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Abstract

The Lindemann theory, proposed by Frederick Alexander Lin-
demann in 1922, provides a mechanistic explanation for unimolecu-
lar gas-phase reactions that appear to violate the fundamental prin-
ciples of collision theory. This paper presents a comprehensive treat-
ment of the Lindemann mechanism, including detailed mathemati-
cal derivations of the pressure-dependent rate laws, steady-state ap-
proximations, and the transition from second-order to first-order ki-
netics. We examine the theoretical foundations, experimental vali-
dations, inherent limitations, and subsequent refinements through
Rice-Ramsperger-Kassel-Marcus (RRKM) theory. The Lindemann
theory remains a cornerstone in understanding the microscopic dy-
namics of chemical reactions and the role of molecular energy trans-
fer in determining macroscopic kinetic behavior.

1 Introduction

Unimolecular reactions, characterized by the transformation of a single
reactant molecule into products (A — P), present a fundamental chal-
lenge to classical collision theory. While bimolecular reactions can be
readily understood through molecular collision dynamics, the question of
how an isolated molecule acquires sufficient activation energy to undergo



spontaneous decomposition has puzzled physical chemists since the early
twentieth century.

The observed first-order kinetics of many gas-phase decomposition re-
actions suggested that individual molecules react independently, yet the
source of their activation energy remained enigmatic. If energy cannot
spontaneously concentrate in specific molecular modes without external
perturbation, how do unimolecular reactions proceed at measurable rates?

Frederick Alexander Lindemann (1886-1957), a German-born British
physicist who would later serve as scientific advisor to Winston Churchill
during World War II, proposed an elegant solution to this paradox in 1922.
His mechanism, subsequently extended by Cyril Norman Hinshelwood—
who shared the 1956 Nobel Prize in Chemistry for this work—revolutionized
our understanding of reaction kinetics by introducing the concept of an
energized intermediate formed through bimolecular collisions.

This paper provides a rigorous examination of the Lindemann theory,
its mathematical framework, experimental verification, and lasting im-
pact on chemical kinetics.

2 Theoretical Framework

2.1 The Energy Paradox

Classical collision theory successfully predicts rate constants for bimolec-
ular reactions of the form:
A+B—>P (1)

with the rate law:
r = k[A][B] (2

However, for unimolecular reactions:
A—>P 3)
the experimentally observed first-order rate law:

r=k[A] 4)



implies that each molecule reacts independently, without requiring colli-
sion at the moment of reaction. This observation contradicts the require-
ment that molecules must acquire activation energy E, through collision.

2.2 The Lindemann Mechanism

Lindemann resolved this paradox by proposing a two-step mechanism in-
volving molecular activation followed by unimolecular decomposition:

Step 1 (Bimolecular Activation):
ky
A+A— A*+A (5)
Step 1 (Reverse, Deactivation):
k_1
A+ A— A+ A (6)

Step 2 (Unimolecular Decomposition):

ks,

A* — P (7)

Here, A* represents an energized molecule—a normal molecule of A in
an excited vibrational state with energy exceeding the activation energy
E,. Crucially, A* is not an activated complex or transition state; it is a
real molecular species that exists for a finite time and can be deactivated
through collision.

During the activation step (Equation 5), translational kinetic energy
from the collision is converted into vibrational energy within one of the
reactant molecules, producing A*. This energized molecule can then ei-
ther:

1. Undergo unimolecular decomposition to form products (Equation 7),
or

2. Lose its excess energy through collision with another molecule, re-
verting to ground-state A (Equation 6)

The competition between these pathways determines the overall reac-
tion kinetics.



3 Mathematical Treatment

3.1 Steady-State Approximation

To derive the overall rate law, we apply the steady-state approximation to
the energized intermediate A*. This approximation assumes that after a
briefinduction period, the concentration of A* reaches a quasi-equilibrium
state where its rate of formation equals its rate of consumption:

d[A*]
a0 )
The rate of formation of A* is:
Fform = kl [A]2 (9)

The rate of consumption of A* occurs through two pathways:

Fconsume = K—1 [A*] [A] + k, [A*] (10)

Applying the steady-state condition (Equation 8):

ki[A] = k_1[A*][A] + ky[A*] (11)
Solving for [A*]:
*] — kl[lq]2
= AT R (42

3.2 Overall Rate Law

The rate of product formation is determined by the decomposition of A*:

_dlP] _ . as
=9 - kay[A*] (13)
Substituting Equation 12:
kikao[AT
= 14
k_1[A] + K, (14)

This is the general Lindemann rate expression. Its form depends on the
relative magnitudes of k_;[A] and k,, which are pressure-dependent.
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3.3 High-Pressure Limit

At high pressures, the concentration of A is large, leading to frequent col-
lisions. Under these conditions:

k_i[A] >k, (15)
Equation 14 simplifies to:
SRNEVNTN (16)
-1

kikz
-1
The reaction exhibits first-order kinetics. At high pressure, activated
molecules A* are rapidly deactivated by collision, establishing a quasi-
equilibrium between A and A*. The unimolecular decomposition step
becomes rate-determining.

where k., = is the limiting high-pressure rate constant.

