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Chapter 12 Chemical Kinetics
12.1 Reaction Rates
Reaction rate is defined as the change in concentration of a reactant or a product per time.
2NO2 → 2NO + O2
In terms of reactants:
o The rate will be negative because the reaction uses up reactants and the concentration will
decrease. So to keep the rate positive you will need to use a negative sign in the equation.
o Rate = -Δ [NO2]
Δt
In terms of products:
o Since more product is being made the rate can be kept positive.
o NO: Rate = Δ [NO]
Δt
o O2: Rate = Δ [O2]
x2
production of NO is twice oxygen
Δt
Example:

What is the chemical reaction?

Write the reaction rates.
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12.2 Rate Laws: An Introduction
Chemical reactions are reversible. If we choose conditions were the reverse reaction is neglected, the
reaction rate will depend only on the concentrations of the reactants. For the decomposition of nitrogen
dioxide we can write:
2NO2 → 2NO + O2
Rate =k[NO2]n
k is the rate constant, and n is the order of the reaction.
Two important points
o The concentrations of the products do not appear in the rate law because the reaction rate is
being studied under the conditions where the reverse reaction does not contribute to the overall
rate.
o The value of the exponent n must be determined by experiment; it cannot be written from the
balanced equation.
o Rate = -Δ [NO2] = Rate =k[NO2]n
Δt
o Rate’ = Δ [O2]
= Rate’ =k’[NO2]n
o
Δt
o Since 2 NO2 molecules
o k = 2k’

A Summary of Rate Laws

 The differential rate law shows how the rate of reaction depends on concentration.
 The integrated rate law shows how the concentrations of species in the reaction depend on
time.
 Since only forward reactions are considered, the rate laws will involve only concentrations
of reactants.
 Because both types of rate laws for a given reaction are related in a well-defined way, the
experimental determination of either of rate laws is sufficient.
 Experimental convenience usually dictates which type of rate law is determined
experimentally.
 Knowing the rate law for a reaction is important mainly because we can usually infer the
individual steps involved in the reaction from the specific form of the rate law.

12.3 Determinations of the Rate Law





Write the rate with respect to the reactants Rate=k[A]n
Pick two the trials and solve for the orders R1/R2
Take one trial and solve for k
Use the units to solve for the unit of k
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Example:

Example:

Example:
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Example:

Example:

Example:
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12.4 Integrated Rate Law
First Order Rate Laws
For the reaction: 2N2O5 → 4 NO2 + O2
The rate law is: Rate =k[N2O5]
The overall order of this reaction is one. This means that it is a first order reaction. For first order reactions,
if the concentration of the reactant is doubled, the rate of production for the products will also be
doubled.
The integrated rate law would be ln[A] = -kt + ln [A]0

[A]0 is the initial concentration

Things to know about this equation:
1. The equation shows how the concentration of A depends on time. If the initial concentration of A and
the rate constant are known, the concentration of A at any time can be calculated.
2. The graph of this equation is a straight line for first order reactions.
a. y = ln[A]
b. x = t
c. m = -k
d. b = ln [A]0
3. This integrated rate law for a first order reaction can be expressed as a ratio
ln ([A]0/[A]) =kt
For the above reaction the rate law is:
ln[N2O5] = -kt + ln [N2O5]0
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Example:

What is k for this reaction?

Calculate the concentration of the reactant at 150 s and 526s after the start of the reaction.

Half-life of a first order reaction
Half life of a reactant—the time it takes the reactants
to react half its concentration
[A] (M)
Time (s)
0.100
0
0.0500
100
0.0250
200
0.0125
300
It takes 100 seconds for [A] to be halved in this
reaction.
When t = t½, [A] = [A]0/2
So the integrated rate law is ln([A]0/2[A]0) =kt
So t½ = 0.693/k because the ln 2 is 0.693.
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Example:
A certain first-order reaction has a half-life of 20.0 min. Calculate the rate constant for this reaction. How much
time is required for this reaction to be 75% completed?

