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Chemical kinetics: A Discipline and a Mechanistic Tool
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ABSTRACT

The purpose of this review is to introduce young researchers, advance
undergraduate and graduate students of inorganic chemistry to the field of
chemical kinetics both as a discipline and as a tool in mechanistic diagnosis of
inorganic chemical reactions. Inorganic reaction mechanism is an important
aspect of inorganic chemistry that deals with the study of the detailed step by
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step processes through which reactants in chemical reactions are converted to

products. The overall equation of a reaction tell us what happens in a chemical
reaction, whereas the mechanism explains how it happens —the steps involved
and the effect of reaction conditions and catalyst, if employed. The review will
deal with concepts and well established principles within the broad field of
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chemical kinetics, which can be employed in determining the stoichiometry,

kinetics and ultimately the mechanisms of chemical reactions.

INTRODUCTION

The review begins with a look at the
relevance and application of chemical kinetics before
delving into discussion on reaction rate and the
techniques for its measurement and interpretations.
The results of such measurements show that
reaction rates depend on the concentrations of
reactants, products and in some cases even
intermediates in characteristic manners that can be
expressed in terms of differential equations known
as rate laws (Wilkins, 2002). The rate law describes
the effect of concentration on the rate of a reaction
and its solutions can be used to predict the
concentration of specie at any time after the start of
the reaction (Atkins and de Paula, 2010). The study
of reaction rates ultimately leads to an
understanding of the mechanisms of reactions
(Ghosh and Rajput, 2012). An insight into the
elementary steps through which a reaction occurs
can be gotten from the form of the rate law (Wilkins,
2002). Therefore the main task in kinetics is the
construction of a rate law from a proposed
mechanism and its comparison with the
experimentally determined one (Atkins and de
Paula, 2010). The concepts of the rate determining
step of a reaction, the steady—state concentration of
a reaction intermediate, and the existence of a pre—
equilibrium are all employed in deriving the rate law
from the proposed mechanism (Jordan, 2007).

The word kinetics has its origin in the Greek
word ‘kinesis’ which means ‘to move’ or ‘moving’
(Rescigno and Boccbialini, 1991; Ferner and Aronson,

2016). It is a general term referring to time-
dependent phenomena that involves change in a
parameter (Hammes, 1978).The principles of kinetics
are used in different aspects of sciences (Rescigno
and Boccbialini, 1991; AQin, 2013; Ferner and
Aronson, 2016) and chemical engineering
(Levenspiel, 1999; Coker, 2001). Knowledge about
chemical kinetics is also required for the
understanding, design, and control of the chemical
reactor, to explain enzyme actions and
polymerisation (Coker, 2001), as well as to describe
drug degradation and absorption (Ferner and
Aronson, 2016). In fact, nothing will be more
important in chemistry than the understanding of
the mechanism through which chemical reactions
occur and this explains the significance of kinetics as
an important field of chemistry (Houston, 2001).
Chemical kinetics also involves the
construction of models that can facilitate the
prediction and calculations of experimental results.
Modeling and simulation of chemical system can be
achieved by mathematical approach (Bellouquid &
Delitala, 2006), with the experimental kinetic data
collected used to obtain parameters such as rate
constant and rate order of a system theoretically
(Atkins & de Paula, 2005). The correlation between
the theoretically and experimentally determined
constants confirms the plausibility of a mechanism
(Chinake & Simoyi, 1998; Bellouquid & Delitala,
2006; Jordan, 2007). Software packages which are
based on mathematical models have been designed
to simulate reactions and validate the plausibility of
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a proposed mechanism (Svir et al., 2004). Recent
progress in reaction kinetics can be attributed to the
availability of supercomputers and software of
quantum chemical methods (Wright, 2004;
Groenhof, 2013) and the development of methods
for monitoring very fast reactions (Espenson, 1995;
Atkins & Jones, 1999; Houston, 2001).