3.4 Low-Pressure Limit
At low pressures, collisions are infrequent:

ky > k_i[A] 17)

Equation 14 becomes:
r =~ kl [A]Z (18)

The reaction exhibits second-order kinetics. Atlow pressure, once formed,
A* molecules preferentially decompose rather than undergo deactivating
collisions. The bimolecular activation step becomes rate-determining.

3.5 General Form and Falloff Behavior

The transition between these limiting regimes can be expressed by divid-
ing both numerator and denominator of Equation 14 by k_;[A]:

r= I%o—“;‘] (19)
1+ —2
k_1[A]




The observed first-order rate constant is:

Koo
Kops = ——%— (20)
1+
k_1[A]
Taking the reciprocal:
L1, k __ (21)

kobs B K k—lkoo [A]

This predicts a linear relationship between 1/k,s and 1/[A] (or equiv-
alently, 1/P at constant temperature). The slope and intercept yield the
rate constants k, and k.

4 Experimental Validation and Limitations

4.1 Qualitative Agreement
The Lindemann theory successfully predicts:

« The transition from second-order to first-order kinetics with increas-
ing pressure

« The pressure dependence of unimolecular rate constants
« The existence of a high-pressure limiting rate constant

These predictions have been confirmed for numerous gas-phase decom-
position reactions, including the thermal decomposition of N,Os, the iso-
merization of cyclopropane, and the decomposition of azomethane.

4.2 Quantitative Discrepancies

Despite its conceptual success, the simple Lindemann mechanism shows
systematic deviations from experimental data:

1. Falloff Curve Shape: The predicted linear relationship (Equation 21)
is not observed experimentally. Instead, the falloff region exhibits curva-
ture, with the transition occurring more gradually than predicted.



2. Pressure Range: The simple theory underestimates the pressure range
over which the transition occurs, typically by one to two orders of magni-
tude.

3. Temperature Dependence: The theory does not adequately account
for the temperature dependence of the falloff behavior.

These discrepancies arise because the Lindemann mechanism treats all
energized molecules A* as equivalent, ignoring the distribution of energy
among different vibrational modes and the quantum mechanical nature
of energy transfer.

4.3 The RRKM Refinement

Rice, Ramsperger, Kassel, and Marcus developed a more sophisticated
theory (RRKM theory) that accounts for:

+ The distribution of energy among multiple vibrational modes

« The microcanonical rate constant as a function of internal energy

» Quantum mechanical treatment of energy levels

+ The probability of energy transfer in specific modes during collision

RRKM theory retains the essential Lindemann framework but replaces
the single energized species A* with an energy-dependent distribution of
states, providing quantitative agreement with experimental falloff curves.

5 Physical Interpretation

The Lindemann mechanism reveals the fundamental role of energy trans-
fer in determining chemical kinetics. Several key insights emerge:

Collisional Energy Transfer: Chemical activation requires bimolecular
collision to concentrate energy in specific molecular degrees of freedom.
This process competes with energy redistribution (internal vibrational re-
laxation) and subsequent reaction.

Pressure as a Control Parameter: Pressure determines the collision fre-
quency, thereby controlling the relative importance of activation versus



deactivation. This explains why reaction order is not an intrinsic molecu-
lar property but depends on experimental conditions.

Lifetime of Energized Species: The average lifetime of A* before decom-
position is 7 = 1/k,. At high pressure, this lifetime exceeds the time be-
tween deactivating collisions, establishing equilibrium. At low pressure,
decomposition occurs before deactivation.

Microscopic Reversibility: The mechanism respects microscopic reversibil-
ity. The principle of detailed balance ensures that forward and reverse
reactions proceed through the same intermediate states.

6 Historical Context and Impact

Frederick Lindemann proposed this mechanism in 1922 while serving
as Professor of Experimental Philosophy (Physics) at Oxford University.
His work fundamentally altered the understanding of reaction kinetics
by demonstrating that apparently unimolecular processes are actually bi-
molecular in their activation step.

Cyril Hinshelwood extended Lindemann’s work throughout the 1920s
and 1930s, providing extensive experimental validation and theoretical re-
finement. This body of work, culminating in the Lindemann-Hinshelwood
mechanism, earned Hinshelwood a share of the 1956 Nobel Prize in Chem-
istry (with Nikolay Semenov for work on reaction mechanisms).

The conceptual framework established by Lindemann continues to un-
derpin modern theories of gas-phase kinetics, including:

« RRKM theory for microcanonical rate constants
« Master equation approaches for pressure-dependent kinetics
« Transition state theory with tunneling corrections

« Computational studies of reaction dynamics



7 Conclusions

The Lindemann theory resolves the apparent paradox of unimolecular re-
actions by recognizing that activation is inherently bimolecular while de-
composition is unimolecular. This elegant mechanism explains the pres-
sure dependence of reaction order and provides a conceptual foundation
for understanding energy transfer in chemical systems.

While the simple two-step mechanism cannot quantitatively predict falloff
behavior due to its neglect of energy distribution among vibrational modes,
it captures the essential physics: competition between collisional energy
transfer and unimolecular reaction determines macroscopic kinetics.

The Lindemann mechanism remains a cornerstone of chemical kinetics
education and a testament to the power of mechanistic thinking in resolv-
ing apparent contradictions between theory and experiment. Its lasting
influence demonstrates that conceptual clarity often matters more than
mathematical complexity in advancing scientific understanding.
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