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Preface

Chemical reactions are processes that transform chemical substances to create new substances with different identities. Tradi-
tionally, these processes involve solely the movement of electrons in forming and breaking bonds between atoms; processes that
change the composition of nuclei are nuclear reactions. Equations are often used to represent the path from starting materials
to end products, and provide details such as reaction conditions, stoichiometry, and intermediates. In a chemical equation, the
number of atoms for each species must be equal on either side of the arrow, which indicates the direction in which the reaction
proceeds. Reversible reactions are denoted by double arrows, which means the forward and reverse reactions will compete with
each other until the system reaches equilibrium. The simplest form of a chemical reaction—in which reactants are converted into
products in a single step with a single transition state—are known as elementary reactions. Although more commonly, reactions
take place in a single phase, in certain cases, they occur at the interface between two different states (e.g. solid/gas interface).

Depending on the specific conditions, a chemical reaction can proceed under thermodynamic or kinetic control. A thermody-
namically favored reaction is one where the products are more stable than the reactants (i.e. energy state of products is lower than
that of reactants), resulting in the release of energy or heat (exothermic). On the other hand, a reaction is kinetically favored when
the activation energy is low (i.e. low energy transition state), leading to faster reaction rates. Catalysts can lower the intrinsic
activation energy of a reaction and thus speed it up. Generally speaking, thermodynamic and kinetic variables both need to be
taken into account in determining whether or not a chemical reaction is favorable. There are four basic reaction types: synthesis,
decomposition, single replacement, and double replacement. Synthesis refers to bond-forming reactions in which two or more
simple substances combine into a more complex substance. Decomposition is the reverse of a synthesis reaction, involving the
breakage of bonds in a complex substance to form simpler ones. Single replacement reactions involve the exchange of a single,
uncombined element for another within a compound, while double replacement reactions involve a switch between two elements
that are both within compounds. Reactions that lead to a change in oxidation states of atoms are classified as either oxidation or
reduction reactions (“redox”). Photochemical reactions are ones that are catalyzed by light energy. Acid-base reactions involve
the transfer of protons from the acidic species to the basic species. In organic chemistry, reactions are generally classified accord-
ing to their mechanism (movement of electrons). In substitution reactions, a functional group is replaced by another group (the
“nucleophile”) in a compound. Elimination reactions lead to the loss of a functional group from a compound via the formation of
a C=C double bond. By contrast, rearrangement reactions give rise to changes in the carbon skeleton, often resulting in structural
isomers. Other organic reactions include radical reactions, oxidations/reductions, condensations, hydrolysis, polymerizations,
among many others. Many molecules will have more than one reactive site — much research effort in synthetic chemistry has
been put into developing conditions and catalysts that will selectively or specifically functionalize one site over another. Chemi-
cal reactions lie at the core of biological, industrial, and many other important processes. This book aims to provide a general
overview of the type, mechanism, and application of chemical reactions.

Editor
Pam Wang, Ph.D.






INTRODUCTION

Chemical reaction a process in which one or more substances, the reactants, are converted to one or more different substances,
the products. Substances are either chemical elements or compounds. A chemical reaction rearranges the constituent atoms of
the reactants to create different substances as products.
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Chemical reactions are an integral part of technology, of culture, and indeed of life itself. Burning fuels, smelting iron,
making glass and pottery, brewing beer, and making wine and cheese are among many examples of activities incorporating
chemical reactions that have been known and used for thousands of years. Chemical reactions abound in the geology of Earth,
in the atmosphere and oceans, and in a vast array of complicated processes that occur in all living systems.
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Chemical reactions must be distinguished from physical changes. Physical changes include changes of state, such as ice
melting to water and water evaporating to vapour. If a physical change occurs, the physical properties of a substance will change,
but its chemical identity will remain the same. No matter what its physical state, water (H,0) is the same compound, with each
molecule composed of two atoms of hydrogen and one atom of oxygen. However, if water, as ice, liquid, or vapour, encounters
sodium metal (Na), the atoms will be redistributed to give the new substances molecular hydrogen (H,) and sodium hydroxide
(NaOH). By this, we know that a chemical change or reaction has occurred.



Historical Overview

The concept of a chemical reaction dates back about 250 years. It had its origins in early experiments that classified substances
as elements and compounds and in theories that explained these processes. Development of the concept of a chemical reaction
had a primary role in defining the science of chemistry as it is known today.

The first substantive studies in this area were on gases. The identification of oxygen in the 18th century by Swedish chemist
Carl Wilhelm Scheele and English clergyman Joseph Priestley had particular significance. The influence of French chemist
Antoine-Laurent Lavoisier was especially notable, in that his insights confirmed the importance of quantitative measurements of
chemical processes. The concept of chemical reactions involving the combination of elements clearly emerged from his writing,
and his approach led others to pursue experimental chemistry as a quantitative science.