The significance and importance of kinetics
as a field of chemistry is emphasized by the fact that
it has produced several Nobel Laureates including
Jacobus Henricus van’t Hoff, Irvin Langmuir, Manfred
Eigen, Henry Taube, Rudolph A. Marcus and Ahmed
Zewail (Leroy et al., 2003; Daintith, 2008).

Chemistry is an aspect of science that deals
with the transformation of matter from one form to
another  (lvanovic’-Burmazovic, 2011). These
transformations which are mainly chemical reactions
can occur in the gas phase, in solution of varying
solvents, in solid state and at gas—solid or liquid—
solid interfaces (House, 2008; Froment et al., 2011).
This review is devoted mainly to solution phase
chemical kinetics, with emphasis on homogenous
reactions taking place in water. The study of
homogenous reactions is very important to
kineticists since most reactions; from the simple
laboratory experiments to the very complex
reactions occurring in living systems are
homogenous in nature (Svir et al., 2004). Water is
the solvent of choice for most solutes and reactions
because of its structure, large polarity and the fact
that it interact strongly with ions/molecules of
solutes (Silberberg, 2007; House, 2008; Burgess,
2011). It is also readily available, easily purifiable and
plays a unique role in physiological and chemical
processes (Snoeyink & Jenkin, 1980).

A thorough study of any chemical reaction
should include the study of structures, equilibria and
rates (Arnaut et al., 2007). The study of rates of a
reaction is under the domain of kinetics. Kinetics can
be sub—divided into physical and chemical kinetics.
Physical kinetics is concerned with physical
phenomena such as diffusion, viscosity and
adsorption, while chemical kinetics deals with the
study of rates of chemical reactions (Connors, 1990).
Chemical kinetics is a branch of physical chemistry
concerned with measuring and studying the rates of
chemical reactions (Atkins and Jones, 1999). It is a
blend of chemistry, physical theory and
mathematics, which explains why for a chemistry
student/researcher to do well in kinetics, he/she
must have a good background in mathematics and a
sound understanding of physical theories (Houston,

2001; Atkins and de Paula, 2010). Physical theories,
such as the collision theory and the transition state
theory provide a guide to the understanding and
interpretation of reaction kinetic results (Atkins and
Jones, 1999). The importance of mathematics in
kinetics is emphasized by the fact that the law of
mass action, which can be said to be the foundation
of the modern day rate law, was formulated by a
mathematician, Cato Maximilian Guldberg, in
collaboration with a chemist, Peter Waage (Denisov
et al., 2003; Ferner and Aronson, 2016). Waage and
Guldberg, unaware of Wilhelmy’s work, published
papers, in 1864 and 1867, which looked at the
influence of time on chemical reactions and led to
the acceptance of the expression (Denisov et al.,
2003). Also the first Nobel Prize winner in chemistry,
van’t Hoff, was trained as a Mathematician (Bo &
Bertil, 2013).

The reaction that is under study in chemical
kinetics is referred to as a system (Jordan, 2007; De
Oliveira et al,, 2016), while everything that is not
part of the system is called the surrounding (Krenos
and Potenza, 2013). Quite often the surrounding is
thermostated water bath that is used to maintain
the system at constant temperature (Atkins and de
Paula, 2010).

KINETIC STUDY OF A CHEMICAL REACTION

The more the kinetics and non—kinetic
information that can be obtained about the
chemistry of a reaction, the better the conclusions
that can be drawn about its mechanisms. Therefore
effective interpretation of kinetic data depends on
accurate knowledge of the behaviour and
occurrence of the reactant species in the solvents in
which the reaction is carried out, the establishment
of the stoichiometry of the reaction, the
determination and characterisation of the products
and if possible, intermediate(s) that will be formed
during the course of the reaction, and the
identification of side reaction(s) (Wilkins, 2002;
Wright, 2004; Mandal et al, 2009). Physical
observation, chemical analysis (Bhattacharyya and
Mukhopadhyay, 2005), chromatography
(Bhattacharyya, et al., 2004; Gao etal., 2008) and
spectroscopy (Deepa and Chandramohan, 2012) can
all be wused in characterising the reactants,
intermediates and products of a reaction. The
method to be employed is determined by the nature
of the species under consideration.

