
CHAPTER 9

KINETICS OF ELEMENTARY REACTIONS

(
Thermodynamics tells us the direction in which a process will occur, but it tells us nothing about its rate. 
(
Chemical kinetics is the branch of physical chemistry that deals with the rates of chemical reactions and the factors on which the rates depend.

9.1
Rates of Consumption and Formation: 

aA ( bP
rate of consumption of A: 
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rate of formation of P:
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Consider the reaction:
A + 3B ( 2Y
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9.2 
Rate of Reaction:

In general the rate of reaction v is defined as:
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where, (i is the stoichiometric coefficient.

Consider the reaction:    aA + bB ( yY + zZ
 
occurring at constant volume, the rate of reaction is: 
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(2)

or
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where vA and vB are the rates of consumption of A and B reactants and (Y and (Z are the rates of formation of Y and Z products, respectively. 

9.3
Empirical Rate Equations: 

1) For the reaction:
   aA ( Product
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2) For the reaction: 
  aA + bB ( Product
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(Rate of consumption of A)

Similarly: 
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(Rate of formaiton of Z)

and
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(Overall rate of reaction)
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In these equations, kA, kZ and k are not necessarily the same, being rotated by stoichiometric coefficients, thus if the stoichiometric equation is:

A + 2B ( 3Z
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Order of the Reaction:

For the reaction:


aA + bB ( Product
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The exponent ( and ( are known as the order of reaction with respect to A and B, respectively. These orders are purely experimental quantities and are independent of concentration and time. The sum of all orders, ( + ( …. is referred to as the overall order. 

1)

( = zero


(zero–order reaction)
( = k 


i.e. concentration independent
2) 

( = 1


(first–order reaction)
3) 

( = 2


(second–order reaction)
4) 

( could also be a fraction:

There is no simple connection between the stoichiometric equation of a reaction and its order. For example in the decomposition of gaseous acetaldehyde: 
CH3CHO ( CH4 + CO
( = k [CH3CHO]3/2 

(i.e. the order of the reaction is three–halves)
Rate Constant and Rate Coefficients:

(
The constant k that appears in rate equations is known as the rate constant or the rate coefficient.

(
The units of the rate constant vary with the order of the reaction, e.g: for first-order reaction k has units s-1
(
Whenever possible, the rate constant should be evaluated with respect to the rate of reaction and not to the rate constants of consumption of reaction to formation of products.

9.4 Analysis of Kinetic Results:

(
There are two main methods for dealing with the measurements of rates and with determining reactants, products, and other substances (e.g: inhibitors) that may affect the rate:

1) Method of integration

2) Method of differentiation

1) Method of integration:
a) 
Consider the first-order reaction:
A ( Z
at time = o 
[A] = ao
at time = t

[A] = ao – x
where, 
[Z] = x 

Then the amount consumed of A at time t is:
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By integration 
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we get: 

ln [1/(ao-x)] = kt + I
or 


–ln (ao-x) = kt + I
where, I is the constant of integration that can be obtained by applying the boundary conditions: 

at 
t = 0 
x = 0 
and        I = -ln ao
(


-ln (ao – x) = kt – ln ao
or


ln ao – ln (ao – x) = kt
or
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By plotting ln(ao/ao-x) against (t) gives straight line of slope equal to k the rate constant. 

and
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(2)

and


x = ao – ao e-kt
x = ao (1 – e-kt)



(3)

2) 
Consider the second-order reaction:




aA ( Z
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By integration and applying the boundary conditions that 
                x = 0        when        t = 0        and       I = 1/ao
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By plotting  
[image: image27.wmf]÷

÷

ø

ö

ç

ç

è

æ

-

x

a

o

1

 versus t gives straight line of slope equal to k the rate constant and an intercept of 1/ao.
or 
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By plotting  
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b)


A + B ( Z
at time = 0

[A]o = ao       and    [B]o = bo

                    = t

[A] = (ao-x)  and    [B] = (bo-x)

and 
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By integration and applying the boundary conditions we get: 
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Half-Life: (t1/2):
(
For a given reaction the half-life t1/2 of a particular reaction is the time required for its concentration to reach a value that is halfway between its initial and final values. 

1) 
For first–order reaction: 
ln(ao/ao-x) = kt
at 

t = t1/2 

x = ao/2
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(1st – order) 

or 

ln2 = kt1/2
and 
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(1st – order)
(i.e. it  is concentration independent)
2) For second – order reaction:
2A ( Z
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(for 2nd – order)
 (i.e. it is concentration dependent)
In general: 
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(
See Table 9.1. It summarizes the most common orders along with the units of the rate constants and values of half-life (t1/2).

