LibreTextsw

4.2: Free Radical Reactions

Learning Objectives

o Understand free radical reaction mechanisms, including elementary reactions of its three main steps: initiation, propagation,
and termination.

e Learn exams of free radical reactions in industry and daily life: converting alkanes to haloalkanes, cracking process,
combustion, polymerization, and the aging process.

Free radical reaction mechanism

Hemolytic bond breaking requires energy equal to the bond dissociation energy, and hemolytic bond making releases energy equal
to the bond dissociation energy. When a molecule absorbs energy in the form of heat or a photon of UV light, some of the weak
bonds, like C1—Clbond (239 kJ/mol) or O—O bond (146 kJ/mol) breaks initiating free radicals, e.g.:
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where hv represents a photon of UV light and A represent heat energy. The reaction in which free radicals are created from neutral
species, as in the above example, is called the free radical initiation step in a free radical reaction mechanism.

Free radicals are very reactive species. They usually abstract an atom, e.g., an H atom, from a hydrocarbon molecule, e.g.:
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This reaction happens easily because the energy needed to break an H—C bond (413 kJ/mol) is compensated by the energy

released by making H—CI bond (427 kJ/mol). The CH, repeats similar process when it collides with a Cl, molecule as shown in
the second reaction above. Again, the energy released by making C—Cl bond (339 kJ/mol) compensates for the energy needed in
breaking C1—C1bond (239 kJ/mol). Reactions in which one radical converts into a neutral specie and create another free radical
that repeats the process, as in the above two reactions, are called propagation reactions. The propagation reactions often happen
easily as the energy released in the bond-making compensates fully or partially for the energy needed in bond-making. The
propagation reactions shown above happen in a cycle as the free radical produced in one is the reactant in the other and vice versa.
The two propagation steps add up to the following overall reaction:

Overall reaction: CH, + CL, — CH;C1+HCl

This cycle of propagation reaction may repeat hundreds of times until one of the reactant exhaust or a free radical may collide with
another free radical and terminate each other, as in the following reactions.
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The homolytic bond-making between two free radicals that terminate the two radicals is called the termination reaction. The
initiation, propagation, and termination are typical elementary reactions in a free radical reaction mechanism.
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A CH; may collide with CH, molecule and abstract a H atom and a § C.’l: may collide with a Cl, molecule and abstract a Cl

atom, but there is no net chemical change in these elementary steps as shown below.
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CH, H—CH, — H—=CH; + CH,
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:Cl: + :C1—Cl: ——= :Cl—Cl: + :Cl:

Examples of free radical reactions

Conversion of alkanes to haloalkanes

Exposing a mixture of alkane and halogen (chlorine or bromine) to UV light or heat at ~100°C converts alkanes to haloalkanes, as
described in the free radical reaction mechanism for the case of CH, to CH;—Cl conversion.

UV or heat
Cl, + CH, ——— CH,Cl +HCl

This reaction is useful in industrial organic synthesis for converting alkanes found in petroleum to alkyl halides that serve as
intermediates in synthesizing organic compounds. The reaction is not very useful for laboratory organic synthesis as the product of
the reaction competes with the initial alkane resulting in a mixture of products, as shown in the following reactions.

UV or heat
Cl, + CH,Cl ——— CH, Cl, + HCI
UV or heat
Cl, + CH,Cl, — CHCL, + HC1

UV or heat
Cl, + CHCl, ——— CCl, +HCl

The haloalkane product can not compete effectively when the initial alkane concentration is high. So, the side products are

minimized in the industrial process by employing a higher concentration of alkane. This reaction converts relatively less reactive

6+ 0— o+ o
alkanes to more reactive haloalkanes having polar C—Cl or C —Br bond. The haloalkanes are used in the polar reactions described

in later sections.

Combustion

Hydrocarbons found in petroleum, coal, and natural gas are primarily consumed in combustion processes for producing heat. In a
combustion process, ground state O, is first converted to an excited state O3, that strips a H off of an organic molecule in the free
radical initiation step.

R-CH, + 0} — R—CH, +HOO

L] L]
The free radicals, i.e., R—CH, and HOO react further producing more radicals and, ultimately, convert the organic compounds to
COQ, H2O, and heat. The combustion reaction of octane and ethanol are shown below as examples.

