TOPIC 16:  KINETICS 

In this section we will study quantitatively the relationship between the rate of a chemical reaction and the concentration of reactants. Does a concentration change of every reactant have an effect on the rate of reaction?  Is the effect of a concentration of a particular chemical always the same?  How is it possible for a change in concentration of a reactant not to have an effect on the rate of reaction?

Relationships between concentration changes of reactants and rates have been established by experiments in which initial rates are measured as they are the most accurate rates; as soon as products are formed the products themselves interfere with the rate of reaction especially if the reaction is reversible.

Studies in the effect of reactant concentration on rates of reaction also allow us to find out more about how reactions actually occur at molecular level i.e. reaction mechanisms.

16.1 Rate expression and reaction mechanisms

E. I.: Rate expressions can only be determined empirically and these limit possible reaction mechanisms. In particular cases, such as a linear chain of elementary reactions, no equilibria and only one significant barrier, the rate equation is equivalent to the slowest step if the reaction.
Nature of science:  Principle of Occam’s razor—newer theories need to remain as simple as possible while maximizing explanatory power. The low probability of three molecule collisions means stepwise reaction mechanisms are more likely. (2.7)
	Understandings

· Reactions may occur by more than one step and the slowest step determines the rate of reaction (rate determining step/RDS).
· The molecularity of an elementary step is the number of reactant particles taking part in that step.
· The order of a reaction can be either integer or fractional in nature. The order of a reaction can describe, with respect to a reactant, the number of particles taking part in the rate-determining step.
· Rate equations can only be determined experimentally. 
· The value of the rate constant (k) is affected by temperature and its units are determined from the overall order of the reaction.
· Catalysts alter a reaction mechanism, introducing a step with lower activation energy.

	Application and skills

· Deduction of the rate expression for an equation from experimental data and solving problems involving the rate expression.
· Sketching, identifying, and analysing graphical representations for zero, first and second order reactions.
· Evaluation of proposed reaction mechanisms to be consistent with kinetic and stoichiometric data.


The rate expression or rate equation states in a precise way how the starting concentrations of all reactants affect the initial rate of a chemical reaction; the rate expression expresses the rate of a chemical reaction in terms of the concentration of each reactant to a specific power.

For a general equation of a chemical reaction:

                                                          E

                               aA   +   bB        ((      cC  +   dD


this could be the rate expression :         rate = k [A]x  [B]y  [E]z
                                                                                                     in which the following symbols stand for:

	k = rate constant
	x = order of reaction with respect to reactant A

	y = order of reaction with respect to reactant B
	z = order of reaction with respect to the catalyst

	x  +  y  + z =  overall order of reaction                                       
	            E = catalyst


Rate constant k

· k = a constant (rate constant) of proportionality between the reaction rate and the concentration of reactants; it is specific to each reaction;
· k is independent of the initial concentrations, unlike the rate of reaction;

· k is not affected by the concentration of the reactants which means that:

· it remains the same when a reaction is carried out using different starting concentrations or

· it also remains the same during a reaction when the concentration of any reactant changes and when the reaction rate changes;  all k is, is a ratio;  

· k is not really a constant as it is affected by:
· the temperature,  (k can vary greatly with temperature);
· the presence of a catalyst (see Arrhenius equation at a later stage which describes these relationships) the state of matter of the reactants;

· the unit of k depends on the rate law/overall order of reaction as shown in table at the bottom of page 2.
· the greater k (for the same concentration of reactant), the faster the reaction.

· the greater k the greater the effect of a concentration change on the rate of a particular reaction.

The rate expression tells us how, at a particular temperature, the rate changes as the initial concentrations of some reactants changes. It also relates the rate of a reaction to the concentration of reactants at any given time during the reaction.  

Order of reaction with respect to a reactant

· The order of reaction with respect to a reactant is the power to which the concentration of that reactant is raised in the rate law and it describes the effect of a concentration change of that reactant on the reaction rate at a given temperature. 

· The overall order of reaction is the sum of all the powers to which the concentrations of those reactants (including catalyst) that appear in the rate law have been raised. 

· The order of reaction can only be determined experimentally (unless it is an elementary step) and cannot de derived from the equation.

· Order of reaction can be an integer or a fraction.

· The order of reaction refers to the slowest step in a multistep mechanism.

