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Halogenation of Alkane: The Radical Chain Mechanism
Alkanes undergo chemical transformations when subjected to pyrolysis, and that these
processes include the formation of radical intermediates.

Chlorination reaction:
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We have seen that alkanes undergo chemical transformations when subjected to pyrolysis, 
and that these processes include the formation of radical intermediates. Do alkanes partici-
pate in other reactions? In this section, we consider the effect of exposing an alkane (meth-
ane) to a halogen (chlorine). A chlorination reaction, in which radicals again play a key 
role, takes place, producing chloromethane and hydrogen chloride. We shall analyze each 
step in this transformation to establish the mechanism of the reaction.

Chlorine converts methane into chloromethane
When methane and chlorine gas are mixed in the dark at room temperature, no reaction 
occurs. The mixture must be heated to a temperature above 3008C (denoted by D) or irra-
diated with ultraviolet light (denoted by hn) before a reaction takes place. One of the two 
initial products is chloromethane, derived from methane in which a hydrogen atom is 
removed and replaced by chlorine. The other product of this transformation is hydrogen 
chloride. Further substitution leads to dichloromethane (methylene chloride), CH2Cl2; tri-
chloromethane (chloroform), CHCl3; and tetrachloromethane (carbon tetrachloride), CCl4.

Why should this reaction proceed? Consider its DH8. Note that a C–H bond in methane 
(DH8 5 105 kcal mol21) and a Cl–Cl bond (DH8 5 58 kcal mol21) are broken, whereas 
the C–Cl bond of chloromethane (DH8 5 85 kcal mol21) and an H–Cl linkage (DH8 5
103 kcal mol21) are formed. The net result is the release of 25 kcal mol21 in forming 
stronger bonds: The reaction is exothermic (heat releasing).

CH3 H

! "25 kcal mol ("105 kJ mol"1)

H šð## Cl

(105 # 58) " (85 # 103)
!

energy input " energy output

!

$H % !
&DH % (bonds broken) " &DH % (bonds formed)

105 103

Chloromethane

$ or h'
#

DH ! (kcal mol"1)

58

ðClCH3

85

Clð š#š#š ðCl #

"1

Why, then, does the thermal chlorination of methane not occur at room temperature? 
The fact that a reaction is exothermic does not necessarily mean that it proceeds rapidly 
and spontaneously. Remember (Section 2-1) that the rate of a chemical transformation 
depends on its activation energy, which in this case is evidently high. Why is this so? What 
is the function of irradiation when the reaction does proceed at room temperature? Answer-
ing these questions requires an investigation of the mechanism of the reaction.

The mechanism explains the experimental conditions required 
for reaction
A mechanism is a detailed, step-by-step description of all the changes in bonding that occur 
in a reaction (Section 1-1). Even simple reactions may consist of several separate steps. 
The mechanism shows the sequence in which bonds are broken and formed, as well as the 
energy changes associated with each step. This information is of great value in both analyz-
ing possible transformations of complex molecules and understanding the experimental 
conditions required for reactions to occur.

The mechanism for the chlorination of methane, in common with the mechanisms of 
most radical reactions, consists of three stages: initiation, propagation, and termination. Let 
us look at these stages and the experimental evidence for each of them in more detail.

The chlorination of methane can be studied step by step
Experimental observation. Chlorination occurs when a mixture of CH4 and Cl2 is either 
heated to 3008C or irradiated with light, as mentioned earlier. Under such conditions, meth-
ane by itself is completely stable, but Cl2 undergoes homolysis to two atoms of chlorine.
Interpretation. The ! rst step in the mechanism of chlorination of methane is the heat- or 
light-induced homolytic cleavage of the Cl–Cl bond (which happens to be the weakest bond 
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ANIMATED MECHANISM: 
Chlorination of methane

Animation

When methane and chlorine gas are mixed in the dark at room temperature, no reaction
occurs.

The mixture must be heated to a temperature above 300 oC (denoted by 𝜟) or irradiated
with ultraviolet light (denoted by h𝜐) before a reaction takes place.

The reaction is exothermic (heat releasing).

Further substitution leads to dichloromethane (methylene chloride, CH2Cl2),
trichloromethane (chloroform, CHCl3), and tetrachloromethane (carbon tetrachloride, CCl4).
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The mechanism explains the experimental conditions required for reaction

A mechanism is a detailed, step-by-step description of all the changes in bonding that
occur in a reaction.

Even simple reactions may consist of several separate steps.

The mechanism shows the sequence in which bonds are broken and formed, as well as the
energy changes associated with each step.

