclopropane
= |fyoudouble the concentrationof cyclopropane the rate of reactionwilldouble too
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The graph shows a directly proportional correlation between the concentration of cyclopropane and the
rate of reaction

Q Exam Tip

To calculate therate of reactionyoucaneitheruse theincrease inconcentrationof products
(like inthe example above) orthe decreaseinconcentrationofreactants.
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6.1.6 Explaining Rates

Explaining Rates
Concentration

= The more concentrated asolutionis, the greater the numberof particlesinagivenvolume of
solvent

= Anincreaseinconcentrationcausesinanincreased collisionfrequency and therefore an
increased rate of reaction

The diagram shows a higher concentration of particles in (b) which means that there are more particles
presentin the same volume than (a) so the chances and frequency of collisions between reacting
particles is increased causing anincreased rate of reaction

Pressure

= Anincreaseinpressureinreactions thatinvolve gases has the same effectas anincreased
concentrationofsolutions

= Whenthe pressureisincreased,the molecules have less space inwhichtheycanmove

= This means thatthe numberof effective collisions increases due to anincreased collision
frequency

= Anincreaseinpressure thereforeincreases therate of reaction
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The diagram shows a higher pressure in (b) which means that the same number of particles occupy a
smallervolume, resulting in an increased collision frequency and therefore increased rate of reaction

Temperature

= |ncreasingthe temperature of the reaction mixture increases the rate of reactionin the following
two ways:
= Athighertemperatures, the particles are moving faster,so collide more frequently. Ahigher
numberof collisionsintotal meanahighernumberof successfulcollisions
= At highertemperatures, ahigherproportionof the molecules have the activationenergyor
more.This means that ahigherproportionof collisions are successful

Anincrease in temperature causes an increase in the kinetic energy of the particles. The numberof
collisions increases and the proportion of successful collisions increases
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Particle Size xam Fapers Fracti
= Onlythe particles onthe surface of asolid will collide with particles of the otherreactant
= [fthe surface areaisincreased, more particles will be onthe surface and able to collide with
particles of the otherreactant
= This means that there willbe more collisions intotal and therefore more successful
collisions.

= Surfaceareacanbeincreased bydecreasing the size of the reactant particles
= Forexample,powders have averylarge surface area

Anincreasein surface area of a solid reactant allows more particles to come into contact with each other

@ Worked example

Which ofthe followingfactors canresultinthe rate of achemicalreactionincreasing?
I. Increasingthe total pressureinreactions involving gases
Il. Raisingthe temperature inreactions involving gases

lll. Increasing the particle size of asolid inareaction

A. landllonly
B. landlllonly
C. llandlllonly
D. lland Il
Answer:

The correctoptionis A.

= |ncreasing pressure and raising temperature increases the numberofsuccessfulcollisions
= |ncreasingthe particle size decreases the surface areaand reduces the numberof collisions
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6.1.7 Maxwell-Boltzmann Curves

Maxwell-Boltzmann Curves

Boltzmann distribution curve

The Boltzmanndistributioncurve is a graph that shows the distribution of energies at acertain
temperature

Inasample of asubstance,afew particles willhave verylow energy, afew particles will have very
high energy, and many particles will have energyinbetween

The Boltzmann distribution curve shows the distribution of the energies and the activation energy
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= The graphshows that onlyasmall proportionof moleculesinthe sample have enoughenergyfor
aneffective orsuccessfulcollisionand forachemicalreactionto take place

Changesintemperature

= Whenthe temperature of areaction mixture is increased, the particles gainmore kinetic energy

= This causes the particles to move around fasterresultinginmore frequent collisions

= Furthermore, the proportionof successfulcollisions increases, meaning ahigherproportionof
the particles possess the minimumamount of energy(activation energy) to cause achemical
reaction

= Withhighertemperatures, the Boltzmanndistribution curve flattens and the peak shifts to the
right

The Boltzmann distribution curve at T °C and when the temperature is increased by 10°C

= Therefore,anincreaseintemperature causes anincreased rate of reactiondue to:
= There beingmore effective collisions as the particles have more kinetic energy, making
themmove around faster
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= Agreaterproportionofthe molecules havingkinetic energy greaterthanthe activation
energy

Effect of acatalyst onthe Maxwell-Boltzmann distribution curve

= Acatalyst provides thereactants anotherpathwaywhichhas aloweractivationenergy
= Bylowering E; agreaterproportionof molecules inthe reaction mixture have sufficient energy
forasuccessfulcollision

= Asaresultofthis,therate of the catalysed reactionisincreased compared to the uncatalyzed
reaction

The diagram shows that the total shaded area (both dark and light shading) under the curve shows the
number of particles with energy greaterthan the E;when a catalyst is present. This areais muchlarger
thanthe dark shaded areawhichshows the number of particles withenergy greater thanthe E,
without acatalyst

O Exam Tip

Make sure youknow how to sketchand label the axes in Maxwell-Boltzmann distribution curves.
The curve must start at the originand itapproaches, but never touches the x- axis
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6.1.8 Energy Profiles & Catalysis

Energy Profiles & Catalysis

= Catalysisis the processinwhichtherate of achemicalreactionisincreased,byaddinga
substance called acatalyst
= Acatalystincreases therate of areactionbyproviding the reactants with an alternative reaction
pathway whichis lowerinactivationenergy than the uncatalysed reaction
= Catalysts canbe divided into two types:
= Homogeneous catalysts
= Heterogeneous catalysts

= Homogeneous means that the catalystis inthe same phase as the reactants
= Forexample,the reactants and the catalysts are all liquids

= Heterogeneous means that the catalystis in adifferent phase to the reactants
= Forexample,thereactants are gases but the catalystused is asolid
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The diagram shows that the catalyst speeds up a reaction that would normally be slow due to the high
activation energy. The catalystis not used up in the chemical reaction and is not taking part in the
chemical reaction
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The diagram shows that the catalyst allows the reaction to take place through a different mechanism,
which has alower activation energy than the original reaction
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@ Worked example

The energyprofile below shows the energychanges forareactionwith and without a catalyst.

Which symbols represent the enthalpy change, AH, and the activation energy, E;,forthereaction
usingacatalyst?

Answer:
The correctoptionis C.

= Bydefinitionthe enthalpychange is the difference inenergycontent betweenreactants and
products,inthis case,arrowc
= The catalystlowers the activationenergy,so that corresponds to arrow a
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