Zero order:  concentration of reactant does not have any effect on rate that is independent form the concentration of the reactant:

                                                                 rate = k [A]0             therefore   rate = k 

Reactants of the zero order are therefore not included in the rate law; (this also means that the reaction is a multistep process and that reactant is not involved in the slowest step: see later)

First order:  when concentration of reactant is doubled also the rate doubles; in a first order reaction the rate depends on a single reactant raised to the first power

                                   rate = k [A]1                      therefore   rate = k [A] 

Second order:  when concentration of reactant is doubled the rate quadruples; rate of reaction depends on a single reactant raised to the second power or two reactants each one raised to the first power (the rate increases much faster that the increase in concentration)

                                      rate = k [A]2                      therefore   rate = k [A]2 

(If a reactant is of the first or second order it is involved in the slowest step or rate-determining step)

Overall order of reaction

As stated earlier the overall order of reaction is the sum of the order of reaction of each reactant.

The table below shows the possible order of reactions that you need to know.

	Overall order of reaction
	example
	unit of k

	zero – rate of reaction is independent of concentration of reactant
	rate = k
	mol dm-3 s-1

	first
	rate = k [A]
	s-1

	second
	rate = k[A] [B]
	mol-1 dm3 s-1

	third
	rate = k[A]2[B]
	mol-2 dm6 s-1


Graphical representation of order of reactions

Concentration against time graphs: shows the effect of the reactant being used up, and therefore its concentration on the rate of the reaction:

· Zero order:  straight line sloping down. The concentration of the reactant decreases but the rate of the reaction remains the same – the gradient of a straight line is constant. This provides graphical evidence that the change in concentration of this reactant does not affect the rate of the reaction. The concentration of the reactant does not affect the rate. 
· First order: exponential curve downwards; as the concentration decreases the rate also decreases (decreasing gradient) so there is a relationship.

· Second order: the downward curve is steeper than the first order as the rate decreases rapidly as the concentration of reactant decreases. Rate decreases more than the concentration of the reactant. Not always easy to notice the difference between first order and second order in concentration-time graphs.


                                                                                                                          = zero order

                                                                                                                          = first order

              concentration

                                                                                                                          = second order

                                                                                                                         (decrease increases)

                                                                                                                 time

Rate against concentration graphs: graph shows the relationship between the change of concentration of a reactant and the rate of the reaction; easier to spot difference between first and second order.


                                rate

                                                                                                                                      = zero order      

                                                                                                                                      = first order

                                                                                                                                      = second order          

                                                                                                                                     (increase increases) 

                                                                                                                    

                                                              concentration

Experimental determination of rate expression (or order of reaction of each reactant) and overall order of reaction

Using a discontinuous method: many experiments are carried out in which in each experiment the concentration of the reactant for which the order needs to be established is changed whilst the  concentrations of all other reactants are kept constant;

· in each experiment the rate of reaction is followed by measuring the concentration of one chemical (e.g. iodine) during the reaction (e.g. by using colorimetry);

· a concentration-time graph for each reactant in each experiment its concentration is changed  is plotted and the initial rate of reaction determined;

· the effect of concentration change of each reactant is determined;

· once the rate expression has been established the rate constant can also be calculated. 
Using the continuous method if possible i.e. the concentration change of each reactant is followed during the reaction and a concentration-time graph is drawn - this method is not always possible.

In terms of gases, we can use pressure in the same way as concentration !!!!

Exercises:  

1.  For the reaction                      2A  +  B  ((    C

    the following results were obtained for kinetic runs at the same temperature:  

	[A] in mol dm-3
	[B] in mol dm-3
	initial rate in mol dm-3 s-1

	0.20

0.40

0.40
	0.10

0.10

0.20
	0.20

0.80

0.80


	Find
	(a) the rate expression for the reaction

(b) the rate constant

(c) the initial rate of a reaction, when [A] = 0.60 mol dm-3 and [B] in 0.30 mol dm-3


2.  For the reaction         2A  +  B  ((    C  +   D

     the following results were obtained for kinetic runs at the same temperature:  

	Experiment
	initial [A] in mol dm-3
	initial [B] in mol dm-3
	initial rate in mol dm-3 s-1

	1

2

3

4
	0.150

0.150

0.075

0.075
	0.25

0.50

0.50

0.25
	1.4 x 10-5

5.6 x 10-5
2.8x 10-5
7.0 x 10-6


      (a)  Find the order with respect to A, the order with respect to B and the overall order of the reaction 

            and the rate expression for the reaction.

(b)  Find the rate constant.