The mechanism for the chlorination of methane: Radical reaction

Radical reaction consists of three stages: initiation, propagation, and termination.
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Initiation: Homolytic cleavage of the Cl–Cl bond 
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in the starting mixture, with DH8 5 58 kcal mol21). This event is required to start the 
chlorination process and is therefore called the initiation step. As implied by its name, the 
initiation step generates reactive species (in this case, chlorine atoms) that permit the sub-
sequent steps in the overall reaction to take place.

Initiation: Homolytic cleavage of the Cl–Cl bond
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Experimental observation. Only a relatively small number of initiation events (e.g., pho-
tons of light) are necessary to enable a great many methane and chlorine molecules to 
undergo conversion into products.
Interpretation. After initiation has taken place, the subsequent steps in the mechanism are 
self-sustaining, or self-propagating; that is, they can occur many times without the addition 
of further chlorine atoms from the homolysis of Cl2. Two propagation steps ful! ll this 
requirement. In the ! rst step, a chlorine atom attacks methane by abstracting a hydrogen 
atom. The products are hydrogen chloride and a methyl radical.

Propagation step 1: Abstraction of an H atom by :Cl
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The DH8 for this transformation is positive; the process is endothermic (heat absorbing), 
and its equilibrium is slightly unfavorable. What is its activation energy, Ea? Is there enough 
heat to overcome this barrier? In this case, the answer is yes. An orbital description of the 
transition state (Section 2-1) of hydrogen removal from methane (Figure 3-5) reveals the details 
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Figure 3-5 Approximate orbital description of the abstraction of a hydrogen atom by a chlorine 
atom to give a methyl radical and hydrogen chloride. Notice the rehybridization at carbon in the 
planar methyl radical. The additional three nonbonded electron pairs on chlorine have been 
 omitted. The orbitals are not drawn to scale. The symbol ‡ identi! es the transition state.
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The DHo for this transformation
(propagation step 1) is positive; the
process is endothermic (heat
absorbing), and its equilibrium is
slightly unfavorable.

The transition state, which is labeled
by the symbol ‡, is located only
about 4 kcal mol-1 above the starting
materials.
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of the process. The reacting hydrogen is positioned between the carbon and the chlorine, 
partly bound to both: H–Cl bond formation has occurred to about the same extent as C–H 
bond breaking. The transition state, which is labeled by the symbol ‡, is located only about 
4 kcal mol21 above the starting materials. A potential-energy diagram describing this step 
is shown in Figure 3-6.

Propagation step 1 gives one of the products of the chlorination reaction: HCl. What 
about the organic product, CH3Cl? Chloromethane is formed in the second propagation step. 
Here the methyl radical abstracts a chlorine atom from one of the starting Cl2 molecules, 
thereby furnishing chloromethane and a new chlorine atom. The latter reenters propagation 
step 1 to react with a new molecule of methane. Thus, one propagation cycle is closed, and 
a new one begins, without the need for another initiation step to take place. Note how 
exothermic propagation step 2 is, 227 kcal mol21. It supplies the overall driving force for 
the reaction of methane with chlorine.

Propagation step 2: Abstraction of a Cl atom by ?CH3
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Because propagation step 2 is exothermic, the unfavorable equilibrium in the ! rst prop-
agation step is pushed toward the product side by the rapid depletion of its methyl radical 
product in the subsequent reaction.
 Cl2

CH4 1 Cl? z y88 CH3? 1 HCl 88z y CH3Cl 1 Cl? 1 HCl

 Slightly  Very favorable;
 unfavorable “drives” ! rst equilibrium

The potential-energy diagram in Figure 3-7 illustrates this point by continuing the prog-
ress of the reaction begun in Figure 3-6. Propagation step 1 has the higher activation 
energy and is therefore slower than step 2. The diagram also shows that the overall DH8 
of the reaction is made up of the DH8 values of the propagation steps: 12 2 27 5
225 kcal mol21. You can see that this is so by adding the equations for the two propaga-
tion steps.
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Figure 3-6 Potential-energy dia-
gram of the reaction of methane 
with a chlorine atom. Partial bonds 
in the transition state are depicted 
by dotted lines. This process, 
propagation step 1 in the radical 
chain chlorination of methane, is 
slightly endothermic.
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∆H° =  +2 kcal mol −1 (8 kJ mol!1)
Endothermic

CH4 +   Cl
Starting molecules

[H3C H Cl]‡

Transition state

CH3 + HCl
Products

Reaction coordinate

The single-barbed “! shhook” 
arrows in these formulas 
show the movement of 
single electrons. The lone 
electron on the methyl carbon 
combines with one of the 
two electrons in the Cl–Cl 
bond, making a new C–Cl 
bond. Meanwhile, the second 
electron from the original 
Cl–Cl bond leaves with the 
departing free chlorine atom.
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A new chlorine atom formed and re-enters propagation step 1 to react with a new
molecule of methane. Thus, one propagation cycle is closed, and a new one begins,
without the need for another initiation step to take place.

