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	11. Preface
This book leads  on from elementary basic kinetics, and covers the main topics which
are needed for a good working knowledge and understanding of the fundamental
aspects of kinetics. It emphasizes how experimental data is collected and manipulated
to give standard kinetic quantities such as rates, rate constants, enthalpies, entropies
and volumes of activation. It also emphasizes how these quantities are used in
interpretations of the mechanism of a reaction. The relevance of kinetic studies to
aspects of physical, inorganic, organic and biochemical chemistry is illustrated
through explicit reference and examples. Kinetics provides a unifying tool for all
branches of chemistry, and this is something which is to be encouraged in teaching
and which is emphasized here.
Gas studies are well covered with extensive explanation and interpretation of
experimental data, such as steady state calculations, all illustrated by frequent use of
worked examples. Solution kinetics are similarly explained, and plenty of practice is
given in dealing with the effects of the solvent and non-ideality. Students are given
plenty of practice, via worked problems, in handling various types of mechanism
found in solution, and in interpreting ionic strength dependences and enthalpies,
entropies and volumes of activation.
As the text is aimed at undergraduates studying core physical chemistry, only the
basics of theoretical kinetics are given, but the fundamental concepts are clearly
explained. More advanced reading is given in my book Fundamental Chemical
Kinetics (see reading lists).
Many students veer rapidly away from topics which are quantitative and involve
mathematical equations. This book attempts to allay these fears by guiding the
student through these topics in a step-by-step development which explains the logic,
reasoning and actual manipulation. For this reason a large fraction of the text is
devoted to worked examples, and each chapter ends with a collection of further
problems to which detailed and explanatory answers are given. If through the written
word I can help students to understand and to feel confident in their ability to learn,
and to teach them, in a manner which gives them the feeling of a direct contact with
the teacher, then this book will not have been written in vain. It is the teacher’s duty to
show students how to achieve understanding, and to think scientifically. The
philosophy behind this book is that this is best done by detailed explanation and
guidance. It is understanding, being able to see for oneself and confidence which help
to stimulate and sustain interest. This book attempts to do precisely that.
 


	12. This book is  the result of the accumulated experience of 40 very stimulating years
of teaching students at all levels. During this period I regularly lectured to students,
but more importantly I was deeply involved in devising tutorial programmes at all
levels where consolidation of lecture material was given through many problem-
solving exercises. I also learned that providing detailed explanatory answers to these
exercises proved very popular and successful with students of all abilities. During
these years I learned that being happy to help and being prepared to give extra
explanation and to spend extra time on a topic could soon clear up problems and
difficulties which many students thought they would never understand. Too often
teachers forget that there were times when they themselves could not understand, and
when a similar explanation and preparedness to give time were welcome. To all the
many students who have provided the stimulus and enjoyment of teaching I give my
grateful thanks.
I am very grateful to John Wiley  Sons for giving me the opportunity to publish
this book, and to indulge my love of teaching. In particular, I would like to thank
Andy Slade, Rachael Ballard and Robert Hambrook of John Wiley  Sons who have
cheerfully, and with great patience, guided me through the problems of preparing the
manuscript for publication. Invariably, they all have been extremely helpful.
I also extend my very grateful thanks to Martyn Berry who read the whole
manuscript and sent very encouraging, very helpful and constructive comments on
this book. His belief in the method of approach and his enthusiasm has been an
invaluable support to me.
Likewise, I would like to thank Professor Derrick Woollins of St Andrews
University for his continued very welcome support and encouragement throughout
the writing of this book.
To my mother, Mrs Anne Robson, I have a very deep sense of gratitude for all the
help she gave me in her lifetime in furthering my academic career. I owe her an
enormous debt for her invaluable, excellent and irreplaceable help with my children
when they were young and I was working part-time during the teaching terms of the
academic year. Without her help and her loving care of my children I would never
have gained the continued experience in teaching, and I could never have written this
book. My deep and most grateful thanks are due to her.
My husband, Patrick, has, throughout my teaching career and throughout the
thinking about and writing of this book, been a source of constant support and help
and encouragement. His very high intellectual calibre and wide-ranging knowledge
and understanding have provided many fruitful and interesting discussions. He has
read in detail the whole manuscript and his clarity, insight and considerable knowl-
edge of the subject matter have been of invaluable help. I owe him many apologies for
the large number of times when I have interrupted his own activities to pursue a
discussion of aspects of the material presented here. It is to his very great credit that I
have never been made to feel guilty about doing so. My debt to him is enormous, and
my most grateful thanks are due to him.
Finally, my thanks are due to my three children who have always encouraged me in
my teaching, and have encouraged me in the writing of my books. In particular, Anne
xiv PREFACE
 


	13. and Edward have  been around during the writing of this book and have given me
every encouragement to keep going.
Margaret Robson Wright
Formerly Universities of Dundee and St Andrews
October, 2003
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	14. List of Symbols
A  absorbance { ¼ log10(I0/I)}
A A factor in Arrhenius equation
A Debye-Huckel constant
a activity
B constant in extended Debye-Huckel equation
B0
kinetic quantity related to B
b number of molecules reacting with a molecule
b impact parameter
c concentration
c6¼
concentration of activated complexes
d length of path in spectroscopy
d distance along a flow tube
EA activation energy
E0 activation energy at absolute zero
E1, E1 activation energy of reaction 1 and of its reverse
e electronic charge
f constant of proportionality in expression relating to fluorescence
G Gibbs free energy
H enthalpy
h Planck’s constant
I intensity of radiation
I0 initial intensity of radiation
Iabs intensity of radiation absorbed
I moment of inertia
I ionic strength
K equilibrium constant
K6¼
equilibrium constant for formation of the activated complex from reactants
K6¼
equilibrium constant for formation of the activated complex from
reactants, with one term missing
KM Michaelis constant
k rate constant
 


	15. k1, k1 rate  constant for reaction 1 and its reverse
k Boltzmann’s constant
m mass
n order of a reaction
N6¼
number of activated complexes
p pressure
pi partial pressure of species i
p p factor in collision theory
Q molecular partition function per unit volume
Q6¼
molecular partition function per unit volume for the activated complex
Q6¼ 
molecular partition function per unit volume for the activated complex,
but with one term missing
R the gas constant
r internuclear distance
r6¼ distance between the centres of ions in the activated complex
S entropy
s half of the number of squared terms, in theories of Hinshelwood
and Kassel
T absolute temperature
t time
U energy
V volume
V velocity of sound
Vs term in Michaelis-Menten equation
v velocity
v relative velocity
v vibrational quantum number
Z collision number

Z collision rate
z number of charges
 order with respect to one reactant
 branching coefficient
 polarisability
 order with respect to one reactant
 activity coefficient
 change in
G
standard change in free energy
H
standard change in enthalpy
S
standard change in entropy
V
standard change in volume
xviii LIST OF SYMBOLS
 


	16. G6¼
free energy of  activation with one term missing
H6¼
enthalpy of activation with one term missing
S6¼
entropy of activation with one term missing
V6¼
volume of activation with one term missing
 distance along the reaction coordinate specifying the transition state
 molar absorption coefficient (Beer’s Law)
 energy of a molecule
0 energy of a molecule in its ground state
0 universal constant involved in expressions for electrostatic interactions
r relative permittivity
 viscosity
 angle of approach of an ion to a dipole
 transmission coefficient
wavelength
collision efficiency
chemical potential
dipole moment
absorption coefficient for ultrasonic waves
frequency
cross section
ðRÞ cross section for chemical reaction
relaxation time
time taken to pass through the transition state
lifetime
LIST OF SYMBOLS xix
 


	17. 1 Introduction
Chemical kinetics  is conventionally regarded as a topic in physical chemistry. In this
guise it covers the measurement of rates of reaction, and the analysis of the
experimental data to give a systematic collection of information which summarises
all the quantitative kinetic information about any given reaction. This, in turn, enables
comparisons of reactions to be made and can afford a kinetic classification of
reactions. The sort of information used here is summarized in terms of
 the factors influencing rates of reaction,
 the dependence of the rate of the reaction on concentration, called the order of the
reaction,
 the rate expression, which is an equation which summarizes the dependence of the
rate on the concentrations of substances which affect the rate of reaction,
 this expression involves the rate constant which is a constant of proportionality
linking the rate with the various concentration terms,
 this rate constant collects in one quantity all the information needed to calculate
the rate under specific conditions,
 the effect of temperature on the rate of reaction. Increase in temperature generally
increases the rate of reaction. Knowledge of just exactly how temperature affects
the rate constant can give information leading to a deeper understanding of how
reactions occur.
All of these factors are explained in Chapters 2 and 3, and problems are given to aid
understanding of the techniques used in quantifying and systematizing experimental
data.
However, the science of kinetics does not end here. The next task is to look at the
chemical steps involved in a chemical reaction, and to develop a mechanism which
summarizes this information. Chapters 6 and 8 do this for gas phase and solution
phase reactions respectively.
An Introduction to Chemical Kinetics. Margaret Robson Wright
# 2004 John Wiley  Sons, Ltd. ISBNs: 0-470-09058-8 (hbk) 0-470-09059-6 (pbk)
 


