1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

YOURNOTES

IB Chemistry DP !
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16.1Rate Expression & Reaction Mechanism

16.1.1Rate Equations

Rate Equations

¢ The rate of reaction can be found by:
o Measuringthe decreasein the concentration of areactant overtime
o Measuringtheincreasein the concentration of a product overtime
o Theunits forrate of reaction aremoldm=3s-!

Rate of Reaction
¢ Thefollowing generalreaction willbe used as an example to study the rate of reaction
D(aq)»>E(aq) +F(9)
e Therate of reaction at different concentrations of Dis measured and tabulated

Rate of reactions table

[D1(mol dm=3) Rate (mol dm—3s-1 )

3.00 2.00 x 1073 6.67 x 107*
2.00 1.33x107° 6.67 x107*
1.00 6.60 x107* 6.67 x 107*

o Adirectly proportional relationship between therate of reaction and concentration of D
is observed when theresults are plotted on a graph:
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Rate of reaction over various concentrations of D
¢ This leads to avery common rate expression:
Rate<[D] or Rate=k[D]

» Thisrate expression means thatif the concentration of D is doubled, then the rate doubles
e Equally, if the concentration of D halves, then therate halves

Rate Equations

¢ Thefollowingreaction willbe usedto discuss rate equations:
A(aq)+B(aq)>» C(aq)+D(9)
¢ Therate equation forthis reactionis:
Rateofreaction =k [A]™[B]"

e Rateequations can only be determined experimentally and cannot be found from
the stoichiometric equations
Inthe aboverate equation:

o [A]and[B]arethe concentrations of thereactants

o mandn are orders withrespect to eachreactantinvolvedin thereaction

e Products andcatalysts may featureinrate equations
¢ Intermediates do notfeatureinrate equations

Order of reaction
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e Theorderof areactant shows how the concentration of a chemical, typically a reactant,
affects therate of reaction
¢ Itisthe powertowhich the concentration of thatreactantis raisedin therate equation
e Theordercan apositive, negative orfractional value
o Orders thatare a fraction suggest that thereactioninvolves multiple steps

O Exam Tip

w
¢ |Inanexam, you may be presented with information about a reaction that uses

orders that are fractions. Examples include:
o The decomposition of ethanal - Rate = k[CHz,CHO]Z’/2
o Thereaction of hydrogen and bromine - Rate = K[H,][Br,]"/2
o Thereaction between carbon monoxide and chlorine - Rate =
kICOJ4[Cl,]/?

* However, for calculations only values of O, 1or2 need to be considered

¢ When the order of reaction with respect to a chemicalis O
o Changingthe concentration of the chemicalhas no effect on therate of thereaction
o Therefore, itis notincludedin therate equation

¢ When the order of reaction with respect to a chemicalis 1
o The concentration of the chemicalis directly proportional to the rate of reaction,
e.g. doubling the concentration of the chemical doubles therate of reaction
o Thechemicalisincludedin therate equation

¢ When the order of reaction with respect to a chemicalis 2
o Therateis directly proportional to the square of the concentration of that chemical,
e.g.doubling the concentration of the chemicalincreases therate of reactionby a
factor of four
o Thechemicalisincludedin therate equation (appearing as a squared term)

The overall order of reactionis the sum of the powers of the reactants in a rate equation

> Worked Example

The chemical equation for the thermal decomposition of dinitrogen pentoxide is:
2N205(g) » 4NO2(g) + Oz (9)
Therate equation forthis reactionis:
Rate =k[N,Os (9)]

1. State the order of the reaction with respect to dinitrogen pentoxide
2.Deduce the effect on therate of reactionif the concentration of dinitrogen
pentoxideis tripled

Answers
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Answer1:

o Dinitrogen pentoxide features in the rate equation, therefore, it cannot be order zero /
0

o Thedinitrogen pentoxideis not raised to a power, which means thatit cannotbe order
2 /secondorder

o Therefore, the orderwith respect to dinitrogen pentoxide must be order 1/ first order

Answer 2:

o Sincethereactionis first order, the concentration of dinitrogen pentoxide is directly
proportionaltotherate

o This means thatif the concentration of the dinitrogen pentoxide s tripled, then the rate
of reaction will also triple

*> Worked Example

The following equation represents the oxidation of bromide ions in acidic solution
BrOz™(aq) + 5Br (aq) + 6H* (aq) > 3Br, () + 3H,O (1)
Therate equation forthis reactionis:
Rate =k[BrO3~ (ag)l[Br~ (ag)l[H* (ag)]

1. State the overall order of thereaction
2.Deduce the effect on therate of reaction if the concentration of bromateions
is doubled andthe concentration of bromideions is halved

Answers
Answer1:

o Allthreereactants featurein therate equation but they are not raised to a power, this
means that the orderwith respect to eachreactantis order1/first order.
o Theoverall order of thereactionis 1+1+1=3orthird order.