The stoichiometry of a reaction is the
chemical equation that shows the relative amounts

*Corresponding author: Busari, A. B2 abdulakeemkekule@yahoo.com B2 Department of Chemistry, Sule Lamido

University, Kafin Hausa, Jigawa State, Nigeria. © 2019 Faculty of Technology Education, ATBU Bauchi. All rights reserved



JOURNAL OF SCIECNCE TECHNOLOGY AND EDUCATION 7(3), SEPTEMBER, 2019
ISSN: 2277-0011; Journal homepage: www.atbuftejoste.com

of reactants that take part and the products formed
in a chemical reaction (Ramirez and Garcia—Sosa,
2012). Of the several methods that have been
proposed for the determination of the stoichiometry
of reactions (Dave and Shah, 2008; Nimse et al,
2012), the Job’s method of continuous variation and
the Yoe—Jones molar ratio methods are the most
widely used (Gadkariem et al., 2009; Ugye et al.,
2013). This is due to their simplicity and easy
experimental application. A modification of the Yoe—
Jones method which is known as the slope ratio
method involves the addition of measured deficient
guantities of one reactant, which is the limiting
reagent, to a known excess of the other whose
concentration is held constant (Kundu et al.,, 1996;
Gadkariem et al., 2009) is also employed by some
researchers.

After establishing the stoichiometry of the
reaction, characterising the reactants, intermediates
and products of the reaction and identifying any side
reactions, the next thing is the determination of the
empirical rate law (Jordan, 2007). Rate law is an
equation that links the reaction rate with the
concentrations of the reactants in the overall
reaction and they are determined empirically
(Upadhyay, 2006). Differential equations, which can
be simple or complex in form, express rates as
functions of concentrations and are therefore used
to describe systems undergoing changes (Pyun,
1971). A simple rate equation can be solved
analytically using calculus (Hammes, 1978). Complex
rate laws can be simplified using the steady state
and equilibrium approximations (De Levie, 2002;
Arnaut et al, 2007). They can also be solved
numerically using Euler’s methods, the midpoint
methods, Laplace transform method, Gear method,
Matrix method or Runge—Kutta method (Viossat and
Ben-Aim, 1993; Olcese and Toselli, 1998) or
stochastically using Monte Carlo (Dixon and Shafer,
1973) or Markov chains (Arnaut et al, 2007). It is
often observed that the rate of reaction is
proportional to the product of the individual
concentrations of the reactants raised to a simple
power, known as order of the reaction with respect
to those reactants (Upadhyay, 2006).

Since the amounts of products and
reactants are related by stoichiometry, any
substance in the reaction can be monitored and
used to express the rate of reaction (Espenson,
1995; Upadhyay, 2006). Therefore the basic data of
chemical kinetics that is required to obtain the rate
law is the concentration of reactant at intervals after

the reaction has been initiated (Atkins and de Paula,
2006; Jordan, 2007). The method used to monitor
the change in concentrations depends on the
substance being followed and how rapidly its change
in concentration (Wright, 2004). The spectral regions
have being employed for monitoring the progress of
a chemical reaction, with the visible region being the
most useful since most reactions of interest involved
coloured species (Bhattacharyya and
Mukhopadhyay, 2005; Busari et al, 2016).
Properties, such as pH or ionic conductivity of the
system can also be used to monitor the rate of a
reaction (Atkins and de Paula, 2010).

