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Understanding the stability of free radicals is fundamental in organic chemistry, impacting reactions
such as combustion, polymerization, and biological processes. Free radicals are atoms or molecules
with unpaired electrons, making them highly reactive. Their stability depends on various factors,
including electronic configuration, resonance, and the surrounding environment. In this comprehensive
guide, we will analyze and rank three free radicals (i-iii) based on their stability, providing insights into

why certain radicals are more stable than others.

What Are Free Radicals?

Before diving into the specific radicals, it’s essential to understand what free radicals are. They are
species with one or more unpaired electrons, which makes them highly reactive. These unpaired
electrons seek to pair up, leading free radicals to react rapidly with other molecules or radicals to attain

more stable electronic configurations.

Common examples include:



- Hydrogen radical (eH)
- Methyl radical (sCHL)
- Chlorine radical (Cl)

The stability of radicals influences their reactivity and the pathways of chemical reactions.

Factors Influencing Free Radical Stability

Several factors determine the stability of free radicals, including:

1. Resonance Stabilization

Radicals that can delocalize their unpaired electron over multiple atoms via resonance are more

stable.

2. Hyperconjugation

The overlap of sigma bonds with the unpaired electron allows stabilization, especially in alkyl radicals.

3. Inductive Effects

Electron-withdrawing groups stabilize radicals through sigma-bond polarization.

4. Degree of Substitution

More substituted radicals (tertiary > secondary > primary) tend to be more stable due to



hyperconjugation and inductive effects.

Analyzing the Radicals: i, ii, and iii

Let’s examine each radical based on their structures and features.

Radical (i): Tertiary Alkyl Radical

Structure: A tertiary alkyl radical, such as the tert-butyl radical (oC(CHD)D).

Features:
- Has three alkyl groups attached to the radical center.
- Highly stabilized due to hyperconjugation from all three methyl groups.

- No significant resonance stabilization, but hyperconjugation dominates.

Stability factors:
- Tertiary position offers maximum hyperconjugation.
- Electron-donating alkyl groups slightly destabilize the radical but still confer stability via

hyperconjugation.



Radical (ii): Allyl Radical (CHD=CH—CH|:|0)

Structure: An allyl radical with the unpaired electron delocalized over the D-system.

Features:
- The unpaired electron is conjugated with the adjacent D-bond.
- Resonance stabilization occurs with the D-bond, spreading out the unpaired electron over two

carbons.

Stability factors:
- Resonance delocalization significantly enhances stability.

- The radical is stabilized by conjugation with the alkene.

Radical (iii): Primary Alkyl Radical

Structure: A primary alkyl radical, such as the methyl radical (-CHD).

Features:
- Only one alkyl group attached to the radical center.
- No resonance stabilization.

- Stabilized mainly by hyperconjugation, which is minimal in primary radicals.

Stability factors:
- Least stable among the three due to limited hyperconjugation.

- Highly reactive and short-lived.



Order of Stability of the Radicals

Based on their characteristics, the radicals can be ranked from most stable to least stable:
1. Radical (ii): Allyl Radical
2. Radical (i): Tertiary Alkyl Radical

3. Radical (iii): Primary Alkyl Radical

But why does this order hold? Let’s analyze each in detail.

Understanding Why Allyl Radical Is Most Stable

The allyl radical’s stability primarily stems from resonance. The unpaired electron is delocalized over
the D-system involving two carbon atoms. This delocalization allows the radical to distribute its

unpaired electron density across multiple atoms, reducing its overall energy.

Resonance Structures:

chl=ch-cHl. 0 crll=cHe-chl

The resonance stabilization is a key factor, making the allyl radical significantly more stable than non-

conjugated radicals.

Implications:

- Resonance stabilization can stabilize radicals by approximately 15-20 kcal/mol compared to similar



radicals without resonance.

- The conjugated D-system effectively lowers the radical's reactivity.

Why Tertiary Alkyl Radical Ranks Second

Tertiary alkyl radicals are stabilized mainly via hyperconjugation and inductive effects:

- Hyperconjugation: Electron donation from adjacent C-H bonds to the radical center.

- Inductive Effects: Alkyl groups are electron-donating, stabilizing the unpaired electron.