Answer 2:

o Since eachreactantis first order, the concentration of each reactantis directly
proportional to the effect thatithas onrate

o |fthe concentration of the bromateionis doubled, then therate of reaction willalso
double

o Iftheconcentration of the bromideionis halved then therate willalso halve

o Therefore, thereis no overall effect on therate of reaction - one change doubles the
rate and the otherchangehalvesiit
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Solving Rate Equation Problems

Deducing Rate Equations

e Thefollowingreaction willbe usedto deduce therate equation, using experimental data
(CH3)3CBr + OH- > (CH3)3COH + Br-

Table to show the experimental data of the abovereaction

Initial [(CH;);CBr1/ Initial [OH 1/ Initial rate of reaction/

Experiment mol dm-3 mol dm—3 mol dm—3 g1
1 1.0 x 1073 2.0x107° 3.0 x107°
2 2.0x1073 2.0x1073 6.0 x 1073
3 1.0 x 107 4.0 1073 1.2 x 1072
4 1.5 x 107 4.0x107° 4.5 %1072

e Toderivetherate equation forareaction, you must first determine all of the orders with
respectto each of thereactants

e This canbe doneusing the tabulated data provided

o Takethereactants oneatatimeandfindthe orderwith respectto eachreactant
individually

1.ldentify two experiments where the concentration of onereactant changes, but the
concentrations of allotherreactants are constant

2.Calculate what happens to the concentration

3. Calculate what happens to therate of reaction

4.Deduce the order of reaction with respect to that chemical

5. Repeat this forall of thereactants, one at a time, untilyou have determined the order with
respecttoallreactants

Orderwith respect to [(CHz)zCBr]

1.Inexperiments 1and 2, the concentration of (CHz)3sCBrchanges while the concentration of
OH"remains constant
2.The[(CHz)zCBr] has doubled
3.Therate of thereaction has also doubled
4. Therefore, the orderwith respectto [(CHz)zCBrlis 1(first order)
o [Changein concentration]®'¥e" = changeinrate
° [2]order=2
o [2]'=2

Orderwithrespectto[OH"]

1.Inexperiments 1and 3, the concentration of OH™ changes while the concentration of
(CHz)3CBrremains constant
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2.The[OH1has doubled

3.Therate of thereaction hasincreasedby a factorof4

4. Therefore, the orderwith respect to [OH]is 2/ second order
o [Changein concentration]®'¥e" = changeinrate
° [2]order =4
o [2]2=2

Building the rate equation

¢ Once the orderwithrespect to all of the reactants is known therate equation can be
constructed
o Zeroorderreactants arenotincludedin therate equation
o Firstorderreactants areincludedin therate equation - they do notrequire a power
o Secondorderreactants areincludedin therate equation - they are raised to the power
of 2

¢ So, forthis reaction therate equation will be:

Rate = k [(CH3)3CBr] [OH"]?

(") Exam Tip

¥ Examiners will often give concentration andrate data in standard form to test your
mathematical skills!Take your time becauseitis easy to make a mistake - the most
common oneis failing to notice a factor of ten, e.g. onerate value is x10~ while the
restarex10-3
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16.1.2 Rate Constants

Rate Constants

e Therate constant, (k), of areaction can be calculated using theinitialrates andtherate
equation
Calculating therate constant fromthe initial rate

¢ Thereaction of sodium carbonate with chloride ions (from hydrochloric acid) to form

sodium chloride willbe used as an example to calculate the rate constant from theinitial
rate andinitial concentrations

¢ Thereaction andrate equation are as follows:
Na,COs3 (s) + 2Cl~ (aq) + 2H* (aq) » 2NaCl (aq) + CO, (g) + H,O(I)
RATE = k[Na,CO,]1[CL"]
THIS REARRANGES TO GIVE:

_ RATE
[Na,CO,][CL"]

e Theprogress of the reaction can be followed by measuring theinitial rates of the reaction
usingvarious initial concentrations of each reactant

Experimental results of concentrations & initial rates table

Initial rate

[Na,CO,] [CL] [H™] of reaction
Measurement (mol dm™3) (mol dm™3) (mol dm™3) (mol dm=3s-")
1 0.0250 0.0125 0.0125 4.38 x107®
2 0.0375 0.0125 0:6125 6.63x107°
3 0.00625 0.0250 0.0250 2.19 x107¢

¢ Tofindtherate constant(k):
¢ Substitute the values of one of the experiments to find k (forexample measurement 1)