	18. The final task  is to develop theories as to why and how reactions occur, and to
examine the physical and chemical requirements for reaction. This is a very important
aspect of modern kinetics. Descriptions of the fundamental concepts involved in the
theories which have been put forward, along with an outline of the theoretical
development, are given in Chapter 4 for gas phase reactions, and in Chapter 7 for
solution reactions.
However, kinetics is not just an aspect of physical chemistry. It is a unifying topic
covering the whole of chemistry, and many aspects of biochemistry and biology. It is
also of supreme importance in both the chemical and pharmaceutical industries. Since
the mechanism of a reaction is intimately bound up with kinetics, and since
mechanism is a major topic of inorganic, organic and biological chemistry, the
subject of kinetics provides a unifying framework for these conventional branches of
chemistry. Surface chemistry, catalysis and solid state chemistry all rest heavily on a
knowledge of kinetic techniques, analysis and interpretation. Improvements in
computers and computing techniques have resulted in dramatic advances in quantum
mechanical calculations of the potential energy surfaces of Chapters 4 and 5, and in
theoretical descriptions of rates of reaction. Kinetics also makes substantial con-
tributions to the burgeoning subject of atmospheric chemistry and environmental
studies.
Arrhenius, in the 1880s, laid the foundations of the subject as a rigorous science
when he postulated that not all molecules can react: only those which have a certain
critical minimum energy, called the activation energy, can react. There are two ways
in which molecules can acquire energy or lose energy. The first one is by absorption
of energy when radiation is shone on to the substance and by emission of energy.
Such processes are important in photochemical reactions. The second mechanism is
by energy transfer during a collision, where energy can be acquired on collision,
activation, or lost on collision, deactivation. Such processes are of fundamental
importance in theoretical kinetics where the ‘how’ and ‘why’ of reaction is
investigated. Early theoretical work using the Maxwell–Boltzmann distribution led
to collision theory. This gave an expression for the rate of reaction in terms of the rate
of collision of the reacting molecules. This collision rate is then modified to account
for the fact that only a certain fraction of the reacting molecules will react, that
fraction being the number of molecules which have energy above the critical
minimum value. As is shown in Chapter 4, collision theory affords a physical
explanation of the exponential relationship between the rate constant and the absolute
temperature.
Collision theory encouraged more experimental work and met with considerable
success for a growing number of reactions.
However, the theory appeared not to be able to account for the behaviour
of unimolecular reactions, which showed first order behaviour at high pressures,
moving to second order behaviour at low pressures. If one of the determining
features of reaction rate is the rate at which molecules collide, unimolecular reactions
might be expected always to give second order kinetics, which is not what is
observed.
2 INTRODUCTION
 


	19. This problem was  resolved in 1922 when Lindemann and Christiansen proposed
their hypothesis of time lags, and this mechanistic framework has been used in all the
more sophisticated unimolecular theories. It is also common to the theoretical
framework of bimolecular and termolecular reactions. The crucial argument is that
molecules which are activated and have acquired the necessary critical minimum
energy do not have to react immediately they receive this energy by collision. There
is sufficient time after the final activating collision for the molecule to lose its critical
energy by being deactivated in another collision, or to react in a unimolecular step.
It is the existence of this time lag between activation by collision and reaction
which is basic and crucial to the theory of unimolecular reactions, and this
assumption leads inevitably to first order kinetics at high pressures, and second
order kinetics at low pressures.
Other elementary reactions can be handled in the same fundamental way:
molecules can become activated by collision and then last long enough for there to
be the same two fates open to them. The only difference lies in the molecularity of the
actual reaction step:
 in a unimolecular reaction, only one molecule is involved at the actual moment of
chemical transformation;
 in a bimolecular reaction, two molecules are involved in this step;
 in a termolecular reaction, three molecules are now involved.
A þ A 
!
k1
A
þ A bimolecular activation by collision
A
þ A 
!
k1
A þ A bimolecular deactivation by collision
A
þ bA 
!
k2
products reaction step
where A
is an activated molecule with enough energy to react.
b ¼ 0 defines spontaneous breakdown of A
,
b ¼ 1 defines bimolecular reaction involving the coming together of A
with A
and
b ¼ 2 defines termolecular reaction involving the coming together of A
with two
As.
This is a mechanism common to all chemical reactions since it describes each
individual reaction step in a complex reaction where there are many steps.
Meanwhile, in the 1930s, the idea of reaction being defined in terms of the spatial
arrangements of all the atoms in the reacting system crystallized into transition state
theory. This theory has proved to be of fundamental importance. Reaction is now
defined as the acquisition of a certain critical geometrical configuration of all the
atoms involved in the reaction, and this critical configuration was shown to have a
critical maximum in potential energy with respect to reactants and products.
INTRODUCTION 3
 


	20. The lowest potential  energy pathway between the reactant and product configura-
tions represents the changes which take place during reaction, and is called the
reaction coordinate or minimum energy path. The critical configuration lies on this
pathway at the configuration with the highest potential energy. It is called the
transition state or activated complex, and it must be attained before reaction can
take place. The rate of reaction is the rate at which the reactants pass through this
critical configuration. Transition state theory thus deals with the third step in the
master mechanism above. It does not discuss the energy transfers of the first two steps
of activation and deactivation.
Transition state theory, especially with its recent developments, has proved a very
powerful tool, vastly superior to collision theory. It has only recently been challenged
by modern advances in molecular beams and molecular dynamics which look at the
microscopic details of a collision, and which can be regarded as a modified collision
theory. These developments along with computer techniques, and modern experi-
mental advances in spectroscopy and lasers along with fast reaction techniques, are
now revolutionizing the science of reaction rates.
4 INTRODUCTION
 


	21. 2 Experimental Procedures
The  five main components of any kinetic investigation are
1. product and intermediate detection,
2. concentration determination of all species present,
3. deciding on a method of following the rate,
4. the kinetic analysis and
5. determination of the mechanism.
Aims
This chapter will examine points 1--3 listed above. By the end of this chapter you
should be able to
 decide on a method for detecting and estimating species present in a reaction
mixture,
 distinguish between fast reactions and the rest,
 explain the basis of conventional methods of following reactions,
 convert experimental observations into values of [reactant] remaining at given
times,
 describe methods for following fast reactions and
 list the essential features of each method used for fast reactions.
An Introduction to Chemical Kinetics. Margaret Robson Wright
# 2004 John Wiley  Sons, Ltd. ISBNs: 0-470-09058-8 (hbk) 0-470-09059-6 (pbk)
 


	22. 2.1 Detection, Identification  and Estimation of
Concentration of Species Present
Modern work generally uses three major techniques, chromatography, mass spectro-
metry and spectroscopy, although there is a wide range of other techniques available.
2.1.1 Chromatographic techniques: liquid–liquid and
gas–liquid chromatography (GLC)
When introduced, chromatographic techniques completely revolutionized analysis of
reaction mixtures and have proved particularly important for kinetic studies of
complex gaseous reactions. A complete revision of most gas phase reactions proved
necessary, because it was soon discovered that many intermediates and minor
products had not been detected previously, and a complete re-evaluation of gas
phase mechanisms was essential.
Chromatography refers to the separation of the components in a sample by
distribution of these components between two phases, one of which is stationary
and one of which moves. This takes place in a column, and once the components have
come off the column, identification then takes place in a detector.
The main virtues of chromatographic techniques are versatility, accuracy, speed of
analysis and the ability to handle complex mixtures and separate the components
accurately. Only very small samples are required, and the technique can detect and
measure very small amounts e.g. 1010
mol or less. Analysis times are of the order of
a few seconds for liquid samples, and even shorter for gases. However, a lower
limit around 103
s makes the technique unsuitable for species of shorter lifetime
than this.
Chromatography is often linked to a spectroscopic technique for liquid mixtures
and to a mass spectrometer for gaseous mixtures. Chromatography separates the
components; the other technique identifies them and determines concentrations.
2.1.2 Mass spectrometry (MS)
In mass spectrometry the sample is vaporized, and bombarded with electrons so that
the molecules are ionized. The detector measures the mass/charge ratio, from which
the molecular weight is determined and the molecule identified. Radicals often
give the same fragment ions as the parent molecules, but they can be distinguished
because lower energies are needed for the radical.
Most substances can be detected provided they can be vaporized. Only very small
samples are required, with as little as 1012
mol being detected. Samples are leaked
directly from the reaction mixture; the time of analysis is short, around 105
s, and so
6 EXPERIMENTAL PROCEDURES
 


