
Elementary steps and the Molecularity

• Kinetics of the elementary step depends only on the number of 
reactant molecules in that step!

– Molecularity → the number of reactant  molecules that 
participate in elementary steps



The Kinetics of Elementary Steps

• For the elementary step

– unimolecular step

• For elementary steps involving more than one reactant

– a bimolecular step

[ ]Akv       productsA =→

[ ][ ]B Akv   productsBA =→+



• For the step

– a termolecular (three molecule) step. 
– Termolecular (and higher) steps are not that common in 

reaction mechanisms.  

    v k AA B C products B C+ + → =           



Lindemann-Hinshelwood Mechanism

 An early attempt to explain the kinetics of complex reactions.
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Mechanism Rate Laws

Unimolecular reaction



The ‘Activated’ Intermediate

 Formation of the product depends directly on the [A*].
 Apply the SSA to the net rate of  formation of the 

intermediate [A*]
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Unimolecular reaction



 Substituting and rearranging
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The ‘Apparent Rate Constant’ Depends on Pressure

The rate laws for the Lindemann-Hinshelwood Mechanism are pressure dependent.

High Pressure Case Low Pressure Case
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The Pressure Dependence of k’

 In the Lindemann-Hinshelwoood Mechanism, the rate constant 
is pressure dependent.
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Example:
N2O5 → NO2 + NO3

In chemical kinetics experiments sometimes this reaction looks like a first
order reaction and sometimes it looks like a second order reaction, depending
on the reaction conditions. For example, you might change the apparent order
of the reaction by changing the pressure.

The postulated mechanism is:

the formation of products is a unimolecular process which has a rate law of 

The activated N2O5 (that is, the N2O5·) is a transient species because it is neither a 
reactant nor a product. It is produced during the course of the reaction and it is 
gone at the end of the reaction. 

Unimolecular reaction: example

http://www.chem.arizona.edu/%7Esalzmanr/480a/480ants/reacmech/reacmech.html


Rate of change of the concentration of the transient is, 

. (5)

Set of coupled first order differential equations in time: can be solved exactly.
But the steady state approximation will allow us to obtain a simple, but
approximate, solution.

We now must ask whether or not this rate law fits the experimental fact that 
sometimes the reaction appears to be first order in N2O5 and sometimes it 
appears to be second order in N2O5. 

Unimolecular reaction: example



If k1 >> k-2 [N2O5], that is, when [N2O5] is small, then the

Rate ≈ k2[N2O5]2

and the reaction looks like it is second order.

If k1 << k-2 [N2O5], that is, when [N2O5] is large, then the 

and the reaction looks like it is first order. 

Unimolecular reaction: example



Variation of Lindemann mechanism: an inert gas, M, is present. 
The proposed mechanism is: 

The rate is 

But for the transient species 

Using the steady state approximation we solve for [A*]

Unimolecular reaction: example



If [M] = 0 then we are back to the Lindemann mechanism. However, there are 
new possibilities. 
If we make [M] very large, large enough to overwhelm all the other terms in the 
rate law, the effective rate law becomes, 

That is, the reaction becomes effectively first order in A independent of 
the values of either [A] or [M] (as long as [M] is large). 

Unimolecular reaction: example

and



Sometimes the conditions are such that there is virtually no "self activation" of the 
A molecules and all of the activation comes from collisions of A molecules with the 
inert gas molecules, M. Our mechanism covers this case. We can obtain the rate 
law in this case by setting k2 and k-2 equal to zero. This gives

the reaction is first order in A regardless of the M concentration, but the actual 
reaction rate depends on [M]. One can define an effective first order rate 
constant by rewriting the rate equation as 

and the effective rate constant is 

Change the effective first order rate constant, and hence the half-life of the 
reaction, by adjusting [M].

The rate law may contain species that are not part of the balanced chemical 
reaction. 

Unimolecular reaction: example



Three body reactions:

Example 1: O· + O· + M → O2 + M
Example 2: OH + NO2+ M → HNO3 + M
Example 3: O + O2 + M → O3 + M



Three-body reactions
A + B + M → AB + M

•The three-body reaction actually does not take place as the result of the 
simultaneous collision of all three molecules A, B, and M. The probability 
of such an event happening is practically zero.

•What actually occurs is that molecules A and B collide to produce an 
energetic intermediate AB*.

•In order for AB* to proceed to the product AB, its excess energy must be 
removed through collision with another molecule denoted by M, to which 
the excess energy is transferred.

•The third body M is any inert molecule that can remove the excess energy 
from AB* and eventually dissipate it as heat. (N2, O2 in the atmosphere)

A + B → AB*
AB* → A + B
AB* + M →AB + M*
M* → M + heat



Steady-state approximation (SSA)
• When an intermediate (e.g., AB*) has a very short lifetime and reacts as soon 

as it is produced, the rate of generation of AB* is equal to the rate of 
disappearance.

• The excited complex AB* has a very short lifetime and reacts as soon as it is 
produced. We may therefore assume that it is in steady state at all times

A + B → AB* (k3)
AB* → A + B (k4)
AB* + M →AB + M* (k5)
M* → M + heat (k6)
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Product Formation Rate of Three-body Reactions: High and low pressure limit

The formation rate of AB depends on the concentration 
of M, i.e., pressure-dependent.