(c)  Find the initial rate of a reaction, when [A] = 0.120 mol dm-3 and [B] in 0.220 mol dm-3
3. The reaction of peroxydisulfate ion (S2 O82- ) with iodide ions (I ) is 

                          S2 O82- (aq)  + 3I- (aq)  ((   2SO42- (aq)  + I3-  (aq)

       From the following data collected, determine the rate law and calculate the rate constant

	Experiment
	 [S2 O82- ] in mol dm-3
	 [I-] in mol dm-3
	initial rate in mol dm-3 s-1

	1

2

3
	0.080

0.080

0.16
	0.034

0.017

0.017
	2.2 x 10-4

1.1 x 10-4
2.2 x 10-4


4. The following data were collected at a certain temperature for the rate of disappearance of NO in the 

reaction. Determine the rate expression and the value of the rate constant.                     

                                         2NO (g) + O2 (g)  ((   2NO2 (g)

	Experiment
	 [NO] in mol dm-3
	 [O2 ] in mol dm-3
	initial rate in mol dm-3 s-1

	1

2

3
	0.0126

0.0252

0.0252
	0.0125

0.0250

0.0125
	1.41 x 10-4

1.13 x 10-3
5.64 x 10-4


5. The following data were collected at a certain temperature for the reaction between nitric oxide and bromine at 273 C: 

                                              2NO (g) + Br2 (g)  ((   2NO Br (g): 

	       Experiment
	 [NO] in mol dm-3
	 [Br2 ] in mol dm-3
	initial rate of appearance of NOBr in mol dm-3 s-1

	1

2

3

4
	0.10

0.10

0.20

0.30
	0.10

0.20

0.10

0.10
	12

24

48

108


(a) Determine the rate expression.
(b) Calculate the value of the rate constant for the appearance of NOBr.
(c) How is the rate of appearance of NOBr related to the rate of disappearance of Br2?
(d) What is the rate of appearance of NOBr when [NO] = 0.15 mol dm-3  and [Br2 ] = 0.25 mol dm-3 ?
(e) What is the rate of disappearance of Br2 when [NO] = 0.075 mol dm-3 and [Br2 ] = 0.185 mol dm-3 ?
6. The results tabulated refer to the isomerisation of trans-dichloroethene  to  cis-chloroethene

	time (in s)
	0             600              900                1200              1500                  1800

	trans-isomer in mol
	1.00       0.90             0.85                 0.81               0.79                  0.78


From a suitable plot, find the order of reaction and the rate constant.

7. The following results were obtained for the acid-catalysed hydrolysis of methyl ethanoate

	time (in s)
	0             1150           2050               3600               5050                 8000

	[ester] in mol dm-3 
	0.500      0.375          0.300             0.216               0.150                0.071


From a suitable plot, find the order of reaction and the rate constant.
8. The rate of the reaction A  +  2B  ((  C  has been observed at 25 C.  From the following data, determine the rate expression for the reaction and calculate the rate constant.
	       Experiment
	 [A] in mol dm-3
	 [B] in mol dm-3
	initial rate of appearance of C in mol dm-3 s-1

	1

2

3

4

5
	0.100

0.200

0.400

0.100

0.100
	0.100

0.100

0.100

0.300

0.600
	5.50 x 10-6

2.20 x 10-5

8.80 x 10-5

1.65 x 10-5

3.30 x 10-5


9.  The oxidation of bromide ions to bromate ions in acid solution, 

                             5 Br-  (aq)  +  BrO3-  (aq)  +  6H+ (aq)   ((  3 Br2 (aq)  +  3H2O (l)
       obeys the following rate law          rate = k [BrO3- ]2  [Br-]  [H+]2
       If the concentration of the bromate ion is reduced by one half and the concentration of the bromide ion         

       is doubled at constant pH, what would happen to the reaction rate?

       A.   it would decrease by a factor 4                                 B.   it would decrease by half 

       C.   it would increase by a factor 5/4                               D.   it would double

Reaction mechanisms
Multistep reactions

A balanced chemical equation does not tell us how a reaction occurs at molecular level i.e. how the actual reactant particles interact or collide with each other or what bonds are broken or made. 

A balanced equation tells us what particles (species) we have at the start of the reaction and what particles we have at the end. 

A balanced overall equation may represent a summary, a net change, a sum of reactions. It also of course tells us the stoichiometric ratios of the species involved. It does not tell us what happens in between!! 