Second Order Rate Laws
Integrated second-order rate law—

Doubling the concentration of A quadruples the rate of reaction.
For second order reactions the plot of 1/[A] versus t is linear.
When t = t½, [A] = [A]0/2
After the long and excruciating math is done----t½, = 1/(k[A]0)
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These graphs were constructed from a graph of concentration vs. time. The ln[NO2] was taken and the first
graph was constructed. Then 1/[NO2] was made. A straight line at 1/[NO2] means that this is a second order
reaction.
Example:
Butadiene reacts to form its dimmer according to the equations:
2C4H6 C8H12
The following data were collected for this reaction at a given temperature:
[C4H6] (M)
Time (s)
1/[C4H6]
ln [C4H6]
0.01000
0
0.00625
1000
0.00476
1800
0.00370
2800
0.00313
3600
0.00270
4400
0.00241
5200
0.00208
6200
Is this reaction first or second order? What is the value of the rate constant for the reaction? What is the half-life
for the reaction under the conditions of this experiment?
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Difference on the half life of first and second order reactions:
1. 1st—depends on k
2. 2nd—depends on k and [A]0
3. 1st—a constant time is required to reduce the concentration of the reactant by half
4. 2nd—each successive half-life is double the preceding one
Zero-Order Rate Laws
Rate =k[A]0=k(1)=k
Integrated rate law is
[A] = -kt + [A]0
t½ = ([A]0/2k)
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12.6 Reaction Mechanisms—Series of steps

In the first step the N2O breaks apart.
In the second step oxygen breaks away from the N2O.
The second reaction the first O pulls away another O from the N2O
O is an intermediate which means that it is produced in the first reaction and used up in the second reaction.
A reaction mechanism is a series of elementary steps that must satisfy two requirements.
1. The sum of the elementary steps must give the overall balanced equation for the reaction.
2. The mechanism must agree with the experimentally determined rate law.

Molecularity—defined as the number of species that must collide to produce the reaction indicated by that step.
Rate determining step
NO2 + NO2 → NO3 + NO Slow
+ NO3 + CO → NO2 + CO2 Fast
NO2 + CO → NO + CO2
A Multi-step reaction has one step that is the rate determining step. NO3 is slow to make, so the production of
CO2 is determined by the production of NO3. Since the overall rate of reaction can be no faster than the slowest
step.
Overall Rate = k1= [NO2]2
(From the above chart)
Example:
The balanced equation for the reaction of the gases nitrogen dioxide and fluorine is
2NO2 + F2 → 2NO2F. The experimentally determined rate law is Rate = k[NO2][F2]
A suggested mechanism for this reaction is
2NO2 + F2 → NO2F + F Slow
+ F + NO2 → NO2F
Fast
Is this an acceptable mechanism? Does it satisfy the two requirements?
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Example:
The decomposition of nitrous oxide is believed to occur by a two-step mechanism:
N2O → N2 + O Slow
N2O + O → N2 + O2
Fast
Write the equation for the overall reaction.

Write the rate law for the overall reaction.

Example:
The reaction 2NO + Cl2 → 2NOCl, obeys the rate law, Rate = k[NO]2[Cl2]. The following mechanism has been
proposed for this reaction:
NO + Cl2 → NOCl2
NOCl2 + NO → 2 NOCl
What would the rate law be if the first step were rate determining?

Based on the observed rate law, what can we conclude about the relative rates of the two steps?

12.7 A Model for Chemical Kinetics
Collision Model
Molecules must collide to react

This model does not allow for the reaction to happen because the molecules collide in the wrong spot.