	23. fairly reactive species  can be studied. For highly complex mixtures, MS is linked to
chromatography, which first separates the components.
Many reaction types can be studied in the mass spectrometer: e.g. flash photolysis,
shock tube, combustion, explosions, electric discharge and complex gas reactions.
Mass spectrometry is ideal for ion–ion and ion–molecule reactions, isotopic analysis
and kinetic isotope effect studies.
2.1.3 Spectroscopic techniques
There are three important features of spectra which are of prime interest to the
kineticist.
1. The frequency and the fine structure of the lines give the identity of the molecule;
this is particularly important in detecting intermediates and minor products.
2. The intensity of the lines gives the concentration; this is useful for monitoring the
concentrations of reactants and intermediates with time.
3. The line width enables kinetic features of the transition and the excited state to be
determined.
In spectroscopic experiments, radiation is absorbed (absorption spectra) or emitted
(emission spectra). The frequency of absorption, or emission, is a manifestation of
transitions occurring within the molecule, and the frequency of a line in the spectrum
is related to the energy change as the molecule moves from one energy state to
another.
h ¼ 0
 00
¼  ð2:1Þ
where 0
and 00
are the energies of the upper and lower levels involved in the
transition. These states are unique to any given molecule, radical or ion, and so the
lines in a spectrum are a unique fingerprint of the molecule in question. Regions of
the electromagnetic spectrum are characteristic of types of transition occurring within
the molecule. These can be changes in rotational, vibrational, electronic and nuclear
and electronic spin states.
Identification of species present during a reaction
Microwave, infrared, Raman, visible and UV spectra are all used extensively for
identification. In the gas phase these show sharp lines so that identification is easy. In
solution, the complexity of the spectra gives them sufficient features to make them
recognizably specific to the molecule in question.
DETECTION, IDENTIFICATION AND ESTIMATION OF CONCENTRATION OF SPECIES PRESENT 7
 


	24. Concentration determination
Using Beer’s  law, concentrations can be found from the change in intensity of the
radiation passed through the sample. The absorbance, A, of the sample at a given
wavelength is defined as
A ¼ log10 I0=I ð2:2Þ
where I0 is the incident intensity and I the final intensity. Beer’s law relates this
absorbance to the concentration of the species being monitored:
A ¼ cd ð2:3Þ
where  is the absorption coefficient for the molecule in question.
 depends on the wavelength and the identity of the molecule.
 is the wavelength, d is the path-length and c is the concentration of the absorbing
species.
Provided that  and d are known, the concentration of absorbing species can be
found. A calibration graph of A versus c should be linear with slope d and zero
intercept. Microwave, infra-red, Raman, visible and UV spectra are all used.
Special features of absorbance measurements
If the reaction being monitored is first order, i.e. has rate / [reactant]1
, or is being
studied under pseudo-first order conditions, Section 3.15, the absorbance can be used
directly, eliminating the need to know the value of . Chapter 3 will show that such
reactions can be quantified by plotting loge[reactant] against time. Since absorbance
/ [reactant], then loge absorbance can be plotted directly against time without the
need to convert absorbance to concentration using Beer’s law.
A ¼ cd and so c ¼
A
d
ð2:4Þ
loge c ¼ loge
A
d
¼ loge A  loge d ð2:5Þ
Since d is a constant in any given experiment, then loge d is also a constant, and
loge A ¼ loge c þ constant ð2:6Þ
A plot of loge A versus time differs from a plot of loge c versus time only in so far as it
is displaced up the y-axis by an amount equal to loge d (see Figure 2.1). The slope of
8 EXPERIMENTAL PROCEDURES
 


	25. the graph of  loge absorbance versus time is the same as the slope of the graph of
loge[reactant] versus time (Figure 2.1). The slope of this latter graph gives the
quantity which characterizes the reaction.
Special features of fluorescence intensity
Fluorescence is a special type of emission of radiation (Section 2.1.5). In emission, a
molecule is moving from an excited state to a lower state, and the frequency of
emission is a manifestation of the energy change between the two states. When the
excited molecules have been created by absorption of radiation shone on the
molecules, the resultant return to lower states is termed fluorescence. The initial
exciting radiation can either be a conventional source or a laser (Section 2.1.4).
The fluorescence intensity is generally proportional to [reactant], so that
intensity ¼ f ½reactant ð2:7Þ
where f is a constant of proportionality.
loge intensity ¼ loge f þ loge ½reactant ð2:8Þ
and so again there is no need to convert to concentrations (see Figure 2.2). This can
be sometimes be particularly useful, e.g. when laser-induced fluorescence is being
used for monitoring concentrations.
time
log
e
absorbance
time
log
e
[reactant]
Figure 2.1 Graphs of loge absorbance vs time, loge [reactant] vs time
DETECTION, IDENTIFICATION AND ESTIMATION OF CONCENTRATION OF SPECIES PRESENT 9
 


	26. Worked Problem 2.1
Question.  In a 1.000 cm spectrophotometric cell, solutions of C6H5CH


CHCCl2
in ethanol of known concentration give the following values of the absorbance, A.
105
conc:
mol dm3
0:446 0:812 1:335 1:711 2:105
A 0:080 0:145 0:240 0:305 0:378
Note.
105
c
mol dm3
¼ 0:446
Divide both sides by 105
, and multiply both sides by mol dm3
. This gives
c ¼
0:446 mol dm3
105
¼ 0:446 105
mol dm3
¼ 4:46 106
mol dm3
:
This is a standard way of presenting tabulated data, and it is necessary to be
completely at ease in performing the above manipulation.
time
loge [reactant]
loge
Intensity of
fluorescence
} }
Figure 2.2 Graphs of loge intensity of fluorescence versus and, loge [reactant] versus time
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	27. It is also  necessary to be careful when drawing graphs of tabulated data presented
in this manner, so as to get the powers of ten correct.
Using Beer’s law, draw a calibration graph and determine the value of .
The reaction of this substance with C2H5O
in ethanolic solution is followed
spectrophotometrically. The following results are found. Plot a graph of reactant
concentration against time.
time
min
0 40 80 120 140
A 0:560 0:283 0:217 0:168 0:149
Answer. A graph of A versus c is a straight line through the origin. From the slope
 ¼ 1:79 104
dm3
mol1
cm1
(Figure 2.3).
This can be used to calculate the [reactant] corresponding to each absorbance,
since A ¼ cd. Since d ¼ 1:000 cm the following table can be drawn up:
time
min
0 40 80 120 140
105
conc:
mol dm3
3:13 1:58 1:21 0:939 0:832
Alternatively, values of the concentration corresponding to the measured absor-
bances can be read off from the calibration curve.
Figure 2.4 shows the smooth curve of [reactant] versus time.
Techniques for concentration determination when two species absorb at the same wavelength
When more than one of the reaction species absorbs at around the same wavelength,
conventional measurements must be carried out at two or more wavelengths, with
consequent additional calculations.
Let the two species be A, concentration cA with molar absorption coefficient Að1Þ
at wavelength ð1Þ, and B, concentration cB with molar absorption coefficient Bð1Þ
at wavelength ð1Þ.
Að1Þ ¼ Að1ÞcAd þ Bð1ÞcBd ð2:9Þ
There are two unknowns in this equation, cA and cB, and so it cannot be solved. A
second independent equation must be set up. This utilizes measurements on the same
solution, but at another wavelength, ð2Þ, where both species absorb.
Að2Þ ¼ Að2Þ cAd þ Bð2ÞcBd ð2:10Þ
These two equations can now be solved to give cA and cB.
DETECTION, IDENTIFICATION AND ESTIMATION OF CONCENTRATION OF SPECIES PRESENT 11
 