~ 4.38 x107°
(0.0250) x (0.0125)

k=140 %1072

¢ Thevalues of measurement 2 or3 could alsohave beenusedto findk
o Theyallgive the sameresult of 1.40 x 1072
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Calculating units YOURNOTES
* Whenyou are asked to calculate therate constant, k, forareaction you must also be able to l
deduce theunits
¢ Thisis done by replacingthevalues in therearranged rate equation with the units of that
value
¢ Theunits canthenbe combined or cancelled as required
o Forexample, to calculate the units forthe abovereaction:

(mol-dm™=s™1)
UNITS OF k=
(mol-dr=3) (mol dm~3)

g1

mol dm™3

-1
mol "dm3s™

Temperature and the rate constant, k

* Thefollowing generalreaction andrate equation willbe used to discuss the effect of
temperature ontherate constant, k:

A+B>C+D
Rate of reaction = k[A][B]

¢ Therate equation shows thatrate of reaction depends on therate constant, k, and the
concentration of thereactants
o Astherate of reactionincreases therate constantwillincrease

¢ Increasingthe temperature of areactionincreases therate of a chemicalreaction
o Remember: this does not necessarily increase the yield of a chemical reaction
depending on whethera reaction is endothermic orexothermic accordingto Le
Chatelier’s principle

e Therefore, increasing the temperature alsoincreases the value of therate constant, k,
assuming that the concentration of thereactants remains unchanged

¢ Anexponentialrelationship between therate of reaction and temperatureis observed
when seen on a graph:
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Relationship between temperature andrate constant, k

e Thegraph shows thattherate of reaction roughly doubles with anincrease of 10 °C
o This generalrelationship does not apply to allreactions
o Also,itis notnecessarily every 10 °C, therate may double every 9 °C or11°C
o Thenumberof degrees needed to double therate also changes gradually as
temperatureincreases
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16.1.3 Graphical Representations YOURlNOTES

Graphical Representations of Reaction Order

Reaction Order Using Concentration-Time Graphs

¢ Inazero-orderreaction, the concentration of thereactantis inversely proportional to time
o This means thatthereactantconcentration decreases as timeincreases
o Thegraphis a straightline going down as shown:

N

(mol dm3)

CONCENTRATION OF REACTANT

\
/
TIME (s)

Concentration-time graph of a zero-order reaction

e Thegradient of thelineis therate of reaction
o Calculating the gradient at different points on the graph, will give a constant value for
therate of reaction

¢ Whenthe orderwithrespecttoareactantis O,achangeinthe concentration of the
reactanthas no effect on therate of thereaction
e Therefore:

Rate=k

e This equation means that the gradient of the graphis therate of reaction as well as therate
constant, k

¢ |Inafirst-orderreaction, the concentration of thereactant decreases with time
o Thegraphis acurve goingdownwards and eventually plateaus:
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(mol dm3)

CONCENTRATION OF REACTANT

TIME (s)

Concentration-time graph of a first-order reaction

¢ Inasecond-orderreaction, the concentration of thereactant decreases more steeply
with time
o Theconcentration of reactant decreases more with increasing time comparedto a
first-orderreaction
o Thegraphis a steepercurve going downwards:

(mol dm3)

CONCENTRATION OF REACTANT

TIME (s)

Concentration-time graph of a second-order reaction

Order of reaction from half-life

e Theorderof areaction can also be deduced fromits half-life (t;/2)
e Forazero-orderreaction the successive half-lives decrease with time
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o This means thatitwould take less time forthe concentration of reactant to halve as the
reaction progresses

¢ Thehalf-life of a first-orderreaction remains constant throughout the reaction
o The amount of time required for the concentration of reactants to halve willbe the
same during the entire reaction

e Forasecond-orderreaction, the half-lifeincreases with time
o This means thatas thereactionis taking place, it takes more time forthe concentration
of reactants tohalve

\ \ \
=z =z e
o] ZERO ORDER o FIRST ORDER o] SECOND ORDER
= = =
é CONCENTRATION § ad::
=Fr-—---- =Fr-—--- =
z z Z
i w (V]
Ol ______ O Ll____ O
=z =z =z
O @] I | O
(&) | | (@) | | O
t4(1) t4(2) t4(1) t4(2) () 14(2)
z z 2z 2 2 2
TIME TIME TIME

Half-lives of zero, first and second-orderreactions

(f) Exam Tip

w q g
Make sure that you know the correct shapes forthe concentration-time graphs. It
can be easy to confuse some concentration-time graphs with the following rate-
concentration graphs, particularly;

e Thestraightline of a zero-order concentration-time graph with the straightline
of a first-orderrate-concentration graph.

e Thecurve of a first-order concentration-time graph with the curve of a second-
orderrate-concentration graph.