This model allow for the reaction to happen because the molecules collide in the right spot.
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Plots of the fraction of collisions with a particular energy at two different temperatures. For each plot, the total
area under the curve is unity, and the area to the right of Ea is the fraction f of the collisions with an energy
greater than or equal to Ea. The fraction of collisions that are sufficiently energetic to result in reaction
increases rapidly with increasing temperature.
Activation Energy

Potential energy profile for the reaction A + BC --> AB + C, showing the energy barrier between the reactants
and products. As the reaction progresses, kinetic energy of the reactants is first converted into potential energy
of the transition state and is then transformed into kinetic energy of the products. At each point along the
profile, the total energy is conserved. The profile is drawn for an exothermic reaction, and ΔH is negative.
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Catalysis

Typical potential energy profiles for a reaction whose activation energy is lowered by the presence of a catalyst:
(a) the catalyzed pathway; (b) the uncatalyzed pathway. The shape of the barrier for the catalyzed pathway
describes the decomposition of H2O2: The first of the two maxima is higher because the first step is ratedetermining.
Catalyst speeds up a reaction by lowering the activation energy.

Proposed mechanism for the catalytic hydrogenation of ethylene (C2H4) on a metal surface. (a) H2 and C2H4 are
adsorbed on the metal surface. (b) The H-H bond breaks as H-metal bonds form, and the H atoms move about
on the surface. (c) One H atom forms a bond to a C atom of the adsorbed C2H4 to give a metal-bonded C2H5
group. (d) A second H atom bonds to the C2H5 group, and the resulting C2H6 molecule is desorbed from the
surface.
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Typical heterogeneous catalysis(different phase) have four steps.
1. Adsorption (refers to the penetration of one substance into another) and activation of the reactant
2. Migration of the adsorbed reactant on the surface.
3. Reaction of the adsorbed substance.
4. Escape, or desorption of the products.

The gases exhausted from an automobile engine pass through a catalytic converter where air pollutants such as
unburned hydrocarbons (CxHy), CO, and NO are converted to CO2, H2O, N2, and O2. The photo shows a
cutaway view of a catalytic converter. The beads are impregnated with the heterogeneous catalyst.
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Worksheet 12.1 – Questions About Reactions and Reaction Rates
Write out the answers to the following questions.
NAME: ______________________
1. Does every collision between reacting particles lead to products? Explain.

2. Suppose a thin sheet of zinc containing 0.2 mol of the metal is completely converted in air to zinc oxide
(ZnO) in one month. How would you express the rate of conversion of the zinc?

3. Refrigerated food stays fresh for long periods. The same food stored at room temperature quickly spoils.
Why?

4. How is the activation energy of a reaction like a wall or barrier?

5. Where is the formula of a catalyst written in a chemical equation? Why?

6. How is the rate of a reaction influenced by a catalyst? How do catalysts make this possible?
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Worksheet 12.2 – More Questions About Reactions and Reaction Rates
Write out the answers to the following questions.
NAME: ______________________

1. Ammonium ions and nitrite ions react in water to form nitrogen gas.
NH4+ + NO2– → N2 + 2 H2O
From the following data, decide the kinetic order of the reaction with respect to NH4+, NO2–, and the overall
order of the reaction.
Initial concentration
of NH4+ (M)

Initial concentration
of NO2– (M)

Initial rate
of reaction (M/s)

0.0100
0.0200
0.0400
0.0600
0.2000
0.2000
0.2000
0.2000

0.2000
0.2000
0.2000
0.2000
0.0202
0.0404
0.0606
0.0808

0.00000054
0.00000108
0.00000215
0.00000323
0.00000108
0.00000216
0.00000324
0.00000433

Order with respect to NH4+: ________
Order with respect to NO2–: ________
Order of overall reaction: ________

2. Briefly define each term as it applies to chemical reactions:
a. elementary reaction
b. intermediate
c. reaction mechanism

3. How can an energy diagram be used to analyze a reaction mechanism?
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Worksheet 12.3 – Rate Law Problems
NAME: ____________________
Determine the order of a reaction, with respect to the reactants: A, B, and C.
Reaction 1:
Initial [A] (mol/L)

Initial [B] (mol/L)

Initial [C] (mol/L)

0.500
1.000
1.000
1.000
0.500

0.675
0.675
2.025
0.675
0.675

0.300
0.300
0.300
0.150
0.600

Initial Rate
(mol/L*s)
0.0043
0.0172
0.0516
0.0086
0.0086

What is the reaction order, with respect to A?
What is the reaction order, with respect to B?
What is the reaction order, with respect to C?
What is the reaction order of the overall reaction?
Write the rate law expression for this reaction.