Although they do not benefit from resonance, the hyperconjugation from three alkyl groups provides

substantial stabilization.
Comparison:
- Tertiary radicals are more stable than secondary or primary due to increased hyperconjugation.

- They are less stable than resonance-stabilized radicals like allyl, but more stable than primary

radicals.

Why Primary Alkyl Radical Is Least Stable

Primary radicals, like methyl radicals, lack resonance and have minimal hyperconjugation:

- No D-system to delocalize the unpaired electron.

- Limited hyperconjugation since only one C-H bond can participate.



- Highly reactive and transient.

Consequences:
- They readily react with other molecules to attain more stable configurations.

- Their high reactivity makes them dangerous intermediates in many reactions.

Summary of Radical Stability Rankings

| Rank | Radical Type | Key Stabilization Features | Approximate Stability Level |
I I | I I

| 1| Allyl Radical | Resonance delocalization | Most stable |

| 2 | Tertiary Alkyl Radical | Hyperconjugation & inductive effects | Moderate stability |
| 3 | Primary Alkyl Radical | Limited hyperconjugation | Least stable |

Implications of Radical Stability in Organic Chemistry

Understanding the stability order of radicals is crucial when predicting reaction pathways, designing

synthesis routes, and controlling reaction conditions. For example:

- Radicals with higher stability are more likely to form and persist during reactions.

- Reactivity trends follow stability; less stable radicals tend to react quickly to form more stable
species.

- Polymerization processes often involve radicals stabilized by resonance or hyperconjugation to

control chain growth.



Practical Applications of Radical Stability Knowledge

Knowing which radicals are more stable assists chemists in various fields:

- In radical halogenation reactions, tertiary carbons are more susceptible due to the stability of the
resulting tertiary radical.

- In biological systems, radical stability influences oxidative stress and enzyme mechanisms.

- In materials science, stable radicals are used in the synthesis of conductive polymers and molecular

magnets.

Conclusion

In the hierarchy of free radical stability, resonance stabilization is generally more influential than
hyperconjugation, followed by substitution effects. As such, the allyl radical, with its delocalized
unpaired electron, stands at the top of the stability chart. Tertiary alkyl radicals, stabilized by
hyperconjugation and inductive effects, follow closely behind. Primary radicals, lacking both resonance

and significant hyperconjugation, are the least stable and most reactive.

Understanding these stability trends allows chemists to predict reaction outcomes, optimize conditions,
and develop new synthetic strategies. Mastery over radical behavior is a cornerstone of advanced

organic chemistry and essential for innovations in pharmaceuticals, materials, and energy.
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Frequently Asked Questions

What are free radicals and why is their stability important?

Free radicals are molecules or atoms with unpaired electrons, making them highly reactive. Their
stability influences their reactivity and lifespan, impacting processes like oxidation, aging, and disease

development.

How do resonance structures affect the stability of free radicals?

Resonance structures delocalize the unpaired electron over multiple atoms, reducing electron density
on a single site and increasing stability. More resonance stabilization leads to a more stable free

radical.

Which factors contribute to the decreasing stability of free radicals in

the order I-111?

Factors include the degree of resonance delocalization, hyperconjugation effects, and the degree of

substitution at the radical center. The most stable free radicals have extensive resonance and are



more substituted.

Why is a tertiary free radical generally more stable than a primary
one?

A tertiary free radical is more stabilized due to hyperconjugation and inductive effects from three alkyl

groups, which help delocalize and stabilize the unpaired electron compared to primary radicals.

How does hyperconjugation influence the stability of free radicals?

Hyperconjugation involves the donation of electron density from C-H or C-C bonds to the radical

center, stabilizing the radical. More hyperconjugative interactions increase stability.

What is the significance of resonance stabilization in radicals shown in

the order?

Resonance stabilization allows the unpaired electron to be spread over multiple atoms, reducing

reactivity and increasing stability. Radicals with more resonance forms are ranked higher in stability.

Can you explain why the radical in structure Il might be more stable

than in structure 1119

Structure Il likely has better resonance delocalization or is more substituted than structure 11, which

enhances its stability. The specific substituents and conjugation patterns determine this ranking.