Reactions orders and subsequently rate
coefficients can be established with methods that
use either concentration—time or rate—concentration
data. These include the use of differential or
integrated equation, isolation (pseudo order)
techniques, initial rate method or half-life method
(Atkins and de Paula, 2010). Whatever the
experimental method used the reaction must be
maintained at a constant temperature throughout
(Thabaj et al., 2006), except for situations where the
experiment is repeated systematically at different
temperatures to obtain information on the
activation  parameters using the Arrhenius
(Jonnalagadda and Gollapalli, 1999) or Eyring
equation (Rangappa et al., 1998).

Once the rate law of a reaction is known
and the value of the rate constant determined, the
rate of a reaction for any values of reactant
concentrations can be calculated (Atkins and de
Paula, 2010). The rate constant for a particular
reaction has a fixed value at a particular
temperature (Silberberg, 2007). The effect of
temperature on reaction rate varies considerably
from one reaction to another, with collision theory
and the transition state theory used for the
theoretical explanation of the strong dependence of
reaction rates on temperature (Atkins and de Paula,
2010). According to the transition state theory, the
activation energy for a reaction can be lowered by
the use of a catalyst (Silberberg, 2007).

It is generally observed that the rate of
reaction can be altered by the nature of the solvent
employed (Wilkins, 2002; Arnaut et al., 2007) and by
the presence of non-reacting ionic species in the
solution (House, 2007). Therefore, since the rate
constants for many reactions are affected by the
ionic strength of the medium it is necessary either to
maintain a constant ionic strength with added
electrolyte (Bhattacharyya et al., 2007; Busari et al,
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2016), or to carry out a series of measurements at
different ionic strengths and extrapolate to infinite
dilution(Wilkins, 2002; Wright, 2004).

INTERPRETATION OF KINETICS DATA

The basic mechanisms of all fundamental
elementary reactions include substitution, electron—
transfer, insertion, oxidative addition and reductive
elimination  (Jordan, 2007). Electron—transfer
(oxidation—reduction) reactions are perhaps the
most important class of inorganic reactions (Jordan,
2007; Silberberg, 2007). The study of oxidation—
reduction (redox reaction) is important to kineticist
because most reactions whether simple or complex,
organic or inorganic, chemical or biological, in vitro
or in vivo, involve the transfer of at least one
electron from a reducing agent to an oxidizing agent
(Sabou, 2011). These reactions have been widely
studied in an effort to understand the details of their
mechanisms (Bhattacharyya et al.,, 2007; Busari et
al., 2016). Based on their stoichiometry redox
reactions can be classified as complementary or
non—-complementary, with no direct mechanistic
implications (Jordan, 2007).But classification of
electron transfer processes as inner-sphere or outer-
sphere reactions are based on their mechanisms
(Upadhyay, 2006; Busari et al.,2016).

A reaction mechanism is a sequence of
individual reaction steps, known as elementary
reactions or elementary steps, which sum to the
overall reaction equation. It is the step—by-step
pathway by which a reaction occurs (Morrison and
Boyd, 1992). Mechanisms are the means by which
chemical reactions are rationalized and optimized.
They represent the framework that enables the
proper understanding of chemical reactions. A
mechanism is an explanation of how reactants are
transformed into products under certain conditions.
General guidelines for proposing plausible reaction
mechanism include:

i The determination of the stoichiometry of
the reaction as well as the complete
identification of all the reactants and
products of the reaction (Bhattacharyya et
al., 2004).

ii. Accumulated data in the chemical kinetics
of a related system can be used in
comparing, interpreting and analyzing the
new experimental data. Therefore the
mechanism of a reaction can be developed
by analogy to previous study on related
systems (Shezi & Jonnalagadda, 2012).

vi.

vii.

viii.

A unimolecular or bimolecular reactions are
usually proposed as reasonable steps in a
mechanism (Connors, 1990; De Oliveira et
al., 2016). Termolecular elementary steps
are extremely rare while higher
molecularities than three are not known
(Espenson, 1995).