	28. 105c/mol dm–3
0
1
2
3
20 40  60 80 100 120 140
t/min
Figure 2.4 Graph of concentration versus time
1
0
0.1
0.2
0.3
0.4
2
105c/mol dm–3
A
Figure 2.3 Beer’s law plot of absorbance versus concentration
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	29. The necessity of  making measurements at two wavelengths can be overcome for
gases by using lasers, which have highly defined frequencies compared with the
conventional radiation used in standard absorption analyses. Different species will
absorb at different frequencies. A laser has such a precise frequency that it will only
excite the species which absorbs at precisely that frequency, and no other. Hence
close lying absorptions can be easily separated. This gives a much greater capacity for
singling and separating out absorptions occurring at very closely spaced frequencies;
see Section 2.1.4 below.
Highly sensitive detectors, coupled with the facility to store each absorption signal
digitally for each separate analysis time in a microcomputer, have enabled absorbance
changes as small as 0.001 to be accurately measured.
Spectroscopic techniques are often linked to chromatograph columns for separation
of components, or to flow systems, flash photolysis systems, shock tubes, molecular
beams and other techniques for following reaction.
2.1.4 Lasers
Lasers cover the range from microwave through infrared and visible to the UV. The
following lists the properties of lasers which are of importance in kinetics.
1. Lasers are highly coherent beams allowing reflection through the reaction cell
very many times. This increases the path length and hence the sensitivity.
2. Conventional monochromatic radiation has a span of frequencies, and will thus
excite simultaneously all chemical species which absorb within that narrow range.
Lasers have a precisely defined frequency. This allows species with absorptions
close to each other to be identified and monitored by separate lasers, or by a
tunable laser, in contrast to the indiscriminate absorption which would occur with
conventional sources of radiation.
3. In any spectrum the intensity of absorption is proportional to the concentration of
the molecule in the energy level which is being excited. This is generally
the ground state. If the concentration is very low, as is the case for many gas
phase intermediates, then the intensity of absorption may not be measurable. The
same problem arises in fluorescence where the intensity is proportional to the
concentration of the molecule in the level to which it has been previously excited.
Lasers, on the other hand, have a very high intensity, allowing accurate
concentration determination of intermediates present in very, very low concentra-
tion, and enabling short lived species and processes occurring within 1015
second
to be picked up. Low intensity conventional sources of radiation cannot do this.
4. Lasers can follow reactions of the free radical and short-lived intermediates found
in complex reactions. Many intermediates in complex gas phase reactions are
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	30. highly reactive and  are removed from the reaction almost as soon as they are
formed. If the rate at which they are produced is almost totally balanced by the
total rate of their removal, then the intermediates are present in very, very low and
almost constant concentrations. If these conditions are met, the species are said to
be in steady state concentrations. Since rates of reactions are followed by studying
how concentration varies with time, and since the concentrations of these steady
state intermediates do not change with time, then the rates of their formation and
removal cannot be studied. In conventional kinetic experiments it is impossible to
study these species directly because steady state concentrations remain virtually
constant throughout a kinetic experiment. If these species are produced in
isolation in high concentrations their decay or build-up with time can be studied.
With flash and laser photolysis (Sections 2.5.2 and 2.5.3), high intensity photolytic
flashes produce radicals in high concentrations well above low steady state
concentrations. Subsequent reactions of specific radicals can then be studied
under non-steady state conditions. In flash photolysis, the higher the intensity of
the flash the longer is its duration, limiting the highest intensities to those giving
flashes of around 106
s. This limits the accessible time span of reactions to those
with lifetimes greater than this. This limitation does not occur with lasers, and
high intensity flashes of 1015
s duration are now possible.
5. Early lasers gave single pulses of short duration, e.g. 109
s. Pulsed lasers give a
train of equally spaced, high intensity, short duration pulses with intervals ranging
from 109
to 1012
to 1015
s. These can be used as probes to monitor the changes
in concentration during very fast reactions which are over in times as short as 109
to 1012
s. Isolation of one of the pulses is now possible, giving a single very short
duration initial photolysing flash.
2.1.5 Fluorescence
The frequencies and intensities of fluorescence enable identification and concentra-
tion determinations to be made. The technique is often around 104
times as sensitive
as infra-red, visible or UV absorption spectrophotometry.
In absorption it is a difference in intensity which is being measured (Section 2.1.3).
In absorption the intensity depends on the ground state concentration, and if this is
low then the absorption of radiation is low and accurate measurement is difficult. The
amount absorbed ¼ I0  If. If the change in intensity is small then I0  If 0, and no
absorption will be found.
In fluorescence it is the actual intensity of the emitted radiation which is being
measured against a zero background, and this is much easier to measure.
Fluorescence intensity depends on the intensity of the exciting radiation, and also
depends on the concentration of the ground state prior to excitation. Calibration is
necessary unless the reaction is first order (Section 2.1.3).
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	31. In fluorescence experiments  only a small proportion of the incident radiation
results in fluorescence, and so a very intense source of incident radiation is required.
Modern lasers do this admirably, and fluorescence techniques are now routine for
determining very low concentrations.
By using lasers of suitable frequency, fluorescence can be extended into the infra-
red and microwave. Offshoots of laser technology include resonance fluorescence for
detecting atoms, and laser magnetic resonance for radicals.
2.1.6 Spin resonance methods: nuclear magnetic resonance (NMR)
In optical spectroscopy the concentration of an absorbing species can be followed by
monitoring the change in intensity of the signal with time. The same can be done in
NMR spectroscopy, but with limitations as indicated.
For the kineticist, the major use of NMR spectroscopy lies in identifying products
and intermediates in reaction mixtures. Concentrations greater than 105
mol dm3
are necessary for adequate absorption, so low concentration intermediates cannot be
studied.
NMR spectra show considerable complexity, which makes the spectra unambig-
uous, highly characteristic and immediately seen to be unique. This dramatically
increases the value of NMR spectra for identification.
2.1.7 Spin resonance methods: electron spin resonance (ESR)
ESR is an excellent way to study free radicals and molecules with unpaired electrons
present in complex gas reactions, and is used extensively by gas phase kineticists
since it is the one technique which can be applied so directly to free radicals. It is also
used in kinetic studies of paramagnetic ions such as those of transition metals. Again
the change in intensity of the signal from the species can be monitored with time.
Chromatographic techniques are often used to separate free radicals formed in
complex gas reactions, and ESR is used to identify them. The extreme complexity of
the spectra results in a unique fingerprint for the substance being analysed. With ESR
it is possible to detect radicals and other absorbing species in very, very low amounts
such as 1011
to 1012
mol, making it an ideal tool for detecting radical and triplet
intermediates present in low concentrations in chemical reactions.
2.1.8 Photoelectron spectroscopy and X-ray
photoelectron spectroscopy
Two more modern spectroscopic techniques for detection, identification and con-
centration determination are photoelectron spectroscopy and X-ray photoelectron
spectroscopy. Essentially these techniques measure how much energy is required to
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	32. remove an electron  from some orbital in a molecule, and a photoelectron spectrum
shows a series of bands, each one corresponding to a particular ionization energy.
This spectrum is highly typical of the molecule giving the spectrum, and identifica-
tion can be made. At present the method is in its infancy, and a databank of spectra
specific to given molecules must be produced before the technique can rival e.g. infra-
red methods.
When X-rays are used rather than vacuum UV radiation, electrons are emitted from
inner orbitals, and the spectrum obtained reflects this. These spectra also give much
scope as an analytical technique.
Worked Problem 2.2
Question. Suggest ways of detecting and measuring the concentration of the
following.
1. The species in the gas phase reaction
Br
þ HCl ! HBr þ Cl
2. The many radical species formed in the pyrolysis of an organic hydrocarbon.
3. The blood-red ion pair FeSCN2þ
formed by the reaction
Fe3þ
ðaqÞ þ SCN
ðaqÞ !