(1) Low-pressure limit case:

3 5

4 5

[ ][ ][ ]
[ ]

[ ]
k k A B Md

AB
dt k k M

=
+

ko = k3k5/k4 is referred as the low-pressure limit rate constant. Third order 
reaction
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(2) High-pressure limit case:

[M] is sufficiently large     k5[M] >> k4, 

k3 is referred as the high-pressure limit rate constant k∞.   Second order 
reaction.
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Product Formation Rate of Three-body Reactions: General Form

(1) At low pressure, the reaction is a third-order reaction while at high pressure it 
is a second-order reaction.

(2) The pressure at which the reaction changes from the 3rd order to the 2nd 
order becomes low with increasing complexity of the product molecule AB.

H + H + M  H2 + M is a 3rd order reaction up to 104 atm
OH + NO2 + M  HNO3 + M is a 2nd order reaction under tropospheric conditions.
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Chain reaction













http://bcs.whfreeman.com/pchem8e/default.asp

http://bcs.whfreeman.com/pchem8e/default.asp


In the environment, photochemical reactions have been 
reported to occur in the gas phase (troposphere, 
stratosphere), aqueous phase (atmospheric aerosol or 
droplets, surface water, land-water interfaces) and in 
the solid phase (plant tissue exteriors, soil and mineral 
surfaces). 

All of these possibilities need to be taken into account 
when fates of organic compounds in nature are 
considered. 

Although in many cases the contribution of 
photochemical process is negligible, in others photolysis 
is by far the dominant pathway for loss of a chemical. 

Photochemical Processes



Natural light can induce a variety of processes of environmental 
importance either directly (when light is absorbed by the species of 
interest, i.e. fluorescence) or indirectly (when the species of interest 
reacts with an intermediate called mediator, previously excited or 
produced by light, i.e. photochemical chain reactions). 

Environmentally important phenomena include photosynthesis, 
photodissociation (e.g., the rupture of organic and inorganic 
molecules), photoproduction of highly reactive radicals, 
photodissolution of minerals, photoredox reactions, photochemical 
smog, etc. 



Photochemistry

 Sunlight
UV, visible, infrared
 particle-wave duality

particle of light
= photon

1 mole of photons
= 1 einstein (ein)

 Energy of light
E = NAhν

( ) ( )
1 120,000kJein

nm
E − =

λ



 Energy of light
 ultraviolet, 254 nm

470 kJ ein-1

 violet, 400 nm
300 kJ ein-1

 red, 700 nm
171 kJ ein-1

 for comparison:
C—C bond strength,
350 kJ mol-1

 total energy across all wavelengths (λ):
80 kJ min-1

Photochemistry



 Excited states
 A → A*
 photon absorbed

→ new electronic state / configuration
 electron promotion to new orbital

excited states: singlets and triplets
higher potential energy

UV-visible light necessary
to excite molecules
(higher energy)







 Singlets, S0 and S1
 spin-paired state
 short lifetimes

 Triplet, T1
 spin-unpaired state
 longer lifetimes

 Transitions
 excited to singlets S1

 internal conversion
S1 → S0 + heat

 fluorescence
S1 → S0 + hν

 intersystem crossing
S1 → T1 + heat

 phosphorescence
T1 → S0 + hν







In gas phase



Photochemistry

 Electron transitions by UV-vis light
 σ orbitals (electrons in covalent bonds) →σ*
 n orbitals (non-bonded electrons) →π*
 π orbitals (C=C, C=O) →π* (anti-bonding)



Photochemistry
 Electron transitions by UV-vis light

 σ orbitals (electrons in covalent bonds) →σ*
 n orbitals (non-bonded electrons) →π*
 π orbitals (C=C, C=O) →π* (anti-bonding)

 Chromophores
 functional group that absorbs light

C, N, O (n →π*)
double bonds (π→ π*)

 characteristic absorption wavelength



Photochemistry

 n →π* transition
move one n electron to π* orbital
 two spin-paired, orbitally unpaired electrons
 formation of di-radical

very electrophilic
acts as strong oxidant



Photochemistry

 π→ π* transition
 orbital unpairing of C=C bond electrons
 formation of di-radical

very electrophilic
acts as strong oxidant

 higher ε because
electrons occupy
same space



Photochemistry



Photochemistry

 Direct photolysis 
 compound is transformed by

light absorbed by the compound

 Indirect photolysis 
 compound is transformed by reaction with an 

compound excited by the absorption of light by other 
compound. Transformation of a compound due to its 
interaction with a reactant generated by the influence 
of UV light (photosensitizer or reactive oxygen species)



Direct Photolysis
 compound that absorbs light is the one that reacts
 need to know three things:

 light spectrum
 depends on time of day, season, latitude, cloud cover, etc.

 light absorption spectrum
 depends on chromophores in compound

quantum yield φ
 ratio of the compound that undergoes reaction to the 

compound that is converted to an excited state
 reaction is just one pathway of return from excited state
 function of wavelength φ(λ)
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