Reaction orderusingrate-concentration graphs

¢ Inazero-orderreaction, therate doesn’t dependon the concentration of thereactant
o Therate of thereaction thereforeremains constant throughout the reaction
o Thegraphis a horizontalline
o Therateequationisrate =k
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REACTION RATE (mol dm=3s1)

CONCENTRATION OF REACTANT,
[AT (mol dm=)

Rate-concentration graph of a zero-orderreaction

¢ Inafirst-orderreaction, therateis directly proportional to the concentration of a reactant
o Therate of thereactionincreases as the concentration of thereactantincreases
o This means thattherate of thereaction decreases as the concentration of the
reactantdecreases whenit gets used up during thereaction
o Thegraphis a straightline
o Therateequationisrate = k[A]

REACTION RATE (mol dm=3s~1)

CONCENTRATION OF REACTANT,
[AT (mol dm=3)

Rate-concentration graph of a first-order reaction

Page 14 of 36

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers



https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

¢ Inasecond-orderreaction, therateis directly proportional to the square of concentration YOURNOTES
of areactant 1
o Therate of thereactionincreases more as the concentration of thereactantincreases
o This means thattherate of thereaction decreases more as the concentration of the
reactantdecreases whenit gets used up during the reaction
o Thegraphisacurvedline
o Therateequationis rate = k[A]?

REACTION RATE (mol dm=3s~1)

CONCENTRATION OF REACTANT,
[A] (mol dm=)

Rate-concentration graphs of a second-orderreaction

(") Exam Tip

* Careful - sometimes when asked to complete calculations forthe rate constant, k,
the exam question will give you a graph as well as tabulated data. Do notignore the
graph as this demonstrates the order of one of the reactants, while the tabulated
data allows you to determine the order for the otherreactants.
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16.1.4 Rate Determining Step YOURNOTES

l
Molecularity & Rate Determining Step

Rate-determining step & intermediates

e Achemicalreaction canonly go as fast as the slowest part of thereaction
o So,therate-determining step is the slowest stepin thereaction

¢ Ifareactantappearsintherate-determining step, then the concentration of that reactant
willalso appearin therate equation

e Forexample, therate equation forthe reaction below is rate = kfCHzBr][OH"]
CH3zBr+ OH™> CHzOH +Br-

o This suggests that both CHzBrand OH™ take partin the slow rate-determining step
o Molecularity is the number of reactant particles that participatein therate-
determining step
o Thisreactionis abimolecular reaction
= Unimolecular: one species involvedin the rate-determining step
= Bimolecular: two species involvedin the rate-determining step

¢ Theintermediateis derived from substances thatreacttogetherto formitin therate-
determining step

o Forexample, forthereaction above theintermediate would consist of CHzBrand OH"-

H H

)

HO—C—Br
H

W

The intermediate formed from the species that areinvolvedin the rate-determining step
(andthus appearin therate equation)

(") Exam Tip
*  Intermediates do not featurein rate equationsinstead, the chemicals required to
make theintermediate featurein the rate equation

Identifying the rate-determining step

e Therate-determining step can beidentified from arate equation given that the reaction
mechanismis known

e Forexample, propane (CH3CH,CHz) undergoes bromination under alkaline solutions
e Theoverallreactionis:

CHzCH,CH3 +Bry + OH™ > CH3CH,CH,Br + H,O + Br-
e Thereaction mechanismis:
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H—C—C—C—H + OH —> H-—

H H
1
e
H H

|
H

I—ﬂ—I

H H

SLOW |

T

H H

H H

FAST ]

o,  ——> H-C-C—
H H

1-BROMOPR

T RATE
—C: + H,O |DETERMINING
| STEP
H
)
? Br + Br~
H
OPANE

Reaction mechanism for the bromination of propane under alkaline conditions

¢ Therateequationis:

Rate = k[CH3CH2CH3][OH"]

e Fromtherate equation,itcanbe deducedthatonly CH3zCH,CHzand OH areinvolvedin

therate-determining step and not bromine (Brp)

e CH3zCH>CHz and OH™ are only involvedin the first step of the reaction mechanism,
therefore therate-determining stepis:

o CHzCHCHz+OH™ > CHzCH2CH> +H20
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Potential Energy Level Profiles YOURNOTES

Single-step reactions {

¢ When any reacting molecules collide with bond breaking and bond formation occurring, the
interacting molecules willbein an unstable, high-energy state temporarily
o This transition state will be of a higherenergy than eitherthe reactants or products
and corresponds to the activation energy

¢ The exothermic reaction of hydrogen andiodine to form hydrogen iodide willbe used to
discuss how energy level diagrams relate to the rate-determining step

TRANSITION STATE

H----H
| I
| I
| |
I----1
>
V)]
o
m PRODUCTS
w 2H-T
2 Ea
[
=
w
-
(@]
0 | REACTANTS
H-H AND I-T /
\
—

PROGRESS OF REACTION

The potential energy level diagram for the exothermic reaction of hydrogen andiodine

e Asthereaction proceeds, covalent bonds start to form between the hydrogen andiodine
atoms from the hydrogen andiodine molecules

e Atthesametime, the covalentbonds within the hydrogen andiodine molecules grow
longerand become weaker