The propagation step 2 is exothermic, -27 kcal mol-1.

Because propagation step 2 is exothermic, the unfavorable equilibrium in the propagation
step 1 is pushed toward the product by the rapid depletion of the methyl radical.

Propagation step 2: Abstraction of a Cl atom by .CH3
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of the process. The reacting hydrogen is positioned between the carbon and the chlorine, 
partly bound to both: H–Cl bond formation has occurred to about the same extent as C–H 
bond breaking. The transition state, which is labeled by the symbol ‡, is located only about 
4 kcal mol21 above the starting materials. A potential-energy diagram describing this step 
is shown in Figure 3-6.

Propagation step 1 gives one of the products of the chlorination reaction: HCl. What 
about the organic product, CH3Cl? Chloromethane is formed in the second propagation step. 
Here the methyl radical abstracts a chlorine atom from one of the starting Cl2 molecules, 
thereby furnishing chloromethane and a new chlorine atom. The latter reenters propagation 
step 1 to react with a new molecule of methane. Thus, one propagation cycle is closed, and 
a new one begins, without the need for another initiation step to take place. Note how 
exothermic propagation step 2 is, 227 kcal mol21. It supplies the overall driving force for 
the reaction of methane with chlorine.
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The potential-energy diagram in Figure 3-7 illustrates this point by continuing the prog-
ress of the reaction begun in Figure 3-6. Propagation step 1 has the higher activation 
energy and is therefore slower than step 2. The diagram also shows that the overall DH8 
of the reaction is made up of the DH8 values of the propagation steps: 12 2 27 5
225 kcal mol21. You can see that this is so by adding the equations for the two propaga-
tion steps.
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gram of the reaction of methane 
with a chlorine atom. Partial bonds 
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electron on the methyl carbon 
combines with one of the 
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bond. Meanwhile, the second 
electron from the original 
Cl–Cl bond leaves with the 
departing free chlorine atom.
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The single-barbed “! shhook” 
arrows in these formulas 
show the movement of 
single electrons. The lone 
electron on the methyl carbon 
combines with one of the 
two electrons in the Cl–Cl 
bond, making a new C–Cl 
bond. Meanwhile, the second 
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Experimental observation. Small amounts of ethane are identi! ed among the products of 
chlorination of methane.
Interpretation. Radicals and free atoms are capable of undergoing direct covalent bonding 
with one another. In the methane chlorination process, three such combination processes 
are possible, one of which—the reaction of two methyl groups—furnishes ethane. The 
concentrations of radicals and free atoms in the reaction mixture are very low, however, 
and hence the chance of one radical or free atom ! nding another is small. Such combina-
tions are therefore relatively infrequent. When such an event does take place, the propaga-
tion of the chains giving rise to the radicals or atoms is terminated. We thus describe these 
combination processes as termination steps.
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Figure 3-7 Complete potential-
energy diagram for the formation 
of CH3Cl from methane and chlo-
rine. Propagation step 1 has the 
higher transition-state energy and 
is therefore slower. The DH 8 of 
the overall reaction CH4 1 Cl2 y 
CH3Cl 1 HCl amounts to 
225 kcal mol21 (2105 kJ mol21), 
the sum of the DH 8 values of the 
two propagation steps.
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Propagation step 1 has the higher activation energy and is therefore slower than step 2.

The energy diagram also shows that the overall DHo of the reaction is -25 kcal mol-1.
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Chain termination: Radical–radical combination 

Radicals and free atoms are capable of undergoing direct covalent bonding with one
another.

The concentrations of radicals and free atoms in the reaction mixture are very low,
however, the chance of one radical or free atom finding another is small.

Small amounts of ethane are identified among the products of chlorination of methane.
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One of the practical problems in chlorinating methane is the control of product selectivity.
The reaction does not stop at the formation of chloromethane but continues to form di-, tri-,
and tetrachloromethane by further substitution.

A practical solution to this problem is the use of a large excess of methane in the reaction.

Under such conditions, the reactive intermediate chlorine atom is at any given moment
surrounded by many more methane molecules than product CH3Cl. Thus, the chance of
.Cl finding CH3Cl to eventually make CH2Cl2 is greatly diminished, and product selectivity
is achieved.
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