(
Radioactive disintegrations follow first-order kinetics and therefore have half-lives that are independent of the radioactive substance present. The first-order rate constant for a radionuclide is known as its decay constant.

Example: 

The half-life of radium 
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Answer:
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Differential Method:
 For the reaction 


nA ( Z
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By taking logarithm: 
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A plot of log ( against log [A] gives straight line of slope equals to the order n and of intercept equals to log k.

Opposing Reaction: 

(
One complication is that a reaction may proceed to a state of equilibrium that differs appreciably from completion. The simplest case is when both forward and reverse reactions are of the first order:
A ( Z

At time = 0



[A]o = ao
At time = t




[A] = ao – x 

Net rate = rate of forward – rate of reverse

Then the net rate is given as:
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(1)

at equilibrium:

net rate = zero 

and 
x = xe
or

      rate of forward = rate of reverse 

[A] = [A]e = (ao-xe) 
and 
[Z] = [Z]e = xe
k1 (ao-x) = k-1xe
k-1 = k1[(ao-xe)/xe]




(2)

Form (2) into (1) for k-1
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By integration and applying boundary condition: 
at t = 0,  x = 0 and we get: 
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(3)

A plot of 
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 against t gives straight time of slope equals to k1. The constant k-1 for the reverse reaction can be obtained from the values of the equilibrium constant K where, 
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9.5
Techniques for very fast reactions: 

1)
Flow techniques:

(See figure 9.4)
(
Very rapid mixing of two solutions, it is possible for mixing to be essentially completed in 0.001 second. 

(
Chemical analyses at various concentrations are carried out by employing spectrophotometric method in which the products absorb differently from the reactants at a particular wave length. 

2)
Relaxation Methods: 

(
The flow techniques just described above are limited by the speed with which it is possible to mix solutions for hydrodynamic reasons it is impossible to mix two solutions in less than about 10-3 s. 
(
If the half-life is less than 10-3 s, the reaction will be completed by the time it takes for mixing to be achieved. For example the neutralization of an acid by a bass H+ + OH- ( H2O, under ordinary conditions has a half-life of 10-6 s or less and the rate therefore cannot be measured by any technique involving the mixing of solutions. 

(
In the relaxation methods we start with the system at equilibrium under a given set of conditions. We then change these conditions very rapidly, the system is no longer at equilibrium and it relaxes to a new state of equilibrium.

(
The speed with which it relaxes can be measured, usually by spectrophotometry, and we can then calculate the rate constant. 

(
There are various ways in which the conditions are disturbed. One is by changing the hydrostatic pressure. 



Another, the most common technique, is to increase the temperature suddenly, usually by rapid discharge of a capacitor, this method is called the temperature-jump or T-Jump method. 


(
It is possible to raise the temperature of a tiny cell containing a reaction mixture by a few degrees in less than 10-3 s, which is sufficiently rapid to allow us to study even the fastest chemical processes.

(
Suppose that the reaction is the simple type: 

A ( Z

(See Relaxation Figure)

(
We measure the displacement (x) at time (t) during relaxation.
The deviation of (x) from final equilibrium is:  
Δx = x – xe
and 
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The quantity Δx thus varies with time in the same manner as does the concentration of a reaction in a first-order reaction: 

(

ln (Δx) = -(k1 + k-1) t + I
By integration and applying the boundary conditions that:

Δx = (Δx)o 
when t = 0 
leads to 
I = lnΔxo
(

ln(Δx) – ln(Δx)o = -(k1 + k-1) t
or
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Δx = (Δx)o e-(k1 + k-1)t

(1)
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or
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(2)

(
We define a relaxation time t* as the time corresponding to:
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From equation (3) into equation (2):
1 = (k1 + k-1) t*      and
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K = (k1/k-1)



(5)

(
Therefore, if we determine t* experimentally for such a system we can then calculate (k1 + k-1).

(
The ratio (k1/k-1) is the equilibrium constant and can be determined directly experimentally too, from which the individual constants k1 and k-1 can be determined from equations 4 and 5.

9.6 
Molecular Kinetics:

(
An important aspect of chemical kinetics is concerned with how rates depend on temperature. The conclusions from such studies lead to considerable insight into the molecular nature of chemical kinetic and the field as a result is frequently referred to as molecular kinetics.

Molecularity and order: 

Molecularity: is the number of molecules enter given reaction:.      eg: 

A ( P 
monomolecular. 






  A + B ( P 
bimolecular
Order: 
   is an experimental quantity 

9.7 
The Arrhenius Law: 

( 
It states the temperature dependence of the rate constant of a reaction.
(
It was found empirically that the rate constant k is related to the absolute temperature T by the equation: 

k = Ae-B/T
where A and B are constants. This relationship was expressed by Van’t Hoff and Arrhenins in the form:
k = Ae-Ea/RT
(Arrhenius law)

(1)
where 
R is the gas constant (8.314 J mol-1 K-1)

Ea is known as activation energy.