Reaction 2:
Initial [A] (mol/L)

Initial [B] (mol/L)

Initial [C] (mol/L)

0.86
0.43
0.43
0.43
0.86

0.75
0.75
2.25
2.60
0.75

0.50
0.50
0.50
0.85
1.00

Initial Rate
(mol/L*s)
00.8765
00.4383
11.8340
13.6474
03.5061

What is the reaction order, with respect to A?
What is the reaction order, with respect to B?
What is the reaction order, with respect to C?
What is the reaction order of the overall reaction?
Write the rate law expression for this reaction.
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Worksheet 12.4 – More Rate Law Problems
NAME: ____________________
Determine the order of a reaction, with respect to the reactants: A, B, and C.
Reaction 1:
Initial [A] (mol/L)

Initial [B] (mol/L)

Initial [C] (mol/L)

0.34
0.34
0.34
0.34
0.68

0.78
0.39
0.39
0.67
0.78

0.12
0.12
0.24
0.56
0.12

Initial Rate
(mol/L*s)
0.056
0.056
0.448
0.857
0.112

What is the reaction order, with respect to A?
What is the reaction order, with respect to B? Is that so?
What is the reaction order, with respect to C?
What is the reaction order of the overall reaction?
Write the rate law expression for this reaction.

Reaction 2:
Initial [A] (mol/L)

Initial [B] (mol/L)

Initial [C] (mol/L)

0.12
0.12
0.12
0.12
0.36

0.6
1.2
1.2
2.4
0.6

0.3
0.3
0.9
1.8
0.3

Initial Rate
(mol/L*s)
02.5
05.0
45.0
90.5
22.5

What is the reaction order, with respect to A?
What is the reaction order, with respect to B?
What is the reaction order, with respect to C?
What is the reaction order of the overall reaction?
Write the rate law expression for this reaction.
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Worksheet 12.5a Rates of reaction

Name_______________________

1. The following data were obtained for the reaction 2 NO + O2 -> 2 NO2:
Experiment

[NO]0

[O2]0

Initial rate, v0
(mol L-1 s-1)

1
2
3

0.12 M
0.12 M
0.24 M

0.05 M
0.10 M
0.05 M

0.12
0.24
0.48

(a) Write the rate law for the reaction. Explain your reasoning in arriving at your rate law.

(b) What is the overall order of the reaction?

(c) Determine the value of the rate constant.

2. The following data were obtained for the reaction A + B + C

products:

Experiment

[A]0

[B]0

[C]0

Initial rate, v0
(mol L-1 s-1)

1
2
3
4
5

1.25 x 10-3 M
2.50 x 10-3 M
1.25 x 10-3 M
1.25 x 10-3 M
3.01 x 10-3 M

1.25 x 10-3 M
1.25 x 10-3 M
3.02 x 10-3 M
3.02 x 10-3 M
1.00 x 10-3 M

1.25 x 10-3 M
1.25 x 10-3 M
1.25 x 10-3 M
3.75 x 10-3 M
1.15 x 10-3 M

0.0087
0.0174
0.0508
0.457
?

(a) Write the rate law for the reaction. Explain your reasoning in arriving at your rate law.
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Worksheet 12.5b Rates of reaction
(b) What is the overall order of the reaction?

(c) Determine the value of the rate constant.

(d) Use the data to predict the reaction rate for experiment 5.

3. The following data were obtained for the reaction A + B + C

products:

Experiment

[A]0 (M)

[B]0 (M)

[C]0 (M)

Initial rate, v0
(mol L-1 s-1)

1
2
3
4

0.100
0.200
0.200
0.100

0.100
0.100
0.300
0.100

0.100
0.100
0.100
0.400

0.100
0.008
7.200
0.400

(a) Write the rate law for the reaction. Explain your reasoning in arriving at your rate law.

(b) What is the overall order of the reaction?

