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Chapter 9

How Chemicals React
THE MAIN IDEA

Atoms change partners during a 
chemical reaction.

9.6 Chemical Kinetics

How exactly do reactants react to form products? This is the focus of the 
remaining sections of this chapter. We begin by showing how the speed of a 
reaction depends on the concentration and temperature of reacting molecules. 

Some chemical reactions, such as the rusting of iron, are slow, while 
others, such as the burning of gasoline, are fast. The speed of any reac-
tion is indicated by its reaction rate, which is an indicator of how quickly 
the reactants transform to products. As shown in Figure 9.12, initially, a 
flask may contain only reactant molecules. Over time, these reactants form 
product molecules, and as a result, the concentration of product molecules 
increases. The reaction rate, therefore, can be defined either as how quickly 
the concentration of products increases or as how quickly the concentration 
of reactants decreases.

< Figure 9.12

Over time, the reactants 
in this reaction flask may 
transform to products. If 
this happens quickly, the 
reaction rate is fast. If it 
happens slowly, the reac-
tion rate is slow.
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What determines the rate of a chemical reaction? Once again, atomic 
theory guides us to an explanation.  The answer is complex, but one import-
ant factor is that reactant molecules must physically come together. Because 
molecules move rapidly, this physical contact is appropriately described as 
a collision. We can illustrate the relationship between molecular collisions 
and reaction rate by considering the reaction of gaseous nitrogen and gas-
eous oxygen to form gaseous nitrogen monoxide, as shown in Figure 9.13. 

Because reactant molecules must collide in order for a reaction to 
occur, the rate of a reaction can be increased by increasing the number 
of collisions. An effective way to increase the number of collisions is to 
increase the concentration of the reactants. Figure 9.14 shows that with 
higher concentrations, there are more molecules in a given volume, which 
makes collisions between molecules more probable. As an analogy, con-

sider a group of people on a dance floor—as the number of people 
increases, so does the rate at which they bump into one another. An 
increase in the concentration of nitrogen and oxygen molecules, 
therefore, leads to a greater number of collisions between these 
molecules—hence, a greater number of nitrogen monoxide mole-
cules will form in a given period of time.

Not all collisions between reactant molecules lead to products, 
however, because the molecules must collide in a certain orientation 
in order to react. Nitrogen and oxygen, for example, are much more 

likely to form nitrogen monoxide when the molecules collide in the parallel 
orientation shown in Figure 9.13. When they collide in the perpendicular 
orientation shown in Figure 9.15, nitrogen monoxide does not form. For 
larger molecules, which can have numerous orientations, this orientation 
requirement is even more restrictive.

What must two molecules do 
in order to react with each 
other?

READING CHECK

^  Figure 9.13

During a reaction, reactant mol-
ecules collide with one another.

^ Figure 9.14 

The more concentrated a sample of 
nitrogen and oxygen, the greater 
the probability that N2 and O2 mole-
cules will collide and form nitrogen 
monoxide

^  Figure 9.15
The orientation of reactant molecules in a collision can determine whether a reaction occurs. A perpendicular  
collision between N2 and O2 tends not to result in formation of a product molecule.
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A second reason that not all collisions lead to product formation is that 
the reactant molecules must also collide with enough kinetic energy to break 
their bonds. Only then is it possible for the atoms in the reactant molecules 
to change bonding partners and form product molecules. The bonds in N2 
and O2 molecules, for example, are quite strong. In order for these bonds to 
be broken, collisions between the molecules must contain enough energy 
to break the bonds. As a result, collisions between slow-moving N2 and O2 
molecules, even those that collide in the proper orientation, may not form 
NO, as shown in Figure 9.16.

The higher the temperature of a material, the faster its molecules move 
and the more forceful and frequent the collisions between them. Higher 
temperatures, therefore, increase reaction rates. The nitrogen and oxygen 
molecules that make up our atmosphere, for example, are continually col-
liding with one another. At the normal temperatures of our atmosphere, 
however, these molecules do not generally have sufficient kinetic energy 
for the formation of nitrogen monoxide. The heat of a lightning bolt, as 
shown in the opening photo of this chapter, dramatically increases the kinetic 
energy of these molecules, to the point that a large portion of the collisions 
in the vicinity of the bolt result in the formation of nitrogen monoxide. The 
nitrogen monoxide formed in this manner undergoes further atmospheric 
reactions to form chemicals known as nitrates, which plants depend on 
for survival. This is an example of nitrogen fixation, which you may have 
learned about in a biology class.