A reaction mechanism provides a description of what we think happens at molecular level during a reaction; it describes the order or sequence in which bonds are broken and new ones are formed.  

A reaction mechanism is a sequence of elementary steps that show the order in which molecular collisions occur in a reaction. An elementary step is an equation that shows only one collision.

In some reactions there is only one elementary step; it has a single step mechanism.

However, many reactions occur in more than one step, they have a multistep reaction mechanism.

Example of a multistep reaction mechanism:  The equation below is an overall equation of a reaction:

Overall equation:       NO2  (g)   +    CO  (g)        ((       NO (g)    +     CO2  (g)     (represents net change)

In reality the reaction occurs in the two elementary steps as shown below:

                              NO2  (g)   +      NO2  (g)        ((   NO3  (g)    +    NO  (g)         (=elementary step)

                              NO3  (g)   +    CO  (g)        ((      NO2  (g)    +     CO2  (g)       (=elementary step)


                                 NO2  (g)   +    CO  (g)        ((       NO (g)    +     CO2  (g)
The two equations above are elementary steps that occur in a certain sequence with the top step being the first step. Both elementary steps represent the progress of the overall reaction at molecular level.  Each elementary step shows one kind of collision. 

When added up, the two elementary steps give the overall equation showing the net change in the reaction.  

The NO3 in the above steps is called an intermediate as it does not appear in the overall equation; this is the case because intermediates are formed in one step but are then used up in a later step.

In any multistep reaction, one elementary step is always slower than the other(s) (higher activation energy and therefore lower k value – see later) and it is this slowest step which determines the rate at which the overall reaction occurs; this elementary step is therefore referred to as the rate-determining step (RDS).  

Increasing the concentration of the reactants which are not in the rate-determining step will not change the rate of the reaction. Increasing the concentration of the reactants in the rate expression will increase the rate; how much will depend on the order with respect to that reactant.

A new term introduced in this context is molecularity. Molecularity refers to the number of different reactant species/molecules that take part or collide in a single elementary step.  
In a multistep mechanism it is the molecularity of the rate determining or slowest step that is considered the molecularity of the reaction.

How does kinetics suggest a reaction mechanisms?

Rate studies or kinetics allow us to interpret reactions at molecular level i.e. determine the sequence in which particles collide with each other. Kinetics allows us to propose reaction mechanisms.

At the start we need to appreciate the idea that realistically collisions can only be successful in the following types of reactions:  

· 1 molecule/particle breaks down e.g. decomposition (=unimolecular) 

                          e.g.  A  (  B        rate = k[A]

· 2 molecules/particles collide with each other to form a product (bimolecular process).

     e.g.  A  +   B  (  C     rate = k [A] [B]             and         2A  (  2B + C     rate = k [A]2
As a result we expect that these type of reactions, first and second overall order, happen in one single step.  

However many reactions are not first or second overall order.
Any collision involving more than 2 molecules (termolecular and more e.g.  A  +  2B (  C +  D) colliding at the same time, with enough energy and with the correct orientation is, statistically and geometrically, virtually impossible. This means a chemical change involving more than 2 reactant molecules cannot occur in one step and must therefore occur in more than one step.  

As a result many balanced equations may represent the sum of a series of simpler reactions i.e. elementary steps. 

How does kinetics allow us to propose a reaction mechanism for a reaction?

First, a rate expression is established experimentally as described earlier. 

Secondly, the rate expression is compared with the overall equation of the reaction: 

· Each rate expression corresponds to a specific elementary step and molecularity.  If the elementary step and the molecularity correspond with the overall equation and its molecularity than the process is a single-step mechanism. To find out if there is correspondence, use the table below which suggests a rate expression for a particular molecularity and, vice versa, suggest a molecularity and elementary step for a particular rate expression;

	rate expression
	elementary step
	molecularity



	rate = k [A]
	A  ((  products

(eg decomposition)
	unimolecular

	rate = k [A]2
	A +  A   ((  products
	bimolecular

	rate = k [A] [B]
	A  +  B  ((  products
	bimolecular

	rate = k [A]2 [B]
	A  +  A  +  B ((  products

(unlikely to happen as a single step)
	termolecular


· However, if the rate expression and the molecularity of the overall equation do not correspond (e.g. not all reactants of the overall equation are in the rate expression or there is a substance in the rate expression which is not in the overall equation or the molecularity of the overall equation is not the same as the one from the rate expression) then:

· A multistep mechanism consisting of two or more elementary steps needs to be proposed;  

· All elementary steps should add up to give the overall equation; 

· For each elementary step a rate expression can be written which is consistent with the molecularity of that elementary step and the order of reaction for each reactant in an elementary step is consistent with its coefficient in the equation of the elementary step;
· Each elementary step has its own rate constant;

· In such a multistep mechanism, one elementary step will always be slower than the others (lower k beause of higher activation energy);

· Usually, it is the rate expression of the slowest step which becomes the rate law of the overall process;

· Species which are produced in one step and then used up in a following step are called intermediates.   