¢ Thisresultsinthe transition state complexshown

H----H
| |
| |
|

|
The transition state complex for the reaction of hydrogen andiodine

¢ Fromthis transition state, the bonds between the hydrogen andiodine atoms can continue
to grow shorterand strongerresulting in the formation of hydrogeniodide
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¢ Alternatively, the bonds within the hydrogen andiodine molecules can grow shorterand
strongerwhich wouldresultin the formation of thereactants
¢ Hydrogeniodide willonly formif the hydrogen andiodine molecules collide with kinetic
energy greaterthan orequalto the activation energy
o Themolecules willalso need to collide in the correct orientations

e Thereaction, orelementary, step with the greatest activation energy willbe therate-
determining step and can be usedto determine the rate equation

Multi-step reactions

¢ The endothermic reaction of nitrogen dioxide and fluorine to form nitryl fluoride (NO,F) will
beusedtorelaterate equations andrate-determining steps to the energy level diagram of
amulti-stepreaction:

2NO; (9) +F2(g) » 2NOF (g)

e Thisreactionis unlikely to occurin a single step as that would require three molecules to
collidein the correct orientation and with sufficient kinetic energy
o Thisis evenless likely to occuras all three molecules are gaseous

e Experimental data shows that therate equation for this reactionis:
Rate = k[NO,][F,]

¢ Oneproposedreaction mechanism for this reactioninvolves the following elementary
steps:
o Step1:NO,+F,>NO,F +F
o Step2:NO,+F-> NOyF

e Steplmustbetherate-determining step asitis the only step thathas reactants matching
therate equation
o Therefore, on a potential energy level diagram the activation energy for step 1willbe
greaterthan the activation energy forstep 2

¢ Thetransition state for this multi-step reaction must be:
NO, + NO,F +F

o This canbe deducedusing the the equation forelementary step 1andthe overall
equation
= Theoverallequation states that two NO, react with oneF,
= Elementary stepTuses one NO,toform NO,F +F
= Thisleaves one NO, alongwith NOyF + F

¢ Thisleads to the following potential energy level diagram:
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TRANSITION

STATE
> Ea, \NO,+ NO,F +F
é REACTANTS
S| 2NO,+F, \
2 -V PRODUCTS
= 2NO,F
e
(V0]
—
(@]
(a8

~

PROGRESS OF REACTION

Potential energy level diagram for the formation of nitryl fluoride

* Key points from the potential energy level diagram are:
o Theoverallreactionis endothermic, as stated
o Therate-determining stepis the step thathas the greatest activation energy
o Thereis alabelled energy level forthe transition state

(") Exam Tip

* Multi-step reactions where the first elementary stepis not the rate-determining step
prove more challengingin terms of potential energy level diagrams. Remember that
therate-determining step must have the greatest activation energy. Do not confuse
greatest with the highest! When people talk about the highest they are normally
referring to where the activation energy peakis, not the actual value it represents
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Catalysts & Mechanisms YOURNOTES
Identifying intermediates & catalyst {

* When arate equationincludes a species thatis not part of the chemicalreaction equation
then this species is a [popoverid="mT5UZwSwYE9Vt6F|" label=catalyst]

e Forexample, the halogenation of butanone under acidic conditions

e Theoverall equation forthis reactionis:

+

H
CH,CH,COCH, + |, ———> CH,CH,COCH,I + HI

¢ Onecommonly acceptedreaction mechanismis:
O "OH
I . FAST I
STEP 1: | CH;—CH,—C—CH; + H == CH,—CH,—C—CH,

*OH OH
I SLOW |

CH;—CH,—C—CH; —> CH;—CH,—C=CH, + H'

OH "OH
| FAST I _
CHy—CH,—C=CH, + T, —> CH;—CH,—C—CH,T + T

*OH 0
FAST

I I
STEP 4:| CH,—CH,—C—CH,I+I == CH,—CH,—C—CH,I +HI
Reaction mechanism for the halogenation of butanone under acidic conditions

¢ Therate-determining stepis the slowest step, identified as step 2
e However, the CH3zCH,C(OH*)CHz cannot be used in the rate equation as it is an intermediate, not a

reactant
i i
CH;—CH,—C—CH, + H" = CH,—CH,—C—CHj
INTERMEDIATE

Reaction to form the intermediate foundin the rate-determining step
¢ Therefore, the CH3CH2>COCHz and H* that form the intermediate feature in the rate equation:

Rate = k[CH3zCH2,COCH3][H*]
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¢ TheH*isnotareactantinthe overallchemical equation butitdoes appearin therate YOURNOTES
equation 1
o H*must, therefore, be a catalyst
o Thisis alsosupported by the H* beingusedin step1andformingas a productin step 2
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16.1.5 Mechanism Problems YOURlNOTES