 FeSCN2þ
ðaqÞ
4. The catalytic species involved in the acid-catalysed hydrolysis of an ester in
aqueous solution.
5. The charged species in the gas phase reaction
Nþ
2 þ H2 ! N2Hþ
þ H
6. A species whose concentration is 5 1010
mol dm3
.
7. The species involved in the reaction
H2OðgÞ þ D2ðgÞ ! HDOðgÞ þ HDðgÞ
Answer.
1. Br
and Cl
are radicals: detection and concentration determination by ESR.
HCl and HBr are gaseous: spectroscopic (IR) detection and estimation.
2. Separate by chromatography, detect and analyse spectroscopically or by mass
spectrometry.
3. The ion pair is coloured: spectrophotometry for both detection and estimation.
4. The catalyst is H3Oþ
(aq): estimated by titration with OH
(aq).
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	33. 5. Nþ
2 and  N2Hþ
are ions in the gas phase: mass spectrometry for detection and
estimation.
6. This is a very low concentration species: detection and estimation by laser
induced fluorescence.
7. Three of the species involve deuterium: mass spectrometry is ideal, and can also
be used for H2O.
2.2 Measuring the Rate of a Reaction
Rates of reaction vary from those which seem to be instantaneous, e.g. reaction of
H3Oþ
(aq) with OH
(aq), to those which are so slow that they appear not to occur,
e.g. conversion of diamond to graphite. Intermediate situations range from the
slow oxidation of iron (rusting) to a typical laboratory experiment such as the
bromination of an alkene. But in all cases the reactant concentration shows a
smooth decrease with time, and the reaction rate describes how rapidly this decrease
occurs.
The reactant concentration remaining at various times is the fundamental quantity
which requires measurement in any kinetic study.
2.2.1 Classification of reaction rates
Reactions are roughly classified as fast reactions – and the rest. The borderline is
indistinct, but the general consensus is that a ‘fast’ reaction is one which is over in one
second or less. Reactions slower than this lie in the conventional range of rates, and
any of the techniques described previously can be adapted to give rate measurements.
Fast reactions require special techniques.
A very rough general classification of rates can also be given in terms of the time
taken for reaction to appear to be virtually complete, or in terms of half-lives.
Type of reaction Time span for apparent completion Half-life
very fast rate microseconds or less 1012
to 106
second
fast rate seconds 106
to 1 second
moderate rate minutes or hours 1 to 103
second
slow rate weeks 103
to 106
second
very slow rate weeks or years 106
second
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	34. The half-life is  the time taken for the concentration to drop to one-half of its value.
If the concentration is 6 102
mol dm3
, then the first half-life is the time taken for
the concentration to fall to 3 102
mol dm3
. The second half-life is the time taken
for the concentration to fall from 3 102
mol dm3
to 1:5 102
mol dm3
, and
so on.
The dependence of the half-life on concentration reflects the way in which the rate
of reaction depends on concentration.
Care must be taken when using the half-life classification. First order reactions are
the only ones where the half-life is independent of concentration (Sections 3.10.1,
3.11.1 and 3.12.1).
Worked Problem 2.3
Question. If reaction rate / [reactant]2
, the half-life, t1/2 / 1/conc. Such a
reaction is called second order (Sections 3.11 and 3.11.1). For a first order reaction,
reaction rate / [reactant] and the half-life is independent of concentration (Sections
3.10 and 3.10.1).
(a) Show how it is possible to bring a fast second order reaction into the
conventional rate region.
(b) Show that this is not possible for first order reactions.
Answer.
(a) If the initial concentration of reactant is decreased by e.g. a factor of 103
, then
the half-life is increased by a factor of 103
, and if the decrease is by a factor of
106
the half-life increases by a factor of 106
. This latter decrease could bring a
reaction with a half-life of 104
s into the moderate rate category, with half-life
now 102
s.
(b) Since the half-life for a first order reaction is independent of concentration,
there is no scope for increasing the half-life by altering the initial concentration.
2.2.2 Factors affecting the rate of reaction
 The standard variables are concentration of reactants, temperature and catalyst,
inhibitor or any other substance which affects the rate.
 Chemical reactions are generally very sensitive to temperature and must be
studied at constant temperature.
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	35. Rates of reactions  in solution and unimolecular reactions in the gas phase are
dependent on pressure.
 Some gas phase chain reactions have rates which are affected by the surface of the
reaction vessel. Heterogeneous catalysis occurs when a surface increases the rate
of the reaction.
 Photochemical reactions occur under the influence of radiation. Conventional
sources of radiation, and modern flash and laser photolysis techniques, are both
extensively used.
 Change of solvent, permittivity, viscosity and ionic strength can all affect the rates
of reactions in solution.
2.2.3 Common experimental features for all reactions
 Chemical reactions must be studied at constant temperature, with control accurate
to  0.01 
C or preferably better. The reactants must be very rapidly brought to
the experimental temperature at zero time so that reaction does not occur during
this time.
 Mixing of the reactants must occur very much faster than reaction occurs.
 The start of the reaction must be pinpointed exactly and accurately. A stop-watch
is adequate for timing conventional rates; for faster reactions electronic devices
are used. If spectroscopic methods of analysis are used it is simple to have flashes
at very short intervals, e.g. 106
s, while with lasers intervals of 1012
s are
common. Recent advances give intervals of 1015
s.
 The method of analysis must be very much faster than the reaction itself, so that
virtually no reaction will occur during the period of concentration determination.
2.2.4 Methods of initiation
Normally, thermal initiation is used and the critical energy is acquired by collisions.
In photochemical initiation the critical energy is accumulated by absorption of
radiation. This can only be used if the reactant molecule has a sufficiently strong
absorption in an experimentally accessible region, though modern laser techniques
for photochemical initiation increase the scope considerably.
Absorption of radiation excites the reactant to excited states, from which the
molecule can be disrupted into various radical fragments. Conventional sources produce
steady state concentrations. Flash and laser sources produce much higher concentra-
tions, enabling more accurate concentration determination, and allowing monitoring
of production and removal by reaction of these radicals; this is something which is
not possible with either thermal initiation or conventional photochemical initiation.
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	36. Lasers have such  a high intensity that they can give significant absorption of
radiation, even though  for the absorbing species and its concentration are both very
low. With conventional sources, absorption will be very low, if only one or other of 
and the concentration is low. The crucial point is that the absorbance also depends on
the intensity of the exciting source, and so with lasers this can outweigh a low
concentration and/or a low .
Other useful features of photochemical methods include the following. They
 enable reaction to occur at temperatures at which the thermal reaction does not
occur,
 allow the rate of initiation to be varied at constant temperature, impossible with
thermal initiation,
 allow the rate of initiation to be held constant while the temperature is varied, so
that the temperature effects on the subsequent reactions can be studied indepen-
dently of the rate of initiation (again this is impossible in the thermal reaction) and
 give selective initiation. Frequencies can be chosen at which known excited states
are produced, and the rates of reaction of these excited states can then be studied.
Thermal initiation is totally unselective.
Radiochemical and electric discharge initiation are also used, though these are
much less common. These are much higher energy sources, and they have a much
more disruptive effect on the reactant molecules, producing electrons, atoms, ions and
highly excited molecular and radical species.
2.3 Conventional Methods of Following a Reaction
These determine directly changes in concentrations of reactants and products with
time, but they may have the disadvantages of sampling and speed of analysis.
When reaction is sufficiently fast to result in significant reaction occurring during
the time of sampling and analysis, the rate of reaction is slowed down by reducing the
temperature of the sample drastically, called ‘quenching’; reaction rate generally
decreases dramatically with decreasing temperature. Alternatively, reaction can be
stopped by adding a reagent which will react with the remaining reactant. The amount
of this added reagent can be found analytically, and this gives a measure of the
amount of reactant remaining at the time of addition.
2.3.1 Chemical methods
These are mainly titration methods and they can be highly accurate. They are
generally reserved for simple reactions in solution where either only the reactant or
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	37. the product concentrations  are being monitored. Here sampling errors and speed of
analysis are crucial. Chemical methods have been largely superseded by modern black
box techniques, though, in certain types of solution reaction, they can still bevery useful.
Worked Problem 2.4
Question. The catalysed decomposition of hydrogen peroxide, H2O2, is easily
followed by titrating 10.0 cm3
samples with 0.0100 mol dm3
KMnO4 at various
times.
2H2O2ðaqÞ ! 2H2Oð1Þ þ O2ðgÞ
time=min 5 10 20 30 50
volume of 0:0100 mol dm3
KMnO4=cm3
37:1 29:8 19:6 12:3 5:0
5=2H2O2ðaqÞ þ MnO
4 ðaqÞ þ 3Hþ
ðaqÞ ! Mn2þ
ðaqÞ þ 5=2O2ðgÞ þ 4H2Oð1Þ
1 mol MnO
4 reacts with 5/2 mol H2O2
Calculate the [H2O2] at the various times, and show that these values lie on a
smooth curve when plotted against time.
Answer.
104
number of mol MnO
4 used 3:71 2:98 1:96 1:23 0:50
104
number of mol H2O2 present
in sample
9:28 7:45 4:90 3:08 1:25
102
½H2O2 =mol dm3
9:28 7:45 4:90 3:08 1:25
A graph of [H2O2] versus time is a smooth curve showing the progressive decrease
in reactant concentration with time (Figure 2.5).
2.3.2 Physical methods
These use a physical property dependent on concentration and must be calibrated, but
are still much more convenient than chemical methods. Measurement can often be
made in situ, and analysis is often very rapid. Automatic recording gives a continuous
trace. It is vital to make measurements faster than reaction is occurring.
The following problems illustrate typical physical methods used in the past.
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	38. Pressure changes in  gas phase reactions
Worked Problem 2.5
Question. Which of the following reactions can be followed in this way and why?
1. CH3CHOðgÞ ! CH4ðgÞ þ COðgÞ
2. Br2ðgÞ þ CH2