· The species that can be in a rate expression are: 
· species in the slowest step
· species that are in a faster equilibrium process preceding the slowest step (usually the case when the overall order is the 3rd)
· The catalyst can also be part of the rate expression.  In that case the catalyst is involved in the rate determining step.
· Once a multistep mechanism has been proposed it needs to be tested by experiments in which the concentrations of the reactants in the rate expression are changed and their effect on the rate measured.

Example

For the termolecular reaction      2A +   B  (  C + D
The table below lists possible first and second order rate laws obtained from experiments and reaction mechanism corresponding to these rate laws.  For each elementary step, the corresponding rate expression is also listed. 

	rate law
	reaction mechanism

	
	reaction mechanism
	rate expression for elementary step
	k

	rate = k [A] [B]
	A + B  (  X + C                  slow

A  +  X (  D                        fast
	rate = k [A] [B]

rate = k [A] 
	low k

high k

	rate = k [A]2
	A +  A  (  A2                       slow     

A2  +  B (  C + D                fast
	rate = k [A]2

rate = k [B]
	low k

high k

	rate = k [B]
	B  (  X                               slow  

X  +  A (  Y +   C               fast

Y +  A  (  D                        fast
	rate = k [B]

rate = k [A] 
rate = k [A] 
	low k

high k

high k


The reaction above could also have a third order rate expression.  In that case, the first step will not be the slowest step (remember that we don’t expect termolecular reactions to occur in one step).

This means that the only way we can get third order is if the rate expression contains species which are involved in more than one elementary step.  

This happens when the second step is the slowest and it is preceded by a faster equilibrium process that produces the intermediate necessary for the slow step.

The table below has two reaction mechanisms for the same third order rate expression: rate = K [A]2 [B].

	Mechanism 1

A + B  (  X                                      fast  

A  +  X (  C + D                              slow
	Mechanism 2

A +  A  ( A2                                   fast  

A2  +  B (  C  +  D                         slow


In mechanism 1, second order reactant A is involved in both elementary steps. The rate at which C and D are produced in the slowest step depends on [A] and [X]; the rate at which X is produced depends on [A] and [B]. This means that the slowest step, and therefore the rate expression of the reaction, also depends on A and B. Concentration of A is in both elementary steps so second order. 

In mechanism 2, same reasoning: The rate at which C and D are produced in the slowest step depends on [A2] and [B]; the rate at which A2 is produced depends on rate of A colliding with itself.

Exercises
1.  If the following reaction occurs in a single elementary step, predict the rate expression? 

                                                  O3 (g)   +   NO (g)  ((  NO2 (g)  +  O2 (g) 

2.  Write the rate laws for the following elementary reactions.

(a) O3 (g)  ((  O2 (g)   +   O (g)                                     (b) O3 (g)  +  O (g)  ((  2O2 (g) 
3.   The mechanism for the reaction of nitrogen dioxide with carbon monoxide to form nitric oxide and 

      carbon monoxide is thought to be 

                 NO2 (g)  +  NO2  (g)  ((  NO3 (g)   +   NO (g)            slow

                 NO3 (g)  +  CO (g)  ((  CO2 (g)   +   NO2 (g)             fast

      Write the rate expression expected for this mechanism. Draw a potential energy level diagram to illustrate  

      the multi-step reactions. 
4.  The mechanism for the decomposition of hydrogen peroxide is 

                          H2O2    ((  2OH

                       H2O2   +    OH   ((  H2O   +   HO2 

                     HO2   +    OH   ((  H2O   +   O2

       The rate expression is rate = k [H2O2].  Which step is the rate-determining step? Draw a potential energy 

        level diagram.
5.  Propose mechanisms for each of the following reactions – (d) very hard!!

	
	reaction
	rate expression

	a
	A  +  B2  +  C  ((  AB   +   BC
	rate = k [A] [C]



	b
	2A  +  B   ((  A2B
	rate = k [A]2 [B]



	c
	2H2   +   2NO   ((  2H2O   +   N2


	rate = k [NO]2 [H2]



	d
	H2O2   +    2I-  + 2H+   ((  2H2O   +   I2


	rate = k [H2O2] [I-] [H+]



Potential energy profiles

During any single elementary step a transition state is reached in which reactants come together to form an activated complex. 