For a mechanism to be plausible, the
elementary steps must be reasonable, and
must all add up to the overall balance
equation of the reaction (Espenson, 1995;
Arnaut et al., 2007; Silberberg, 2007). Also a
mechanism must account for all the kinetic,
spectroscopic and theoretical information
available on the reaction (Espenson, 1995).
Intermediate is an unstable species that is
formed during the course of a reaction. It
provides valuable clues to the mechanism
of a reaction and is consumed immediately
it is formed (Winterton, 1999; Coker, 2001).
Therefore, an intermediate will not appear
in the overall equation of the reaction,
although some intermediates are stable
enough to be isolated and characterised
(Espenson, 1995; Wilkins, 2002).

The form of the experimental rate law
provides an insight into the nature of the
mechanism of the reaction (Espenson,
1995; Jordan, 2007).

For reactions in which the magnitude of the
stoichiometric coefficient of a reactant is
greater than the order of the reaction with
respect to that reactant, it means there are
intermediate(s) and reactions after the rate
determining step. Therefore, for any
mechanism, only the rate determining step
and the steps preceding it contribute to the
rate law (Coker, 2001).

If the rate of the reaction is proportional to
the concentration of a product raised to a
positive exponent, it means the reaction is
autocatalytic (Espenson, 1995).

Once the outline of the mechanism is
established, it is necessary to show that the
proposed mechanism gives the
experimental rate law (Bakac, 2010).

The polarity and ionic strength of the
medium in which a reaction is taking place
can both affect the rate of the reaction in a
way that can give an idea of the nature of
the interactions taking place in the reaction
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or at the activated complex (Arnaut et al.,
2007; House, 2007).

etc.,, (Sandu and Miehe, 2010; Manafov,
2015) and general purpose programs such

Xi. Interpretation of kinetic data can be made as Mathematica, Maple, and MathCAD can
more meaningful by non—kinetic be used to simulate and validate the
investigations such as the detection of kinetics and mechanisms of a system (De
intermediates (Chinake and Simoyi, 1998; Levie, 2002). These programs are helpful in
Winterton, 1999; Coker, 2001) or radicals evaluating the plausibility of proposed
(Mehrotra and Mehrotra, 2003), or the mechanisms. Simulation generates model
formation of isosbestic points curves of concentrations of all the species in
(Bhattacharyya et al, 2007), or the the system with which experimental data
guantitative  analysis of a product can be compared, and possibly fitted (Rabai
(Rangappa et al., 1998), which can support et al., 1993; De Levie, 2002).
or disprove a proposed mechanism. XVi. If the proposed rate law from the plausible

Xii. The slight difference in chemical behaviour mechanism does not agree with the
between isotopes of elements such as experimental rate law even after much
hydrogen and deuterium can be used to modification of the reaction conditions then
investigate the detailed mechanisms of the proposed reaction mechanism s
chemical reactions involving hydrogen. This rejected and another one proposed.
is referred to as kinetic isotopic effects and
it gives significant information as to the CONCLUSION
structures of transition states and No single review, monograph or textbook
intermediates and as to the position of can fully cover the broad and important field of
bond breakage in the course of a reaction chemical kinetics. But we hope our aim of writing a
(Espenson, 1995; Rangappa et al., 1998; review that can serve as an expository on the
Winterton, 1999). Other isotopic elements principles and methodologies that are employed in
such as B, C, N, O, Mg, Si, S, Cl, Ge, Se, and kinetics studies and spur researchers’ interest in the
Br can also be employed for this field by providing a readable introduction to the
investigation (Edwards and Fleischauer, subject is fulfilled. Elaborate explanations can be
1968). found in more advanced and specialized materials

Xiii. The correlation that exist in the form of on chemical kinetics (Hammes, 1978; Basolo and
linear free energy relationship (LFER) Johnson, 1986; Levenspiel, 1999; Froment et al.,
between rate constants and the reactivity 2011; Upadhyay, 2006).
of structurally related compounds can be
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