CH2ðgÞ ! C2H4Br2ðgÞ
3. Cl3CCOOHðaqÞ ! CHCl3ðaqÞ þ CO2ðgÞ
4. 2HIðgÞ ! H2ðgÞ þ I2ðgÞ
5. ðCH3CHOÞ3ðgÞ ! 3CH3CHOðgÞ
Which reaction would give the largest change in total pressure and why? Suggest
an alternative method for reaction 3.
[H2O2]/mol dm–3
0
0.02
0.04
0.06
0.08
0.10
10 20 30 40 50
t/min
Figure 2.5 Graph of [H2O2] versus time
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	39. Answer. This method  can be used for reactions which occur with an overall
change in the number of molecules in the gas phase and which consequently show
a change in total pressure with time.
pV ¼ nRT and p / n if V and T are constant ð2:11Þ
1. Gives an increase in the number of gaseous molecules: pressure increases.
2. Pressure decreases with time.
3. Pressure increases with time.
4. Pressure remains constant, so this method cannot be used.
5. Pressure increases.
Reaction 5 gives the greatest change in the number of molecules in the gas phase,
and hence the largest change in pressure.
In reaction 3, CO2 is the only gaseous species present and the reaction could be
followed by measuring the volume of gas evolved at constant pressure with time.
An actual problem makes the stoichiometric arguments clearer.
Worked Problem 2.6
Question. The gas phase decomposition of ethylamine produces ethene and
ammonia,
C2H5NH2ðgÞ ! C2H4ðgÞ þ NH3ðgÞ
If p0 is the initial pressure of reactant and ptotal is the total pressure at time t, show
how the partial pressure of reactant remaining at time t can be found. Using this and
the following data, find the partial pressure of C2H5NH2 remaining at the various
times, and plot an appropriate graph showing the progress of reaction.
What would the final pressure be?
The following total pressures were found for a reaction at 500 
C with an initial
pressure of pure ethylamine equal to 55 mmHg.
ptotal
mm Hg
55 64 72 89 93
time
min
0 2 4 10 12
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	40. Answer. If p0  is the initial pressure of ethylamine, and an amount of ethylamine
decomposes so that the decrease in its partial pressure is y, then at time t there will
be p0  y of ethylamine left, y of C2H4 formed and y of NH3 formed.
; total pressure at time t;
ptotal ¼ p0  y þ y þ y
¼ p0 þ y ð2:12Þ
; y ¼ ptotal  p0 ð2:13Þ
; pðC2H5NH2Þremaining ¼ p0  y
¼ 2p0  ptotal ð2:14Þ
Using this gives
ptotal
mmHg
55 64 72 89 93
pðC2H5NH2Þ ¼
2p0  ptotal
mmHg
55 46 38 21 17
time
min
0 2 4 10 12
When reaction is over, the total pressure ¼ p(C2H4) þ p(NH3) ¼ 2p0 ¼ 110 mmHg.
A graph of p(C2H5NH2)remaining versus time is a smooth curve (Figure 2.6).
Conductance methods
These are useful when studying reactions involving ions. Again this can be illustrated
by a problem.
Worked Problem 2.7
Question. Which of the following reactions can be studied in this way, and why?
1. (CH3)3CCl(aq) þ H2O(l) ! (CH3)3COH(aq) þ Hþ
(aq) þ Cl
(aq)
2. NHþ
4 (aq) þ OCN
(aq) ! CO(NH2)2(aq)
3. H3Oþ
(aq) þ OH
(aq) ! 2H2O(l)
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	41. 4. CH3COOCH3(aq) þ  OH
(aq) ! CH3COO
(aq) þ CH3OH(aq)
5. CH3COOH(aq) þ H2O(l) ! CH3COO
(aq) þ H3Oþ
(aq)
Answer. Conductance changes are ideal for reactions involving ions.
1. Ions are produced, and the conductance rises with time.
2. Ions are removed, and the conductance decreases with time.
3. Ions are removed as reaction occurs, but this is a very rapid reaction and special
fast reaction techniques are needed. Ion–ion reactions are often very fast.
4. Here a highly conducting ion is replaced by a less conducting ion, and the
conductance will fall with time.
5. Ions are produced, but this is an ionization of an acid, and these are generally
very fast reactions and cannot be studied in this way.
0
10
20
30
40
50
60
2 4 6 8 10 12
pC2H5NH2
/mm Hg
t/min
Figure 2.6 Graph of p(C2H5NH2) versus time
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	42. pH and EMF  methods using a glass electrode sensitive to H3Oþ
Worked Problem 2.8
Question. What types of reaction could be studied in this way?
Answer. In these methods a glass electrode sensitive to H3Oþ
enables reactions
which occur with change in [H3Oþ
] or a change in [OH
] to be followed with ease.
A pH meter measures pH directly, and a millivoltmeter measures EMFs directly,
and these are related to [H3Oþ
], e.g.
 Br2(aq) þ CH3CO-
COCH3(aq) þ H2O(l) ! CH3COCH2Br(aq) þ H3Oþ
(aq) þ Br
(aq)
Here H3Oþ
(aq) is produced and the pH will decrease with time, with a
corresponding change in EMF,
 CH3COOCH3(aq) þ OH
(aq) ! CH3COO
(aq) þ CH3OH(aq)
Since OH
(aq) is removed, [H3Oþ
] will increase and the pH will decrease with
time, with a corresponding change in EMF and
 CH3COOCH2CH3(aq) þ H3Oþ
(aq) ! CH3COOH(aq) þ CH3CH2OH(aq)
In the acid hydrolyses of esters H3Oþ
(aq) is removed, and the pH increases with
time, with a corresponding change in EMF.
Other EMF methods
‘Ion-selective’ electrodes sensitive to ions other than H3Oþ
can be used to follow
reactions involving these ions. Silver halide electrodes are used to determine Cl
,
Br
, I
and CN
; lanthanum fluoride to determine F
; Ag2S electrodes to determine
S2
, Agþ
and Hg2þ
; and electrodes made from a mixture of divalent metal sulphides
and Ag2S are used to determine Pb2þ
, Cu2þ
and Cd2þ
. Other types determine Kþ
,
Ca2þ
, organic cations, and anions such as NO
3 , ClO
4 and organic anions. Ion-
selective electrodes which monitor the concentration of ions other than H3Oþ
or OH
have proved particularly suitable for biological systems.
A variant on pH methods: the pH-stat and Br2-stat
Monitoring of reactions carried out at constant pH is achieved by a pH-stat device
which adds H3Oþ
or OH
automatically to the reaction mixture, depending on
whether H3Oþ
or OH
is being used up, and in amounts necessary to maintain
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	43. constant pH throughout  reaction. The volume of solution added is continuously
recorded, and is converted to give the amount of reactant remaining at various times
throughout the reaction. A similar Br2-stat device has been used to follow bromin-
ation reactions. Beside being very useful methods for carrying out routine experi-
ments, pH-stat, Br2-stat or any other kind of stat are very useful for studying reactions
under pseudo-first order conditions where the other reactant is held in constant
concentration.
Chromatographic, mass spectrometric and spectroscopic methods
These can all be used for following the reaction by measuring concentrations at
various times. Often they will be linked up to an automatic recording device and can
be used for measurements in situ. These methods have been discussed earlier.
Dilatometric methods
These measure the change in volume of a solution with time. If this change is
sufficiently large and exaggerated by the use of a dilatometer, it can be used to follow
the rate of reaction. Polymerization reactions are often particularly suited to this
technique.
2.4 Fast Reactions
With fast reactions it is very important to ensure that there is rapid mixing, fast
initiation and fast analysis. Special timing devices are needed. Consequently
techniques special to fast reactions had to be developed.
2.4.1 Continuous flow
Flow systems replace the clock as a timer by a distance along a tube. Two gases or
two solutions are rapidly mixed, and flow rapidly along a tube along which there are
observation chambers at accurately known distances at which the concentration is
determined, either in situ or by leaking samples.
The time for mixing limits the rate of reaction which can be followed, e.g. if
mixing takes 103
second, then reactions over in around 103
seconds or less cannot
be studied. The moment of mixing gives the zero time. The observation points are at
accurately known distances along the tube and larger distances correspond to longer
reaction times (Figure 2.7).
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	44. Worked Problem 2.9
Question.
(a)  Calculate the reaction times when analysis is made at 1, 5 and 10 cm distances
along a tube when the flow rate is 20 m s1
.
(b) Altering the flow rate allows different times to be observed. Calculate the
times which corresponds to a distance of 1 cm along the tube when the flow
rate is 10 m s1
and 50 m s1
.
Be careful with units. The distances along the tube are given in cm, but the velocity
of flow is given in m s1
. When using these in the equation t ¼ d=v, both d and v
must have the same units. In the answer given, the flow rate is converted to cm s1
.
1 m ¼ 100 cm, and so 20 m s1
¼ 20 100 cm s1
.
Answer.
(a) If an observation point is at a distance d along the tube and the flow rate along
the tube is v, then the time taken to reach the observation point is d/v,
1 cm corresponds to a time ¼ d/v ¼ 1 cm/20 100 cm s1
¼ 5 104
s.
5 cm corresponds to a time ¼ d/v ¼ 5 cm/20 100 cm s1
¼ 2.5 103
s.
10 cm corresponds to a time ¼ d/v ¼ 10 cm/20 100 cm s1
¼ 5 103
s.
(b) If v ¼ 10 m s1
(easily attained), then 1 cm corresponds to 103
s.
If v ¼ 50 m s1
then 1 cm corresponds to 2 104
s, about the smallest time
interval attainable on a flow apparatus.
2.4.2 Stopped flow
Developed for solutions, this has the advantage that only small samples are required.
Two solutions are rapidly forced through a mixing chamber from which there is an
exit into a tube. The flow is rapidly halted and a detector at the position of halting of
observation points
reaction mixture flows
down tube
mixer
Figure 2.7 Schematic diagram of a flow apparatus
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	45. the flow gives  the concentration. This apparatus in effect acts as an efficient and very
rapid mixing device. The smaller the distance along the tube at which the flow is
halted, the shorter is the time from the start of the reaction at the time of mixing. The
reaction is then followed with time at this point.
The time of analysis must be very rapid. Stopped flow methods always require an
inbuilt timing device, and time intervals at which analysis is made are dictated by the
speed at which successive analyses can be carried out. Spectroscopic methods using
pulsed radiation are very useful here because they can be both analytical and timing
devices.
2.4.3 Accelerated flow
Hypodermic plungers are pushed into syringes increasingly rapidly, and so accelerate
the flow as the mixed reactants pass out of the mixing chamber. Consequently, the
velocity with which the mixed reactants emerge from the mixing chamber increases
with time. When the mixture passes a fixed point on the tube, it will have been
reacting for progressively shorter times. Only small samples are required, but fast
detection is vital.
Worked Problem 2.10
Question. A reaction is carried out in an accelerated flow tube and observations
are made spectrophotometrically.
If the initial flow velocity is 400 cm s1
, calculate the time to reach an observation
point 1 cm along the reaction tube. If the acceleration is such that the velocity
increases progressively to 800, 1200 and 1600 cm s1
, calculate the reaction times
corresponding to these flow rates. If the absorbances corresponding to these times
are 0.124, 0.437, 0.655 and 0.812, draw a graph showing the progress of reaction.
Answer. For observation at 1 cm along the tube
v
cm s1
400 800 1200 1600
time
ms
2:50 1:25 0:83 0:625
A 0:124 0:437 0:655 0:812
For a graph of A versus time, see Figure 2.8.
2.4.4 Some features of flow methods
Analysis is generally spectroscopic and done in situ, though mass spectrometry, chro-
matography and conductivity methods have been used. Gas and liquid phase reactions
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	46. can be studied,  and in photochemical reactions the mixture passes through an illumi-
nated region. Reaction times are relatively limited, and are of the order of 1 to 103
s.
Flow methods are used extensively in kinetics, especially for solution reactions.
2.5 Relaxation Methods
These are specific to reactions which come to equilibrium.
The reaction is initially at equilibrium, and so the start of the reaction can be pin-
pointed very accurately: something which is essential for fast reactions. Also there will
be no mixing problems, and the temperature can be established before reaction occurs.
The conditions are then altered very rapidly and the old equilibrium position is now
a non-equilibrium position. The system has then to adjust to this new equilibrium
position by reaction. The consequent concentration changes are rapid and are
followed with time. Very rapid detection is needed.
In these studies, chemical analysis and methods such as spectroscopy, mass
spectrometry and chromatography are superior to physical methods such as con-
ductivity, because the species and chemical equilibria can be identified; otherwise the
species present have to be inferred.
The perturbations can be a single impulse, with either large or very small
displacements from equilibrium; or they can be the periodic displacements of an
ultrasonic wave. Because the reactants are premixed and reaction is initiated by the
0 0.5
0.2
0.4
0.6
0.8
1.0 1.5 2.0 2.5
A
t/ms
Figure 2.8 Graph of absorbance versus time
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	47. impulse, there is  no need for rapid mixing. The mixture will also be at the required
temperature.
2.5.1 Large perturbations
Large perturbations using flash or laser photolysis and shock tubes require a new
equilibrium situation to be set up which is far from the initial equilibrium state. These
methods are generally used in gas phase studies, and small perturbations are used for
solutions, though there is nothing constraining the techniques in this way.
2.5.2 Flash photolysis
The reactants are premixed and reaction initiated by an intense flash of radiation
lasting 104
to 106
s. This disrupts reactant molecules into atoms and radicals in
very high concentrations. The high concentrations of the intermediates produced
make the subsequent kinetic analysis very much easier, and many of these reactions
are often not picked up in low intensity–low concentration photochemical reactions.
The first intense flash is followed by a series of secondary low intensity
flashes which enable the identities and concentrations of the species to be found at