The transition state or activated complex is a state of change at the maximum potential enthalpy level in an enthalpy level diagram. The activated complex is an unstable collection of atoms as it is a state during which old bonds are broken and new ones are being made SIMULTANEOUSLY !!!  

When reacting particles move towards each other, towards a collision, the repulsion (between their electron clouds) slows them down and their kinetic energy is converted into potential energy. If they are going to react, this repulsion needs to be overcome so that the colliding molecules can penetrate each other enough to allow them to interact (start the breaking and making of bonds, start making the activated complex).

The reacting particles need enough kinetic energy to overcome the repulsion between them and allow their electron clouds to overlap; the more kinetic energy they have the more they can overcome the repulsion, the more kinetic energy is converted into potential energy. 

It is this potential energy that is used to form the activated complex by starting to break the old bonds and make the new ones.

For each reaction there is a minimum potential energy needed to form this activated complex and it this energy which is referred to as the activation energy.  

All of the above can be shown in an enthalpy level diagram (energy profile) of an exothermic reaction.


        enthalpy                            activated complex/transition state 

                                                     


                                                    EAforward

                                                                                                    EAreverse
                            reactants  


                                                        (H

                                                                                                       products



                                                                                                                    reaction coordinate

The reaction coordinate: represents the distance the reacting species have moved towards forming the   products.

The following applies for the reverse reaction  EAreverse =   EAforward +  ( H ; the reverse reaction is then endothermic.

Activated complexes cannot be isolated as they are a transition state.  They can easily:

· change back into reactants or 

· change into products or 

· could change into an intermediate (= species that is neither reactant nor product and which occurs at a potential energy minimum) which is more energetically stable than the activated complex and which can be isolated.  An intermediate can change into another activated complex when the reaction continues. 
Potential energy level diagram of a multistep mechanism.

Potential energy                        activated complex

                                                 

                                                                                     activated complex


                                                        EAforwardstep1                                                      EAforwardstep2
                                                                         

                                                                           intermediate

                             reactants  


                                                                          (H

                                                                                                                        products


                                                                                                                   reaction coordinate

In the reaction shown above the first step is the rate-determining step (RDS).
16. 2   Activation energy
E.I.: The activation energy of a reaction can be determined from the effect of temperature on reaction rate.

Nature of science:  Theories can be supported or falsified and replaced by new theories—changing the temperature of a reaction has a much greater effect on the rate of reaction than can be explained by its effect on collision rates. This resulted in the development of the Arrhenius equation which proposes a quantitative model to explain the effect of temperature change on reaction rate. (2.5)
	Understandings

· The Arrhenius equation uses the temperature dependence of the rate constant to determine the activation energy.
· A graph of 1/T against ln k is a linear plot with gradient – Ea / R and intercept, lnA.
· The frequency factor (or pre-exponential factor) (A) takes into account the frequency of collisions with proper orientations.

	Application and skills

· Analysing graphical representation of the Arrhenius equation in its linear form.
· Using the Arrhenius equation. 
· Describing the relationships between temperature and rate constant; frequency factor and complexity of molecules colliding.
· Determining and evaluating values of activation energy and frequency factors from data.


To fully explain why a small temperature rise (e.g. of 10K) has such a large effect on the rate of reaction (i.e. doubles it) and why catalysts can greatly increase the reaction rate, we need to accept that each reaction has its own collision and energy requirements that are discussed below:

Collision requirements of a reaction:

The number of effective or successful collisions in a reaction depends on:

· The collision frequency (a typical value is that for 1 mole of particles in a 1 cm-3 of space 1013 collisions occur);

· An orientation factor (geometric requirements) i.e. the colliding particles must approach at a particular angle i.e. a correct orientation.
Both factors have been combined into 1 exponential factor or constant that is referred to as the Arrhenius constant (A).

A = Arrhenius constant or (collision) frequency and orientation factor.
Each reaction has its own A value; the higher the ‘A’ value, the faster the reaction.  Its value is also fairly insensitive to temperature change.   