The other occurrence of historical significance concerning chemical reactions was the development of atomic theory. For
this, much credit goes to English chemist John Dalton, who postulated his atomic theory early in the 19th century. Dalton
maintained that matter is composed of small, indivisible particles, that the particles, or atoms, of each element were unique, and
that chemical reactions were involved in rearranging atoms to form new substances. This view of chemical reactions accurately
defines the current subject. Dalton’s theory provided a basis for understanding the results of earlier experimentalists, including
the law of conservation of matter (matter is neither created nor destroyed) and the law of constant composition (all samples of a
substance have identical elemental compositions).

Thus, experiment and theory, the two cornerstones of chemical science in the modern world, together defined the concept
of chemical reactions. Today experimental chemistry provides innumerable examples, and theoretical chemistry allows an
understanding of their meaning.

Synthesis

When making a new substance from other substances, chemists say either that they carry out a synthesis or that they synthesize
the new material. Reactants are converted to products, and the process is symbolized by a chemical equation. For example, iron
(Fe) and sulfur (S) combine to form iron sulfide (FeS).

Fe(s) + S(s) — FeS(s)

The plus sign indicates that iron reacts with sulfur. The arrow signifies that the reaction “forms” or “yields” iron sulfide, the
product. The state of matter of reactants and products is designated with the symbols (s) for solids, (1) for liquids, and (g) for
gases.

The Conservation of Matter

In reactions under normal laboratory conditions, matter is neither created nor destroyed, and elements are not transformed into
other elements. Therefore, equations depicting reactions must be balanced; that is, the same number of atoms of each kind must
appear on opposite sides of the equation. The balanced equation for the iron-sulfur reaction shows that one iron atom can react
with one sulfur atom to give one formula unit of iron sulfide.

Chemists ordinarily work with weighable quantities of elements and compounds. For example, in the iron-sulfur equation
the symbol Fe represents 55.845 grams of iron, S represents 32.066 grams of sulfur, and FeS represents 87.911 grams of iron
sulfide. Because matter is not created or destroyed in a chemical reaction, the total mass of reactants is the same as the total mass
of products. If some other amount of iron is used, say, one-tenth as much (5.585 grams), only one-tenth as much sulfur can be
consumed (3.207 grams), and only one-tenth as much iron sulfide is produced (8.791 grams). If 32.066 grams of sulfur were
initially present with 5.585 grams of iron, then 28.859 grams of sulfur would be left over when the reaction was complete.

The reaction of methane (CH,, a major component of natural gas) with molecular oxygen (O,) to produce carbon dioxide
(CO,) and water can be depicted by the chemical equation

CH,(g) +20,(g) — CO,(g) + 2H,0(1)

Here another feature of chemical equations appears. The number 2 preceding O, and H,O is a stoichiometric factor. (The
number | preceding CH, and CO, is implied.) This indicates that one molecule of methane reacts with two molecules of oxygen
to produce one molecule of carbon dioxide and two molecules of water. The equation is balanced because the same number
of atoms of each element appears on both sides of the equation (here one carbon, four hydrogen, and four oxygen atoms).
Analogously with the iron-sulfur example, we can say that 16 grams of methane and 64 grams of oxygen will produce 44 grams
of carbon dioxide and 36 grams of water. That is, 80 grams of reactants will lead to 80 grams of products.

The ratio of reactants and products in a chemical reaction is called chemical stoichiometry. Stoichiometry depends on the
fact that matter is conserved in chemical processes, and calculations giving mass relationships are based on the concept of the
mole. One mole of any element or compound contains the same number of atoms or molecules, respectively, as one mole of any
other element or compound. By international agreement, one mole of the most common isotope of carbon (carbon-12) has a mass
of exactly 12 grams (this is called the molar mass) and represents 6.022140857 x 10> atoms (Avogadro’s number). One mole of
iron contains 55.847 grams; one mole of methane contains 16.043 grams; one mole of molecular oxygen is equivalent to 31.999
grams; and one mole of water is 18.015 grams. Each of these masses represents 6.022140857 x 10> molecules.
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Energy Considerations

Energy plays a key role in chemical processes. According to the modern view of chemical reactions, bonds between atoms in the
reactants must be broken, and the atoms or pieces of molecules are reassembled into products by forming new bonds. Energy
is absorbed to break bonds, and energy is evolved as bonds are made. In some reactions the energy required to break bonds is
larger than the energy evolved on making new bonds, and the net result is the absorption of energy. Such a reaction is said to be
endothermic if the energy is in the form of heat. The opposite of endothermic is exothermic; in an exothermic reaction, energy
as heat is evolved. The more general terms exoergic (energy evolved) and endoergic (energy required) are used when forms of
energy other than heat are involved.

A great many common reactions are exothermic. The formation of compounds from the constituent elements is almost
always exothermic. Formation of water from molecular hydrogen and oxygen and the formation of a metal oxide such as
calcium oxide (CaO) from calcium metal and oxygen gas are examples. Among widely recognizable exothermic reactions is the
combustion of fuels.

The formation of slaked lime (calcium hydroxide, Ca(OH),) when water is added to lime (CaO) is exothermic.
CaO(s) + H,0 (1) — Ca(OH),(s)

This reaction occurs when water is added to dry portland cement to make concrete, and heat evolution of energy as heat is
evident because the mixture becomes warm.