various times, leading ultimately to rate constants for the reactions. Spectroscopic
methods can easily measure intervals of 106
s, and lasers can take this down to 1015
s.
The initial flash must be sufficiently intense to give the high concentrations of
intermediates required, but the higher the intensity of the flash the longer is its
duration. This means that very fast reactions occurring in a time less than or equal to
the duration of the flash will be over by the time the flash is over. A compromise must
be made, and intensities are used so that the flash lasts 104
to 106
s, and half lives
down to 106
s are easy to follow. The secondary flashes are for analysis only and are
of low intensity, so that it is easy to have a flash lasting only 106
s.
Flash photolysis greatly increases the number of intermediate reactions able to be
studied. These are generally radical–radical reactions, in contrast to the radical–
molecule reactions which predominate in low intensity photolysis.
The half-lives able to be studied by flash photolysis can be extended to shorter
values in the following modification. Short interval secondary flashes are necessary if
reaction times as short as 109
to 1015
s are to be studied. This is done very
ingeniously by splitting the beam (Figure 2.9). One part of the beam goes through the
reaction mixture and causes photolysis; the other by-passes the reaction mixture, goes
to a movable mirror and is reflected back to the reaction mixture through a fluorescent
solution which converts the beam into continuous radiation in the visible. This is then
used to analyse the mixture spectroscopically. The path lengths of the two parts of the
beam are different. By altering the position of the mirror the time interval between
the first flash and the analytical flash can be varied. For instance, a 30 cm distance
corresponds to an interval of 109
s.
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	48. Worked Problem 2.11
Question.  Calculate the path-length differences which correspond to time inter-
vals of 106
, 107
, 108
, 109
, 1010
, 1011
and 1012
s between a photolysis and
analytical flash. The velocity of light ¼ 2.998 1010
cm s1
. Comment on the values.
Answer. v ¼ d=t ; d ¼ v t. Values for path-length differences are 29 980 cm,
2998 cm, 299.8 cm, 29.98 cm, 2.998 cm, 0.2998 cm and 0.029 98 cm.
Time intervals of the order of 1011
s and less cannot be achieved by this tech-
nique for following the rate. Pulsed lasers (Sections 2.1.4 and 2.5.3) have to be used.
Likewise the technique cannot be used for time intervals of the order of 107
s
and greater. Ordinary flash photolysis would be adequate.
Only a narrow range of half-lives can be studied using this method.
2.5.3 Laser photolysis
With a laser, a beam of high intensity but short duration is now possible. The
technique of beam splitting can also be used with lasers, though now high intensity
pulsed lasers give a very wide range of pulses lasting from 109
to 1015
s. In
consequence most chemical and physical processes can be studied.
2.5.4 Pulsed radiolysis
X-radiation or electrons are used in an analogue of flash photolysis. Pulses of length
106
to 1012
s are standard, but here the radiation causes ionization rather than
beam
generator
beam
splitter
movable
mirror
Fluorescent
solution
(2)
(2)
(1)
reaction
mixture
detector
Figure 2.9 Schematic diagram for beam splitting in a flash photolysis experiment
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	49. disruption. The range  of types of reaction which can now be studied using pulsed
lasers and pulsed radiolysis is extensive.
2.5.5 Shock tubes
A diaphragm with a pressure difference over it of up to about 106
atm is ruptured,
causing a shock wave which passes through a premixed reaction mixture. As the
shock wave passes along the tube it heats the reaction mixture to 104
–105
K. The
shock wave reaches the observation point in a very short time (106
–108
s), and all
of the reaction mixture up to this point is then at this very high temperature. This is
zero time for the start of reaction. The tube is able to stay at the high temperature for
around 103
s, and all the measurements must be made within that time. The very
high temperature causes disruption of reactant molecules into radicals in very high
concentrations, and these can subsequently react. At the same time the mixture is
driven along the tube by a driver gas. This converts the system to a flow apparatus. As
the mixture is driven past the observation point it will have been reacting for
progressively longer times. Analysis at the observation point will give concentrations
of the species in the mixture corresponding to these times. This often uses lasers at
convenient time intervals ranging from 106
s to 1015
s. When the driver gas reaches
the observation point, the experiment is over. It generally takes 103
second between
the arrival of shocked gas and driver gas, and this corresponds to the period of the
high temperature.
Sometimes an alternative procedure places several observation points along the
tube. These correspond to progressively longer times of reaction the further the
observation point is from the diaphragm (Figure 2.10). The calculations are similar to
those in Problem 2.9.
Shock waves combine features of flash photolysis with continuous flow. Though
flash photolysis studies are more flexible and cover a wider range of reaction times,
they are limited to photochemical reactions.
Shock tubes are used for gas reactions. When liquids are used the temperature rises
are small, making the technique much less useful.
2.5.6 Small perturbations: temperature, pressure and
electric field jumps
These single impulse displacements only alter the position of equilibrium provided
certain conditions are met:
(a) temperature jump methods – reaction must have a significant  H;
(b) pressure jump methods – reaction must have a significant  V;
(c) electric field impulse – reaction must involve ionization.
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	50. These techniques involve  a sudden increase in temperature, a sudden increase in
pressure and a sudden application of an electric field, respectively.
Table 2.1 summarizes the time taken for the impulse to make its effect, the time
that the effect lasts and hence the time during which concentration measurements
must be made.
For the mathematical analysis of the data to be valid, rates must be studied very
close to equilibrium, and any displacement must be small (see Sections 3.21 and
3.21.1). If a single equilibrium is involved, then the approach to the new equilibrium
position always simulates first order behaviour.
O′ O′′ O′′′
O
O′ O′′ O′′′
O
O′ O′′ O′′′
O
Initial state before rupture of diaphragm:
diaphragm
driver gas, at
high pressure
reaction mixture
Two subsequent situations:
instantaneous position
of shock wave
part of reaction
mixture not yet
reached by shock
wave
heated
part of
reaction
mixture
driver gas
instantaneous
position of
shock wave
part of reaction
mixture not yet
reached by shock
wave
driver gas
heated part
of reaction
mixture
O: observation point
O′, O′′, O′′′: possible additional observation points
Figure 2.10 Schematic diagram of a shock tube apparatus
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	51. The experimental data  is concentration–time data, and integrated rate expressions
give the observed rate constants. The technique can be extended to multi-step
equilibria and to equilibrium reactions with consecutive steps. For multi-step
equilibria, analysis results in a sum of exponentials, which may or may not reduce
to first order.
2.6 Periodic Relaxation Techniques: Ultrasonics
This is the most powerful of the relaxation techniques, partly because it can handle
multi-step equilibria easily, and often gives the relaxation times and the number of
equilibria direct from the actual measurements (Section 3.10.2). It has been used to
study physical processes such as energy transfer and ion solvation, as well as
chemical reactions. This technique is used for reaction times of 1 to 1010
s.
If passed through a reaction mixture, a sound wave causes a wave of alternating
temperatures which calls for a corresponding wave of new equilibrium positions to be
set up. If the concentrations of species involved in the equilibria can alter rapidly
enough to enable each new equilibrium position to be set up as each new temperature
is attained, then the concentrations and the equilibria can keep in phase with
the periodic displacement. This occurs when the period of the sound wave is large
compared with the relaxation time.
If reaction does not occur fast enough, then the concentration will not alter in phase
with the periodic displacement, the required equilibria for each temperature are not
set up and the concentrations remain approximately constant throughout. This occurs
when the period of the sound wave is very small compared to the relaxation time.
These are two extremes. An intermediate situation, where the period of the sound
wave is comparable to the relaxation time, occurs when reaction is fast enough to
allow the concentrations to alter with time, but the change in concentration is out of
phase with the sound wave. This shows up as an increase in the velocity of sound,
or as a maximum in the absorption of sound by the reaction mixture as the frequency
of the sound wave alters. This is the region where all the useful information is
obtained.
Table 2.1 Single impulse relaxation
Impulse
Time for jump to
occur (s) Change lasts (s)
Observations must
be made in (s)
Temperature 106
1 1–106
Pressure 104
50 50–104
Electric 108
2 104
2 104
–108
Shock 106
50 50–106
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	52. If there is  only one equilibrium, i.e. one relaxation time involved, there is a single
point of inflection on the velocity–frequency diagram, or one maximum in the
absorption of sound–frequency diagram (Figures 2.11 and 2.12). For more than
one equilibrium then there will be a corresponding number of points of inflection, or
maxima (Figures 2.13 and 2.14), provided the relaxation processes are resolved.
These are easily and accurately measured. Sound waves are passed through the
reaction mixture and the velocity of sound, or its absorption, is measured for a series
of frequencies of the sound wave, and a graph drawn. From each point of inflection or
maximum the relaxation time can be found directly and the rate constant calculated
(Table 3.3). Solving the kinetics of complex equilibria is straightforward using
relaxation times, in contrast to the increasing difficulty and eventual impossibility
of using integrated rate equations and concentration data (Section 3.9).
If the relaxation processes are not resolved, best fit computer analysis is used.
Unfortunately, chemical identification of the relaxation process is by far the most
difficult and ambiguous part of the analysis. There are no direct chemical observations.
The magnitude of the relaxation time can often distinguish between physical processes
and chemical reactions, but this does not reveal what the chemical reactions are.
Relaxation times of the order of 105
to 1010
s are usually studied, giving first
order rate constants lying between 105
and 1010
s1
, though slower reactions can
concentration
unable to alter in
phase with
ultrasonic wave
concentration
able to alter in
phase with
ultrasonic wave
concentration altering,
but not in phase with
ultrasonic wave
dispersion
region
frequency
V2
Figure 2.11 Periodic relaxation diagram showing the dependence of the velocity of an ultrasonic
wave through a reaction mixture on its frequency
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	53. two extremes for
one  equilibrium
two extremes for
one equilibrium
one component
unable to
alter in phase
another component
unable to alter
in phase
another component
out of phase,
but altering
one component
out of phase, but
altering
all components
able to alter
in phase
one
component
falling out
another
component
falling out
dispersion
region dispersion
region
frequency
V2
Figure 2.13 Periodic relaxation for a double equilibrium: diagram for velocity of wave
relaxation
absorption
curve
absorption which
there would be if
there were no
relaxation process
frequency
absorption
µ
Figure 2.12 Periodic relaxation diagram showing the dependence of the absorption of an
ultrasonic wave through a reaction mixture on its frequency
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	54. easily be studied.  With appropriate low concentrations, second order processes up to
diffusion-controlled rates can be examined.
2.7 Line Broadening in NMR and ESR Spectra
All spectroscopic lines have a natural line width, and this can be of great use to the
kineticist. This natural line width is determined by the lifetime of the excited state of
the molecule. If this is short the line width is broad, while longer lifetimes give more
sharply defined lines. If reaction occurs, this can alter the lifetime of the excited state and
so change the natural line width of the transition. A detailed spectroscopic analysis
gives relations between the width of the line, the lifetime of the reacting species and
the rate constant for the reaction. This has proved a very important tool, especially for
reactions in solution such as proton transfers and acid/base ionization processes.
Further reading
Laidler K.J., Chemical Kinetics, 3rd edn, Harper and Row, New York, 1987.
Laidler K.J. and Meiser J.H., Physical Chemistry, 3rd edn, Houghton Mifflin, New
York, 1999.
Alberty R.A. and Silbey R.J., Physical Chemistry, 2nd edn, Wiley, New York, 1996.
Logan S.R., Fundamentals of Chemical Kinetics, Addison-Wesley, Reading, MA,
1996.
one component
falling out
another component
falling out
frequency
µ
Figure 2.14 Periodic relaxation for a double equilibrium: diagram for absorption of wave
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	55. Nicholas J., Chemical  Kinetics, Harper and Row, New York, 1976.
 Wilkinson F., Chemical Kinetics and Reaction Mechanisms, Van Nostrand Rein-
hold, New York, 1980.
 Out of print, but should be in university libraries.
Further problems
1. Suggest ways for determining the rate of the following reactions.
 Bromination of CH3CH