The energy required to break bonds can also come from the absorption 
of electromagnetic radiation. As the radiation is absorbed by reactant mol-
ecules, the atoms in the molecules may start to vibrate so rapidly that the 
bonds between them are easily broken. In many instances, the direct 

^ Figure 9.16

Slow-moving molecules may collide 
with insufficient force to break their 
bonds. As a result, they cannot react 
to form product molecules.

C O N C E P T   C H E C K
An internal-combustion engine works by drawing a mixture of air 
and gasoline vapors into a chamber. The action of a piston then 
compresses these gases into a smaller volume prior to ignition 
by the spark of a spark plug. What is the advantage of squeezing 
the vapors into a smaller volume?

CHECK  YOUR  ANSWER  
Squeezing the vapors into a smaller volume effectively increases 
their concentration and hence the number of collisions between 
molecules. This, in turn, promotes the chemical reaction. As per the 
ideal gas law discussed in Section 2.8, compression also increases 
the temperature, which further favors the chemical reaction.
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absorption of electromagnetic radiation is sufficient to break chemical bonds 
and to initiate a chemical reaction. The common atmospheric pollutant 
nitrogen dioxide, NO2, for example, may transform to nitrogen monoxide 
and atomic oxygen merely upon exposure to sunlight:
		  NO2 + sunlight                        NO  +  O

Activation Energy Is Needed for Reactants to React
Whether they result from collisions, from the absorption of electromagnetic 
radiation, or both, broken bonds are a necessary first step in most chemical 
reactions. The energy required for this initial breaking of bonds can be 
viewed as an energy barrier. The minimum energy required to overcome 
this energy barrier is known as the activation energy (Ea).

In the reaction between nitrogen and oxygen to form nitrogen mon-
oxide, the activation energy is so high (because the bonds in N2 and O2 are 
strong) that only the fastest-moving nitrogen and oxygen molecules possess 
sufficient energy to react. Figure 9.17 shows the activation energy in this 
chemical reaction as a vertical hump.

The activation energy of a chemical reaction is analogous to the energy 
a car needs to drive over the top of a hill. Without sufficient energy to climb 
to the top of the hill, it isn’t possible for the car to get to the other side. 
Likewise, reactant molecules can transform to product molecules only if 
the reactant molecules possess an amount of energy equal to or greater than 
the activation energy.

At any given temperature, there is a wide distribution of kinetic ener-
gies in reactant molecules. Some are moving slowly, and others are moving 
quickly. As we discussed in Section 2.6, the temperature of a material is 
related to the average of all these kinetic energies. The few fast-moving 
reactant molecules in Figure 9.18 have enough energy to pass over the 
energy barrier and are the ones to transform to product molecules.

Figure 9.17 >
Reactant molecules must gain a min-
imum amount of energy, called the 
activation energy, Ea, before they can 
transform to product molecules.

Figure 9.18 >
Because fast-moving reactant mol-
ecules possess sufficient energy to 
pass over the energy barrier, they 
are the ones to transform to product 
molecules.
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When the temperature of the reactants is increased, the number of 
reactant molecules possessing sufficient energy to pass over the barrier also 
increases, which is why reactions are generally faster at higher tempera-
tures. Conversely, at lower temperatures, fewer molecules have sufficient 
energy to pass over the barrier. Hence, reactions are generally slower at 
lower temperatures.

Most chemical reactions are influenced by temperature in this manner, 
including those reactions occurring in living bodies. The body tempera-
ture of animals such as humans, that regulate their internal temperature, is 
fairly constant. However, the body temperature of some animals, such as 
the alligator shown in Figure 9.19, rises and falls with the temperature of 
the environment. On a warm day, the chemical reactions occurring in an 
alligator are “up to speed” and the animal is more active. On a chilly day, 
however, the chemical reactions proceed at a lower rate; as a consequence, 
the alligator’s movements are unavoidably sluggish.

The life sciences involve fantastic 
applications of chemistry, nitrogen 
fixation being just one example. 
Others include photosynthesis, 
cellular respiration, and molecu-
lar genetics. So, there are distinct 
advantages to learning about 
chemistry before advancing to the 
life sciences.

FOR YOUR
INFORMATION

Figure 9.19 >
Drivers beware! Alligators 
can become immobilized 
on pavement after being 
caught in the cold night air. 
By mid-morning, shown here, 
the temperature becomes 
warm enough to allow the 
alligator to get up and walk 
away.

C O N C E P T   C H E C K
What kitchen device is used to lower the rate at which microorganisms grow on food?

CHECK  YOUR  ANSWER  
The refrigerator. Microorganisms, such as bread mold, are everywhere and difficult to avoid. By lowering the 
temperature of microorganism-contaminated food, the refrigerator decreases the rate of the chemical reactions 
that these microorganisms depend on for growth, thereby increasing the food’s shelf life.