(c) Determine the value of the rate constant.
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Worksheet 12.6a Integrated Rate Law

Name______________________________

1. The decomposition of hydrogen peroxide was studied, and the following data was obtained at a particular temperature:
Rate = -∆[H2O2]/∆t
Time (s)
[H2O2] (mol/L)
0
1.00
120
0.91
300
0.78
600
0.59
1200
0.37
1800
0.22
2400
0.13
3000
0.082
3600
0.050
a. Determine the rate law

b. the integrated rate law

c. the value of the rate constant.

d. Calculate the [H2O2] at 4000. s after the start of the reaction
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Worksheet 12.6b Integrated Rate Law

Name______________________________

2. If The rate of the reaction : NO2 + CO NO + CO2 depends only on the concentration of nitrogen dioxide below 225
C. At a temperature below 225 C, the following data was collected:
Time (s)
[NO2] (mol/L)
0
0.500
1.20 x 103
0.444
3.00 x 103
0.381
4.50 x 103
0.340
3
9.00 x 10
0.250
1.80 x 104
0.174
a. Determine that rate law

b. the integrated rate law

c. the value of the rate constant.

d. Calculate the [NO2] at 2.70 x 104 s after the start of the reaction

3. A certain first-order reaction is 45.0 % complete in 65 s. What are the rate constant and the half-life for this process?
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Worksheet 12.6c Integrated Rate Law

Name______________________________

4.A certain reaction has the following general form: aA bB
At a particular temperature and [A]0 = 2.00 X 10-2 M, Concentration vs. time data were collected for this reaction, and a
plot of ln[A] vs. time resulted in a straight line with a slope value of -2.97 X 10-2 min-1.
a. Determine the rate law.

b. Determine the integrated rate law

c. Determine the rate constant for this reaction.

d. Calculate the half-life for this reaction

e. How much time is required for the concentration of A to decrease to 2.50 X 10-3M?

5. The radioactive isotope 32P decays by first-order kinetics and has a half-life of 14.3 days. How long does it take for
95.0 % of a sample of 32P to decay?

6. The rate law for the decomposition of NOBr is Rate = k[NOBr]2. a. If the half-life for this reaction is 2.00 s when
[NOBr]0 = 0.900 M, calculate the value of k for this reaction. B. How much time is required for the concentration of
NOBr to decrease to 0.100M?
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Worksheet 12.7 Reaction Mechanisms

Name______________________________

1. Write the rate laws for the following elementary reactions:
CH3NC → CH3CN

O3 + NO → O2 + NO2

O3 → O + O2

O3 + O → 2O2

2. The proposed mechanism for a reaction is:
C4H9Br → C4H9+ + Br -1 Slow
C4H9+ + H2O → C4H9OH2+ Fast
C4H9OH2+ + H2O → C4H9OH + H3O+ Fast
Write the rate law expected for this mechanism. What is the overall balanced equation for the reaction? What
are the intermediates in the proposed mechanism?

3. The mechanism for the reaction of nitrogen dioxide with carbon monoxide to form nitric dioxide and carbon
dioxide is thought to be:
NO2 + NO2 → NO3 + NO Slow
NO3 + CO → NO2 + CO2 Fast
Write the rate law expected for this mechanism. What is the overall balanced equation for the reaction?
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Laboratory Activity 12A – Planning a Lab on Reaction Rates
NAME: ___________________
Students are assigned to one of six groups
Each group must independently create:
1. A hypothesis for a lab based on the independent variable
2. A procedure for a lab of their own design
3. A list of materials
4. A data table for the collection of significant data
The research question being considered is:
“Investigate the effect of ________ on the rate of reaction.”
Student groups may fill in the blank with their own idea, within reason. Each group must pick a different
independent variable.
The materials that students can choose from for this activity are:
HCl, 3M
HCl, 1M
HC2H3O2, 1M
Zinc Metal, Mossy
Zinc Metal, Powder
Magnesium Metal, Strips
Copper Metal, Turnings
Ice
Timer
Thermometer
Any reasonable glassware that might be used in this lab
Students are encouraged to use what they have learned from previous laboratory activities in designing this one.
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