How does the degree of substitution at the radical center affect

stability in these radicals?

More substituted radicals (e.g., tertiary) are generally more stable than less substituted ones (primary)

because alkyl groups stabilize the unpaired electron through hyperconjugation and inductive effects.



Why is the order of stability important in understanding radical
reactions?

Knowing the stability order helps predict reactivity, reaction pathways, and the likelihood of radical

formation or termination, which is crucial in fields like organic synthesis and polymer chemistry.

Additional Resources
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Introduction

In the realm of organic and inorganic chemistry, free radicals occupy a uniquely intriguing position due
to their high reactivity and fleeting existence. These molecules or atoms contain unpaired electrons,
making them highly reactive and influential in numerous chemical processes, from combustion to
biological mechanisms and polymerization. Understanding the stability of free radicals is fundamental
for chemists aiming to manipulate reaction pathways, design stable compounds, or control radical-

mediated processes.

This article endeavors to analyze and rank three specific free radicals, labeled (i), (ii), and (iii),
according to their stability—from the most stable to the least. To provide comprehensive insight, we will
delve into the factors influencing radical stability, explore the structural features of each radical, and
examine their electronic and resonance effects. This detailed exploration will equip readers with an

informed understanding of how subtle molecular differences dictate radical stability and reactivity.



Understanding Free Radical Stability: Key Principles

Before examining the specific radicals, it is essential to understand the fundamental principles that

influence radical stability. These principles include:

1. Resonance Delocalization

Resonance stabilization occurs when the unpaired electron can be delocalized over adjacent pi
systems or lone pairs, spreading out the radical's electron density. This delocalization reduces the

energy of the radical, thereby increasing its stability.

2. Hyperconjugation

Hyperconjugation involves the interaction of the unpaired electron with adjacent sigma bonds,
especially C-H or C-C bonds. Alkyl groups attached to the radical center can donate electron density

through hyperconjugation, stabilizing the radical.

3. Inductive Effects

Electron-withdrawing groups (like halogens or electronegative substituents) can stabilize a radical by
pulling electron density away from the unpaired electron. Conversely, electron-donating groups

destabilize radicals.

4. Degree of Substitution

Radicals are often categorized as primary, secondary, or tertiary based on the number of alkyl groups
attached to the radical-bearing carbon. Generally, tertiary radicals are more stable than secondary,

which are more stable than primary, owing to hyperconjugation and inductive effects.



5. Atom Type and Hybridization

The nature of the atom bearing the unpaired electron influences stability. For example, radicals on
oxygen are more stable than on carbon due to oxygen’s higher electronegativity, which helps

delocalize the unpaired electron.

Analysis of the Radicals (i—iii)

While the original question references radicals (i), (ii), and (iii) without explicit structures, typical
radicals evaluated in such contexts often involve variations in substitution, resonance possibilities, and

atom types. For the sake of clarity, let's assume the radicals are as follows:

- Radical (i): Tertiary alkyl radical (e.g., tert-butyl radical, (CH)\UCe)

- Radical (ii): Secondary alkyl radical (e.g., isopropyl radical, (CHD)DCH-)

- Radical (iii): Primary alkyl radical (e.g., methyl radical, CHD-)

Based on common radical stability trends, the initial ranking from most stable to least stable would be:

() > (i) > i)

However, this is an oversimplification. Let's analyze each radical in depth, considering their structures,

electronic effects, and possible resonance stabilization.



Radical (i): The Tertiary Alkyl Radical

Structural Features and Stability Factors

The tertiary alkyl radical features a carbon atom bonded to three alkyl groups and bearing an unpaired

electron. Its general structure is (R)DC-, where R could be methyl or other alkyl groups.
Key factors contributing to stability:

- Hyperconjugation: The presence of three alkyl groups provides multiple C-H bonds capable of
donating electron density via hyperconjugation. Each C—H bond can overlap with the p-orbital
containing the unpaired electron, stabilizing the radical.

- Inductive Effects: Alkyl groups are electron-donating via sigma bonds, which increases electron
density around the radical center, stabilizing the unpaired electron.

- Steric Factors: The bulky nature of tertiary radicals can hinder certain reactions but does not

significantly destabilize the radical itself.