Not all reactions are exothermic (or exoergic). A few compounds, such as nitric oxide (NO) and hydrazine (N,H,), require
energy input when they are formed from the elements. The decomposition of limestone (CaCO,) to make lime (CaO) is also an
endothermic process; it is necessary to heat limestone to a high temperature for this reaction to occur.

CaCO,(s) — CaO(s) + CO,(g)

The decomposition of water into its elements by the process of electrolysis is another endoergic process. Electrical energy
is used rather than heat energy to carry out this reaction.

2 H,0(g) — 2 H,(g) + O(g)

Generally, evolution of heat in a reaction favors the conversion of reactants to products. However, entropy is important in
determining the favorability of a reaction. Entropy is a measure of the number of ways in which energy can be distributed in any
system. Entropy accounts for the fact that not all energy available in a process can be manipulated to do work.

A chemical reaction will favor the formation of products if the sum of the changes in entropy for the reaction system and its
surroundings is positive. An example is burning wood. Wood has a low entropy. When wood burns, it produces ash as well as the
high-entropy substances carbon dioxide gas and water vapor. The entropy of the reacting system increases during combustion.
Just as important, the heat energy transferred by the combustion to its surroundings increases the entropy in the surroundings. The
total of entropy changes for the substances in the reaction and the surroundings is positive, and the reaction is product-favored.

When hydrogen and oxygen react to form water, the entropy of the products is less than that of the reactants. Offsetting this
decrease in entropy, however, is the increase in entropy of the surroundings owing to the heat transferred to it by the exothermic
reaction. Again because of the overall increase in entropy, the combustion of hydrogen is product-favored.

Kinetic Considerations

Chemical reactions commonly need an initial input of energy to begin the process. Although the combustion of wood, paper, or
methane is an exothermic process, a burning match or a spark is needed to initiate this reaction. The energy supplied by a match
arises from an exothermic chemical reaction that is itself initiated by the frictional heat generated by rubbing the match on a
suitable surface.

In some reactions, the energy to initiate a reaction can be provided by light. Numerous reactions in Earth’s atmosphere
are photochemical, or light-driven, reactions initiated by solar radiation. One example is the transformation of ozone (O,) into
oxygen (O,) in the troposphere. The absorption of ultraviolet light (hv) from the Sun to initiate this reaction prevents potentially
harmful high-energy radiation from reaching Earth’s surface.



For a reaction to occur, it is not sufficient that it be energetically product-favored. The reaction must also occur at an
observable rate. Several factors influence reaction rates, including the concentrations of reactants, the temperature, and the
presence of catalysts. The concentration affects the rate at which reacting molecules collide, a prerequisite for any reaction.
Temperature is influential because reactions occur only if collisions between reactant molecules are sufficiently energetic. The
proportion of molecules with sufficient energy to react is related to the temperature. Catalysts affect rates by providing a lower
energy pathway by which a reaction can occur. Among common catalysts are precious metal compounds used in automotive
exhaust systems that accelerate the breakdown of pollutants such as nitrogen dioxide into harmless nitrogen and oxygen. A
wide array of biochemical catalysts are also known, including chlorophyll in plants (which facilitates the reaction by which
atmospheric carbon dioxide is converted to complex organic molecules such as glucose) and many biochemical catalysts called
enzymes. The enzyme pepsin, for example, assists in the breakup of large protein molecules during digestion.

Classifying Chemical Reactions

Chemists classify reactions in a number of ways: (a) by the type of product, (b) by the types of reactants, (c¢) by reaction outcome,
and (d) by reaction mechanism. Often, a given reaction can be placed in two or even three categories.

Classification by Type of Product

Gas-forming Reactions

Many reactions produce a gas such as carbon dioxide, hydrogen sulfide (H,S), ammonia (NH,), or sulfur dioxide (SO2). An
example of a gas-forming reaction is that which occurs when a metal carbonate such as calcium carbonate (CaCO,, the chief
component of limestone, seashells, and marble) is mixed with hydrochloric acid (HCI) to produce carbon dioxide.

CaCO,(s) + 2 HCl(ag) — CaCl (aq) + CO,(g) + H,0 (1)

In this equation, the symbol (aq) signifies that a compound is in an aqueous, or water, solution.

Cake-batter rising is caused by a gas-forming reaction between an acid and baking soda, sodium hydrogen carbonate (sodium
bicarbonate, NaHCO,). Tartaric acid (C,H,O,), an acid found in many foods, is often the acidic reactant.

C,H,0,(aq) + NaHCO,(aq) — NaC,H.0,(aq) + H,0 (1) + CO,(g)

In this equation, NaC H.O, is sodium tartrate.

Most baking powders contain both tartaric acid and sodium hydrogen carbonate, which are kept apart by using starch as
a filler. When baking powder is mixed into the moist batter, the acid and sodium hydrogen carbonate dissolve slightly, which
allows them to come into contact and react. Carbon dioxide is produced, and the batter rises.

Precipitation Reactions

Formation of an insoluble compound will sometimes occur when a solution containing a particular cation (a positively charged
ion) is mixed with another solution containing a particular anion (a negatively charged ion). The solid that separates is called a
precipitate.