CH2 in aqueous solution.
 Reaction of C2H
5 with CH3COCH3 in the gas phase.
 A polymerization reaction.
 Iodination of CH3COCH3.
 2NO(g) þ 2H2(g) ! N2(g) þ 2H2O(g)
 A reaction in solution with a half-life of 104
s.
 K
(g) þ CH3I(g) ! KI(g) þ CH
3(g)
 C6H5Nþ
2 (aq) þ H2O(l) ! C6H5OH(aq) þ Hþ
(aq) þ N2(g)
 A þ B !
 C !
 D !
 E þ F
 S2O2
8 ðaqÞ þ 2I
ðaqÞ ! 2SO2
4 ðaqÞ þ I2ðaqÞ
 A reaction with a half-life of 109
s.
2. The following table gives the absorbances for various concentrations of a solution.
A 1 cm optical cell is used. Use this to calculate the molar absorption coefficient
for the solute.
conc:
mol dm3
0:0045 0:0105 0:0140 0:0190
A 0:380 0:899 1:195 1:615
The kinetics of a reaction involving this solute as reactant, in which only the reactant
absorbs, gives the following data. Convert this data to [reactant] as a function of time.
A 1:420 1:139 0:904 0:724 0:584
time
s
0 100 200 300 400
3. Interpret the spectrum shown in Figure 2.15.
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	56. absorption
(a)
(b)
(c)
frequency
t = 10  min
absorption
(a)
(b)
(c)
frequency
t = 20 min
absorption
(a)
(b)
(c)
frequency
t = 30 min
Figure 2.15
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	57. 4. The following  is kinetic data. Plot graphs of [A] versus t, loge[A] versus t and 1
½A
versus t, and comment.
time
s
0 100 200 350 600 900
½A
mol dm3
0:0200 0:0161 0:0137 0:0111 0:0083 0:0065
5. A kinetic experiment is carried out in a flow tube where the flow rate is 25 m s1
.
The detector is a spectrophotometer, and absorbances are measured at various
distances along the tube. The reactant has a molar absorption coefficient,  ¼
1180 mol1
dm3
cm1
. The absorbances are measured using a 1 cm optical cell.
Use this information, and that in the following table, to calculate [reactant] as a
functionof time.Then plot a graphof [reactant]versus time and commenton its shape.
distance
cm
2:0 4:0 6:0 8:0 10:0
A 0:575 0:457 0:346 0:232 0:114
6. The conversion of ethylene oxide to ethane-1,2-diol in aqueous solution is
catalysed by H3Oþ
and occurs with an decrease in volume.
CH2
O
CH2 (aq) + H2O(1) CH2OHCH2OH(aq)
The reaction can be followed in a dilatometer, by watching the decrease in the
height of the solution in the capillary tube.
In the following experiment, a 0.100 mol dm3
solution of ethylene oxide was
studied in the presence of a constant concentration of acid. The following data
lists the heights in the dilatometer capillary as a function of time.
height
cm
27:72 27:08 26:45 25:88 25:34 23:55 22:83 22:20 18:30
time
min
0 20 40 60 80 160 200 240 1
Using the heights at zero time and infinity, and the known initial and final
concentrations of ethylene oxide, convert the above data into concentration/time
data and draw the corresponding graph.
7. The base hydrolysis of acetylcholine can be conveniently followed by monitoring
the drop in pH with time.
ðCH3Þ3Nþ
CH2CH2OCOCH3ðaqÞ þ OH
ðaqÞ ! ðCH3Þ3Nþ
CH2CH2OHðaqÞ
þ CH3COO
ðaqÞ
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	58. Use the following  kinetic data to plot (a) a graph of pH versus time, (b) a graph of
[OH
] versus time.
pH 12:81 12:50 12:40 12:30 12:20 12:10 12:00 11:90 11:80
pOH 1:19 1:50 1:60 1:70 1:80 1:90 2:00 2:10 2:20
time
s
0 35 45 57 70 80 90 100 114
8. The following dimerization has been studied by measuring the decrease in total
pressure with time:
2AðgÞ ! A2ðgÞ
ptotal
mmHg
632 591 533 484 453 432 416
time
min
0 10 30 60 90 120 150
Find the partial pressure of the monomer remaining as a function of time.
9. The base hydrolysis of ethyl ethanoate was studied at 25 
C in a conductance
apparatus. Both reactants were at an initial concentration 5:00 103
mol dm3
,
and the conductivity, , was found at various times.
time
min
0 10 20 30 40 1
103

ohm1 cm1
1:235 1:041 0:925 0:842 0:787 0:443
Find [OH
] as a function of time.
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