Mechanism Problems

e Chemicalkinetics can only suggest areaction mechanism, they cannot proveit
o However, they can be used to disprove a proposed mechanism

¢ Elementary steps are the steps involvedin a reaction mechanism
o Forexample, in the following generalreaction:

A+B>C+D
o Theelementary steps couldinvolve the formation of an intermediate:
Elementarystep1: A>R+D
Elementarystep2:R+B->C

e |tisimportantthatthe elementary steps fora proposed mechanism agree with the overall
stoichiometric equation
o Forexample, combining the 2 elementary steps above gives the overall stoichiometric
equation

A+R+B>R+C+D

A+B->C+D

*> Worked Example

Sulfur dioxide reacts with oxygen to form sulfur trioxide

1.Propose a one step mechanism forthe abovereaction
2.The abovereactionis catalysed by the formation of nitrogen dioxide from
nitrogen monoxide. Propose a two step mechanism for this reaction.

Answers
Answer 1:

o Aonestepreaction mechanismis simply the overall stoichiometric equation
o Therefore, the correctansweris 250, + Oy > 2503

Answer 2:

o One of the two elementary steps for this two step mechanism can be taken from the
question:

Elementary step1: 2NO + O, > 2NO,

o The second elementary step mustinvolve thereaction of the nitrogen dioxide formed
with sulfur dioxide:

Elementary step2: NO, + SO, >NO + SOz (0or2NO, + 250, > 2NO + 2S03)
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(’) Exam Tip

Itisimportantthatyou check that the equations you are proposing for a reaction
mechanism. They must add up to the overall stoichiometric equation, otherwise the
proposed mechanismis wrong.

Predicting the reaction mechanism

e Theoverallreaction equation andrate equation canbe usedto predict a possible reaction
mechanism of areaction
o This shows theindividual reaction steps which are takingplace

e Forexample, nitrogen dioxide (NO,) and carbon monoxide (CO) react to form nitrogen
monoxide (NO) and carbon dioxide (CO5)
o Theoverallreaction equationis:

NO;(9) + CO(g) » NO(g) + CO,(9)
o Therateequationis:
Rate = k [NO,]?

* Fromtherate equation, it can be concludedthatthereactionis zero-orderwith respectto
CO(g) andsecond-orderwithrespecttoNO,(Q)
¢ This means that there are two molecules of NO, (g) involvedin the rate-determining step
andzero molecules of CO(g)
o This means thatin terms of [popoverid="GCXR2mfBwg279t30" label=molecularity],
therate determining stepis bimolecular

¢ Apossiblereaction mechanism could therefore be:
Step 1:
2NO,(g) > NO(g) +NO3(9g) slow (rate-determining step)
Step 2:
NO3(g) + CO(g) » NO;(g) + CO2(g) fast
Overall:
2NO, (9) +NOz{g) + CO(g) » NO (g) + NOz{(g) + NOx{g)+ CO,(9)
= NO;(g)+CO(g)>NO(g) + CO2(g)
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(’) Exam Tip

- . : .
Itisimportant that the elementary steps for a proposed mechanism also agree with

the experimentally determined rate equation. Therate equation and the overall
reaction must berelated, i.e. the correct chemical species involved. Remember:
Thereis no directlink between the orders in the rate equation and the stoichiometry
of the overall equation. However, the rate equation can be derived directly from the
rate determining step and its stoichiometry

Predicting the reaction order & deducing the rate equation

¢ Theorderof areactantandthus therate equation can be deducedfromareaction
mechanismif therate-determining stepis known

e Forexample, thereaction of nitrogen oxide (NO) with hydrogen (H,) to form nitrogen (N»)
andwater

2NO(g) +2H(g) » N2 (g) + 2H20 (1)
¢ Thereaction mechanism for this reactionis:
Step1:
NO(g) + NO(g) » N,O,(g) fast
Step 2:
N,O,(g) +H,(g) > HO (1) + N,O (g) slow (rate-determining step)
Step 3:
N2O(g) +H2(9) » N2(9) +HO(l)  fast

e Thesecondstepin this reaction mechanismis the rate-determining step
e Therate-determining step consists of:

o N,O,whichis formed from the reaction of two NO molecules

o OneH,;molecule

¢ Thereactionis, therefore, second order with respect to NO and first order with respect to

H2
¢ So,therateequationbecomes:

Rate = k [NO]?[H,]

e Thereactionis, therefore, third order overall

(’) Exam Tip

¥ Intermediates in the mechanism cannot appearas substancesin therate
equationThis is why you substitute the N, O, in the above example. Step 1shows that
2NO molecules are required to form the necessary N,O,
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16.2 Activation Energy YOURlNOTES