A is pre-exponential factor 

By taking logarithms:
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A plot of (ln k) versus (1/T) gives straight line of slope equals to 
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Plot of (log k) versus (1/T) gives slope equals to (-Ea/2.303 R)

Example: 

A given reaction in solution has a rate constant of 5.6x10-5 M-1s-1 at 25.0oC and 1.64 x 10-4 M-1s-1 at 40.0oC. Calculate the activation energy Ea.

Answer: 

k1 = 5.6 x 10-5 M-1s-1 

at 
       T1 = 273.15 + 25 = 298.15 K

k2 = 1.64x10-4 M-1s-1 

at 
       T2 = 273.15 + 50 = 313.15 K
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In the following section we will discuss the two terms:


1)
Activation energy (Ea)


2)
Pre-exponential factor (A)
1) 
Activation energy: 


(See figure 9.4)

(
Consider the reaction:
 A2 + B2 ( 2 AB
(
The reaction takes place through a transition state:

A-A + B-B ( [A…A…B….B] ( 2 A-B

Reactants       Activated complex    Product

(See energy curves for endothermic and exothermic reactions)

(
In general there is not much difference between energy and enthalpy changes, so that ΔH will also be positive, that is the reaction is endothermic.

(
The state of the activated complex is called the transition state.

ΔE = E1 – E-1





or


ΔH = ΔE + Δ(PV)

For gaseous reactions:

ΔH = ΔE + ΔnRT

where, 


Δn = nP - nR
(
Certain special types of reactions do occur with zero activation energy as in the reactions between radicals. In these reactions there is no breaking of a chemical bond:
e.g:  



H( + (H ( H2
                                       H3C( + (CH3 ( C2H6
(
In most reactions at least one bond is broken (energy is gained) and at least one bond is formed (energy is formed). 
(
For example, in the hydrolysis reaction:
C2H5-X + H-OH ( C2H5OH + HX

(
The C-X bond is being broken during the reaction at the same time that the H-X bond is formed. The overall process is exothermic the energy released in the formation of the H-X bond is more than that required to break the C-X bond. 
9.8
Potential Energy Surfaces:
(
The energy levels of reactants and the products are the same, but the activation energy of 38 kJ mol-1 implies that an energy barrier of this height must be crossed during the passage of the system from the initial to the final state. 
(
In exothermic reactions energy released in the bond formation are greater than the energy required to break the bond. It is vice versa in endothermic reactions. 

9.9
The Preaxponential Factor:

Two theories deal with the calculations of the pre-exponential factor:
1.
Hard sphere collision theory
2.
Transition state theory
1)
Hard sphere collision theory: 

(
The first attempt to calculate the pre-exponential factor was based on the kinetic theory of collisions, the assumption being that the molecules are hard spheres. 

(
According to the hard-sphere kinetic theory of reaction the rate constant is given as: 

k = ZAB e-Ea/RT



(1)

(
The pre-exponential factor ZAB (or ZAA if there is only one type of molecules) is called the collision frequency and is given as: 
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where, 
L 
is Avogadro's number 

dAB
is the molecular diameter
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is Boltzmann constant
mA and mB
are the masses of A and B  molecules

T
is absolute temperature 

(
However, the kinetic theory of gases, counts every collision as an effective one. Therefore deviation from experiment was abserved and a term P was introduced to count for the fraction of the collision: 
k = PZAB e-Ea/RT


(3)

2)
Transition state theory (TS): 



(See energy curve)
(
One important assumption of T. S. Theory is that the activated complex is in equilibrium with the reactants:

       k1
R   (   X‡
      k-1
(
The ratio of the rate constants is given by the equilibrium constant: 
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(
The equilibrium constant is related to the Gibbs free energy change by: 
ΔGo = -RTlnKc
ΔGo = -RTlnKc
or
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and
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(3)

or we can write:
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(5)

where,   ln( is a quantity that must appear in both equations 4 and 5.  

Equation (4) may be then written as: 
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(6)

Since, 


ΔG = ΔH – TΔS



(7)
From equation (7) into (6) for 
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(8)
where, 
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is the Gibbs energy of activation
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is the entropy of activation
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is the enthalpy of activation
(
The factor ( was found to be (ĸT/h) were ĸ is Boltzmann constant and h is plank constant. 
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(
For the activation process: 
R ( X ‡
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and
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(10)
where,   K‡ is the equilibrium constant for the process 
              in which activated complexes are found from 
              the reactants. 