Resonance considerations:
In most cases involving purely alkyl radicals, resonance stabilization is minimal because these radicals
lack conjugated pi systems adjacent to the radical center. However, if the radical is adjacent to groups

capable of resonance (such as aromatic or conjugated systems), stabilization could be enhanced.

Conclusion:
The tertiary alkyl radical is among the most stable due to extensive hyperconjugation and inductive
effects. This stability is well-documented in radical chemistry and explains why tertiary carbocations

are also more stable than primary ones.



Radical (ii): The Secondary Alkyl Radical

Structural Features and Stability Factors

The secondary alkyl radical, such as the isopropyl radical, has a carbon atom attached to two alkyl

groups and bearing an unpaired electron.
Key factors:

- Hyperconjugation: Less extensive than in tertiary radicals because only two alkyl groups are
attached, providing fewer C—H bonds for hyperconjugation.

- Inductive Effects: Similar to tertiary radicals, alkyl groups donate electrons, but the stabilization is less
pronounced than in tertiary radicals.

- Resonance stabilization: Typically absent unless conjugated systems are nearby.

Comparison with other radicals:
Secondary radicals are inherently less stable than tertiary radicals due to fewer hyperconjugation

pathways and inductive stabilization.
Conclusion:

While more stable than primary radicals, secondary radicals are less stable than tertiary radicals,

aligning with general trends in radical stability.

Radical (iii): The Primary Alkyl Radical



Structural Features and Stability Factors

The primary alkyl radical, such as the methyl radical, has a carbon atom attached to only one alkyl

group or none, with an unpaired electron.
Key factors:

- Hyperconjugation: Limited due to only one alkyl group or none, providing minimal stabilization.

- Inductive effects: Alkyl groups donate electrons, but with fewer attached groups, the stabilization is
weaker.

- Resonance stabilization: Usually absent unless the radical is conjugated with pi systems or

heteroatoms capable of delocalization.

Comparison with secondary and tertiary radicals:
Primary radicals are significantly less stable because they lack the hyperconjugation stabilization that

more substituted radicals benefit from.
Conclusion:

The primary radical is the least stable among the three, but it remains highly reactive, often serving as

the initiating species in radical reactions.

Summarizing the Stability Order

Based on the above analysis, the stability ranking of the radicals is:

1. Radical (i): Tertiary Alkyl Radical — Most stable due to maximum hyperconjugation and inductive
effects.

2. Radical (ii): Secondary Alkyl Radical — Moderately stable, with fewer hyperconjugation pathways.



3. Radical (iii): Primary Alkyl Radical — Least stable, minimal stabilization.

Therefore, the order of decreasing stability is:

i > i > i

Implications and Applications of Radical Stability

Understanding the stability of radicals has profound implications across chemistry disciplines:

- Synthetic Chemistry:
Radical stability influences reaction pathways, such as in halogenation, polymerization, or oxidation
processes. For example, tertiary radicals are more likely to be involved in chain reactions due to their

stability.

- Biological Systems:
Free radicals play roles in oxidative stress, DNA damage, and signaling pathways. The body's defense

mechanisms often aim to neutralize less stable radicals quickly before they cause damage.

- Environmental Chemistry:
Radicals are involved in atmospheric reactions and pollutant degradation. Their stability affects

reaction rates and the formation of secondary pollutants.

- Material Science:
Controlled radical polymerization techniques rely on radical stability to produce desired polymer

architectures.



Final Remarks

The stability of free radicals hinges on subtle electronic and structural factors, making their study both
challenging and fascinating. Recognizing the influence of hyperconjugation, resonance, and
substituents allows chemists to predict radical behavior and tailor reactions accordingly. The ranking
from tertiary to primary radicals underscores the importance of substitution patterns in radical
chemistry, serving as a foundational principle in understanding reaction mechanisms and designing

new molecules.

In conclusion, the stability order of radicals (i—iii) as i > ii > iii is rooted in well-established chemical
principles, reflecting the delicate interplay of electronic effects and molecular structure that govern
radical behavior. Mastery of these concepts is essential for advancing both theoretical understanding

and practical applications across chemistry and related fields.
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