2 CH,CH, CH,CH, CH,CH, CH,CH, + 25 0, — 16 CO, + 18 H,0 + Heat
CH,CH,OH +3 0, — 2 CO, + 3 H,0 + Heat

Cracking

Although C—C (347 kJ/mol) and C—H (413 kJ/mol) bonds are stable at room lriundefined

temperature, at 450 °C to 900 °C there is enough thermal energy to break them homolytically. The resulting radical species react
further and usually end up in smaller chain alkanes and alkenes, as illustrated in the figure on the right (Pengeldi, CCO, via
Wikimedia Commons). This process is called thermal cracking. For example, one of the many reactions involved in the thermal
cracking of octane is the following.
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Catalysts and steam may be added to accelerate the sections and/or modify the nature of products. Cracking convert long-chain
alkanes to more valuable small-chain alkanes and alkenes.

Polymerization

Polymers are long molecules composed of hundreds or thousands of repeat units called monomers. One polymer synthesis
mechanism is free radical polymerization, involving initiation, propagation, and termination steps. The process initiates by
homolytic cleavage of a weak bond, like O—O bond in benzoyl peroxide (C;H,COO—-OOCC H,, by heat or UV-photon. The
radical produced by the homolytic cleavage adds to a 7 bond of an alkene producing a new radical. The new radical adds to another
alkene repeating the process in propagation steps, as illustrated below.
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where X is H in polyethylene, CH, in polypropylene, benzene ring C H, in polystyrene, Cl in polyvinylchloride, etc., as
illustrated below.

Polyethylene Y\(\m/\[

CH,4 CH, CH, CH, CH,
Polypropylene

Polystyrene Polyvinyl chloride

Ultimately, the radicals react with each other by hemolytic bond =-making that terminates the radicals.

Polyethylene is used in plastic bags, bottles, toys, piping, etc. Polypropylene is used in ropes, carpets, pipes, furniture, food
containers, etc. Polystyrene is used in foam packing, building insulation foam, plastic cutlery, foam containers for food and drinks,
etc. Polyvinylchloride is used in pipes, window and door frames, bank cards, cable insulation, etc. In polytetrafluorethylene or
Teflon, all H's and X in the monomer are F's. Teflon is used in non-stick coatings, lubricants, electrical insulation for wires, etc.
Various objects of common use made of these polymers are illustrated in Figure 4.2.1.

Figure 4.2.1: Common objects made of polymers like polyethylene, polypropylene, polystyrene, polyvinylchloride, etc.
(Copyright; Cjp24, Public domain, via Wikimedia Commons)
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Free radical reactions in biological processes

Free radical reactions are involved in the aging of food products. For example, fatty acids have long alkane chains, many of which
have C=C bonds. The allylic hydrogens in fatty acid chains are susceptible to hemolytic bond cleavage, as shown below.
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Oxygen is a diradical that adds to the free radical in a hemolytic bond-making step, producing a new radical. The new radical
abstracts allylic hydrogen from another fatty acid producing a radical that repeats the cycle, i.e., propagation steps. The propagation
reactions install hydroperoxyl groups (—O—QOH) on the fatty acids. The hydroperoxides are unstable and decompose to short-chain
aldehydes and carboxylic acids responsible for the aged fats' unpleasant "rancid" smell. A similar process happens with the low-
density lipoproteins deposited in arteries that lead to cardiovascular diseases. The aging process in organisms is also related to
similar free radical reactions.

Living things have a mechanism of getting rid of unwanted free radicals by reacting them with radical scavengers. For example,
vitamin C is a radical scavenger in the blood, and vitamin E is a radical scavenger in fats. The radical-scavengers neutralize the
toxic radicals by donating H atoms from their —OH groups that break the propagation chain reaction. The new radicals generated
in the scavenging reactions are less reactive and easily excreted before they can do more damage.

HO

HO

Vitamin C Vitamin E

This page titled 4.2: Free Radical Reactions is shared under a Public Domain license and was authored, remixed, and/or curated by Muhammad
Arif Malik.

https://chem.libretexts.org/@go/page/416446



https://libretexts.org/
https://en.wikipedia.org/wiki/Public_domain
https://chem.libretexts.org/@go/page/416446?pdf
https://chem.libretexts.org/Bookshelves/Introductory_Chemistry/Introduction_to_Organic_and_Biochemistry_(Malik)/04%3A_Organic_reactions/4.02%3A_Free_Radical_Reactions
https://chem.libretexts.org/Bookshelves/Introductory_Chemistry/Introduction_to_Organic_and_Biochemistry_(Malik)/04%3A_Organic_reactions/4.02%3A_Free_Radical_Reactions?no-cache
https://scholar.google.com/citations?user=NJt3vSwAAAAJ&hl=en