(
The experimental activation energy is related to ΔE‡ as: 
Ea = ΔE‡ + RT


(11)
where,  ΔE‡ is the increase in internal energy in passing 
             from the initial state to the activated transition state. 

(
The relationship between ΔE≠ and ΔH≠ is: 

ΔH‡ = ΔE‡ +P ΔV‡ 

(12)

From equation (12) into (11) we get:
Ea = ΔH‡ - PΔV‡ + RT
and 


                           P ΔV‡ = Δn‡RT
(
For uni-molecular gas reaction Δn‡ = 0 and: 



   P ΔV‡ = Δn‡RT = 0
and


Ea = ΔH‡ + RT
or


ΔH‡ = Ea – RT



(13)

From equations (10) and (13) for ΔH‡ we get:
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(
On comparison with Arrhenius equation, thus the pre-exponertial factor (A) is then given as: 
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(where,   e =  inv ln 1= 2.718)
Example:
k = 5.7 x 10-5 M-1S-1

at

T = 298 K
A = 2.2x10-5 M-1S-1

and

Ea = 54.7 kJ/mol

Calculate: ΔG‡, ΔS‡ and ΔH‡?

Answer: 
At 25oC (ĸT/h) = 6.214 x 1012 s-1: 
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and
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ΔG‡ = 97230 J mol-1 = 97.2 kJ mol-1
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and
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ΔS‡ = -150.9 J k-1 mol-1
But

ΔH‡ = ΔG‡ + TΔS‡
= 52.2 kJ mol-1
9.10
   
Reactions in Solution: 
(
We will consider some of the factors that affect the rates of reactions in solutions. 
(
We are more concerned with the effect on the activation energy and the entropy of activation. 



(
Polarity of solvent is important in determining the significance of its role on the rates of reactions.   




1)
For reactions involving non-polar molecules:



 (
In such cases the solvent plays unimportant role. Some reactions of this kind occur in the gas phase as well as in solution, and usually occur with much the same rates as in solution and with similar entropies and energies of activation. 


(
In such reactions the interaction between reactant molecule and solvent molecules are not of great importance, and the solvent can be regarded as merely filling up space between the reactant molecules.



(
Theory and experiments with mechanical models suggest that in such cases the number of effective collisions between reactant molecules is hardly affected by the presence of solvent.


2)
For reactions when the solvent is polar:



(
When reactants are ions or neutral molecules, changes in polarity during the course of reaction will then cause a reorientation of solvent molecules and will have important effects on the entropies of activations. 



(
For reactions between ions the electrostatic effects are very important, and the pre-exponential factors of such reactions depend on the ionic charges: 



-
For reactions between ions of opposite 
sign the pre-exponential factors are much higher than for reactions between molecules of the same sign.




-
If the ions are of the same sign, the pre-
             


exponential factors are abnormally low.



(
In terms of simple collision theory these effects can be explained in terms of electrostatic forces: 




1.
The frequency of collisions between reactant of opposite signs is greater than for neutral molecules, where as:



2.
The frequency of collisions is smaller for ions of the same sign. 




(See Table 9.2)
(
Will consider three important solvent factors that affect the reaction rate: 

1)
Influence of solvent dielectric constant: 
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where,  zA and zB are the number of charges on   

             ions A and B.

ko is the rate constant 1/( equal to zero (there is no electrostatic forces)       
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(i.e. ln k varies linearly with 1/()

2)
Influence of ionic strength: 

For the reaction:     A + B ( X≠ ( Product
log k = log ko + 1.02 zAzB 
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 (See Figure 9.18 and Problem 9.58)
(
If the reactant is a neutral molecule, zAzB is zero, and the rate constant is expected to be independent of the ionic strength (no change in k with increase of I) For example the base-catalyzed hydrolysis of ethyl acetate:





CH3COOC2H5 + OH- ( C2H5OH + CH3COO-





(zA = 0 and hence,  zA zB = I = zero)

 

(
If the reactant is an ion:





1.
 A- + B- 

(zA = zB = -ve  or  +ve)





((  an increase in k with increase of I)




2.
A+ + B- 

(zA = +ve  and  zB = -ve)





((  a decrease in k with increase of I)





(See Figure and Problem 9.58)
3)
 Influence of Hydrostatic pressure: 
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where,  ko is the rate constant at zero pressure.



1.
A rate constant will increase with increasing pressure if ΔV≠ is negative (i.e. the activated complex has a smaller volume than the reactants: 



(i.e. P increases and ΔV≠ is +ve)




(
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(Directly proportional and k increases) 




2.
Conversely, pressure has an adverse effect    




on rates if there is a volume increase when the activated complex is formed: 



(i.e. P increases and ΔV≠ is +ve) 




(
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(Inversely proportional and k decreases) 
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