16.2.1The Arrhenius Equation

The Arrhenius Equation

¢ Therateequation shows how each of thereactantsin areaction effects therate of the
reaction anditincludes therate constant, k
¢ However, k only remains constantif the concentration of thereactants is the only factor
whichis changed
o Ifthetemperatureis changedora catalystis used orchanged, then therate constant,
k,changes

¢ Athighertemperatures, a greater proportion of molecules have energy greaterthan than
the activation energy
¢ Sincetherate constant andrate of reaction are directly proportional to the fraction of
molecules with energy equal or greater than the activation energy, then at higher
temperatures:
o Therateof reactionincreases
o Therateconstantincreases

¢ Therelationship between therate constant, the temperature and also the activation energy
is given by the Arrhenius equation:

-E
— RT
k= Ae
k= THE RATE CONSTANT

A = ARRHENIUS CONSTANT
(A CONSTANT RELATED TO THE COLLISION
FREQUENCY AND ORIENTATION OF THE MOLECULES)

Eq=ACTIVATION ENERGY (J mol™
R=GAS CONSTANT (8.31JK "mol™
T = TEMPERATURE (KELVIN, K)

e = MATHEMATICAL CONSTANT
(CAN BE FOUND ON YOUR CALCULATOR —IT HAS
AN APPROXIMATE VALUE OF 2.718)

o E;andA areconstants that are characteristic of a specificreaction
= Adoes vary slightly with temperature butit can still be considered a constant

o Ris afundamental physical constant forallreactions
o kandTaretheonlyvariables in the Arrhenius equation

e TheArrhenius equationis usedto describereactions thatinvolve gases, reactions
occurringin solution orreactions that occuron the surface of a catalyst
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Temperature Dependence

» Thefollowingrate-temperature graphis typical of reactions that have an activation
energy, E,, of around 50 kJ mol-!

40—

30

20—

10

RELATIVE REACTION RATE

0 T ; T f
0] 10 20 30 40 50
TEMPERATURE 7/ °C

Graph showing the temperature dependence of reactionrate in the Arrhenius equation

e The graph shows a generally acceptedrule thatrate doubles with a temperatureincrease
of approximately 10 °C
o Thisruleis notan absoluterule as values forthe activation energy, E,, of areaction vary
greatly

Using the Arrhenius Equation

¢ TheArrhenius equationis easierto use if you take naturallogarithms of each side of the
equation, whichresults in the following equation:

Eq
lnk—-LnA—ﬁ

¢ TheArrhenius Equation can be used to show the effect thata changein temperature has on
therate constant, k, and thus on the overallrate of thereaction
o Anincreaseintemperature (highervalue of T) gives a greatervalue of In k and therefore
a highervalue of k
o Sincetherate of thereaction depends on therate constant, k, anincreaseinkalso
means anincreasedrate of reaction

e Theequation canalsobeusedtoshow the effect of increasing the activation energy on the
value of therate constant, k
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o Anincreasein the activation energy, E,, means that the proportion of molecules which YOURNOTES
possess atleast the activation energy s less

l
o This means thattherate of thereaction, andtherefore the value of k, willdecrease

e Thevalues of kand T forareaction can be determined experimentally

o Thesevalues of kand T canthen be usedto calculate the activation energy fora
reaction

o Thisis themostcommon type of calculation you willbe asked to do on this topic

(') Exam Tip
¥  Inthe exam, you could be asked to calculate any part of the Arrhenius Equation
Using the equationinits naturallogarithm form makes this easier

*> Worked Example

o
Calculate the activation energy of areaction which takes place at 400 K, where the
rate constant of thereactionis 6.25x10"4s,
A=4.6x10%andR=8.31JK'mol.
Answer
Eq
lnk = LnA — —
WSS R

REARRANGE THE EQUATION FOR Eg:

Eq
— + =
RT lnk = LnA

£

RT = LnA — Lnk

— Eq = (InA — Lnk) x RT

INSERT WVALUES FROM THE QUESTION:

Eq =[(ln 4.6 x10®) - (Ln 6.25 x 107*)1 x (8.31 x 400)
=[(31.4597) — (=7.3778)1 x(3324)
=129,095.85 J

REMEMBER, E, HAS THE UNIT kdJ...
E, = 129kJ
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16.2.2 Graphing the Arrhenius Equation YOUR TOTES

Graphing the Arrhenius Equation

Findingthe Activation Energy
¢ Very often, the Arrhenius equation is used to calculate the activation energy of a reaction
e Aquestion will either give sufficientinformation for the Arrhenius equationtobe used ora
graph canbe plotted and the calculation done from the plot
Using the equation:
¢ Remember, itis usually easier to use the version of the Arrhenius equation after naturallogs
of each side have been taken
Using an Arrhenius plot:

¢ Agraphofinkagainst1/T can be plotted, andthenusedto calculate E,
o This gives aline which follows theformy =mx+c

1/ T

LINE OF
BEST FIT

In k

GRADIENT = _RE“

INTERCEPT =1ln A

The graph of Ink against 1/Tis a straight line with gradient -E,/R

¢ Fromthe graph, the equationinthe form ofy = mx+cis as follows:
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_Ec. |
Lnf{— R ?+|,nA
y=lInk
§ 1
T

A=
m = R“ (THE GRADIENT)

c=1Iln A (THE y INTERCEPT)

1. Complete the following table
2.Plotagraphofinkagainst1/T
3.Usethis to calculate the activation energy, E;, and the Arrhenius constant, A, of
thereaction.
Temperature 1 K Time Rate constant
/K i (t)/s (k)/s?
310 3.23 =103 57 -9.2
335 31 3.01x107* -8.1
360 2.78 165 19 5.37 = 1074 =75
385 2.60x 107 7 9.12 x107*
Answers
Answer1:
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Time Rate constant

Temperature 1

/K™

/K i (t)/s (k) /s ln k
310 3.23x107%| 57 1.01 <1074 -9.2
335 2.99 x 1073 31 3.01x107* -8.1
360 2.78=107%| 419 5.37 x 107* -7.5
385 2.60 x 107° 7 9.12 x107* -7.0
Answer 2:
"? « 107 (K™

260 270 280 290 300 310 3.20 3.30

lnk —7 — \x\
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Answer 3: YOURNOTES
CALCULATE THE ACTIVATION ENERGY: !
% < 107 (K™
260 270 280 290 3.00 340 3.20 3.30
| | | | | | | |
-5
_6_
lnk -7 —
-1
g e e
-9 e
GRADIENT = ——
0.3 x 10
_10 = —3666.6

E
GRADIENT = R“ = -3666.6

E,=—(—3666.6 x 8.31)
= 30,469 Jmol™
=30.5 kJmol™
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CALCULATE A:

"? <1073 K™
2.60 270 280 2.80 300 310 3.20 3.30
| | | | | | | |
-5
._6 —]
(2.60 x107%,-7)

Ink =7 —
._8 —

—9 —
-10 —

CHOOSE A POINT ON THE GRAPH
(2.60 x1073,-7.0)

USE THE FOLLOWING EQUATION:

Yy = m X + c
Elnkz_Edi sin A
T

R
Ink=-7.0
FROM THE POINT
% — 260 x10"* [ CHOSEN ON THE GRAPH
~Ea _ -1
R 0.3x1073
= -3666.6

SO: -7.0=(-3666.6 x2.60 x10°%) + ln A
-7.0=-9.53+1lnA

S lnA=-7.0+953
= 2.53

A = 25

A =12.55
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Exam Tip YOURlNOTES
You are not required to learn these equations.However, you do need to be able to

rearrange them, and knowing them s helpfulin understanding the effects of

temperature on therate constant.
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16.2.3 Activation Energy from Rate Constants

Activation Energy from Rate Constants at Different Temperatures

Arrhenius Plots

¢ Arrhenius plots for two reactions with different activation energies can be drawn on the
samegraph

LOWER E,

lnk

HIGHER E,

>
1
T
Arrhenius plots for two reactions with different activation energies

e Thereactionwith a steeper gradient has the higheractivation energy, E,
e Thisindicates thattherate constant, andthereforerate, willchange quicker with
temperature changes

Calculating the Activation Energy

e Theactivation energy, E,, can be calculatedusingrate constantvalues, k;and ks, fortwo
given temperatures, T;and T,

e Thisrequires the use of the following equation thatis givenin the data booklet:
e 4 =K 1
(=] = == -=
K, RAT T,

9 Worked Example

Hydrogen iodide decomposes in the gas phase to form hydrogen andiodine

2H1(g) > H2(9) +12(9)

At283°C, therate constantis 3.52x10~" moldm™> s /At 508 °C, the rate constant
is 3.95 x10"2mol dm=3 s'Calculate the activation energy, E,, for the reaction
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Answer YOURNOTES

1. Convert the temperatures from°C toK: i
= T1:283+273=556K
= T7,:5608+273=781K

2. Write the appropriate Arrhenius equation from the data booklet
3. Substitute thevalues
4. Evaluate the equation to get the activation energy, E;

k) 2 Eef1 1
k, RI\T, T

3.52 x 107 mol dm=3 s~
n
3.95 x 107 mol dm3s™"

_ = 1.1
8.31JK 'mol” | 781K 556K

Ea

-5.1815 x 10°*
g3 OB x

-11.6281 =

-11.6281  E,
-5.1815 x 10*  8.31

—11.6281
-5.1815 x 10°*

x 8.31=E,

Eq= 1.87 x 10°J mol™
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