Energy requirement of a reaction:
Only molecules with a certain critical energy, called activation energy, are able to react.  Just like A, the value of the activation energy is specific to each reaction.  

Activation energy is the minimum amount of energy that colliding molecules need in order to have successful collisions lading to a reaction (assuming they collide in the correct orientation). 

Arrhenius equation
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	The number of successful collisions that allow products to be formed during a reaction is determined by the activation energy of the reaction (Ea). 

The fraction of collisions having sufficient energy is shown as the shaded area on the distribution graph above. Mathematically it is equal to:

Ae

– Ea / RT

Where, R = the universal gas constant, and T = the absolute temperature of the reaction.


The rate constant (k) of the chemical reaction is directly proportional to this fraction, and so we get the following equation:  
	k=Ae
	– Ea / RT


EA and k change when a catalyst is used, when the reactants change state of matter; in the case of k it also changes when the temperature changes. 

The Arrhenius equation shows two relationships: the variation or dependence of the rate constant of a chemical reaction with the temperature and also the dependence of the rate constant on activation energy:

Because of the negative sign of EA /RT  the rate constant decreases with increasing activation energy and increases with increasing temperature.

The Arrhenius equation is a mathematical representation of the collision theory and has two components, each one expressing one aspect of collisions.

	component of equation
	reaction requirement

	A
	collision requirement:  orientation and frequency constant

	e

– Ea / RT


	energy requirement of collisions


Calculation of activation energy from the Arrhenius equation by graphical method:

If we take logarithms of this equation, we get the following:
	ln k  =
	– Ea
	 +  ln A

	
	 R.T
	


	This is the equation of a straight line (y = mx + c), so that a plot of ln k (y-axis) against 1/T (x-axis), will give us a straight line whose slope equals –Ea /RT. Since we know R, we can calculate Ea, the activation energy for the reaction. Activation energy is measured in kJ mol-1

	[image: image2.png]Intercest =In &

/

Ik

T g
Loen






Example

The rate constants for the decomposition of ethanal:         CH3CHO (g)  ((  CH4 (g)  +  CO (g) 

were measured at five different temperatures.  The data are shown below.  Plot ln k versus 1/T and determine the activation energy in kJ mol-1 for the reaction.  

	k (1/M½ s) (order = 3/2)
	T (K)

	0.011
	700

	0.035
	730

	0.105
	760

	0.343
	790

	0.789
	820


Your method will involve calculating the slope of the straight line as slope = -Ea/R.      

Exercises 

1 H2  +  I2  →  2HI

	T / K
	556
	575
	629
	666
	700
	781

	k / dm3 mol-1 s-1
	4.45 x 10–5
	1.37 x 10–4
	2.52 x 10–3
	1.41 x 10–2
	6.43 x 10–2
	1.34


2 2HI  →  H2  +  I2
	T / K
	556
	575
	629
	666
	700
	781

	k / dm3 mol-1 s-1
	7.04 x 10–7
	2.44 x 10–6
	6.04 x 10–5
	4.38 x 10–4
	2.32 x 10–3
	7.90 x 10–2


3 2N2O5  →  2N2O4  +  O2
	T / K
	293
	298
	308
	318
	328
	338

	k / dm3 mol-1 s-1
	1.76 x 10–5
	3.38 x 10–5
	1.35 x 10–4
	4.98 x 10–4
	1.50 x 10–3
	4.87 x 10–3


4 2N2O  →  2N2  +  O2
	T / K
	838
	1001
	1030
	1053
	1125

	k / dm3 mol-1 s-1
	1.10 x 10–3
	3.80 x 10–1
	8.71 x 10–1
	1.67
	11.6


Calculation of activation energy using simultaneous equations

See worked example in book.
Relationships expressed in Arrhenius equation
The Arrthenius equation also mathematically describes the relationships:

· Between the temperature of a reaction (in Kelvin) and the rate constant k. The higher the temperature, the higher k.

· Between the value of A and the rate constant k. The greater the value of A, the greater k. The value of A depends on the frequency but also on the orientation in the collisions. The more complex the molecules the more important and therefore the less likely the orientation of the collision is proper; as a result the value of A will be less for more complex molecules.  
Catalysts: a summary

Catalysts act in different ways. They either 

· Lower the lower the activation energy of the RDS 

· Alter a reaction mechanism by adding a step with a lower activation energy. In that case the catalyst can also appear in the rate expression.
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