
CHAPTER 7: Energy, Rates, and Equilibrium 
 
Energy 
 
Energy: What is chemical energy? In chemistry, energy is defined as the current and potential motion of atoms and molecules. 
Generally, a highly energized chemical is one whose atoms and/or molecules are moving, vibrating, or rotating quickly – or one 
whose particles are right on the verge of such fast motion. 

 
Units of Energy: 
 
calorie (cal)   The amount of heat required to raise 1 gram of water by 1 °C 
Calorie (Cal)   The Calories listed on nutrition labels 
     1 Calorie = 1 kilocalorie = 1000 calories 
Joule (J)   Amount of energy to lift 1 kg 10 centimeters    1 calorie = 4.184 joules 
 

Types of Energy 
 
Chemists count the energy of motion in one of two ways. First, the speed energy of all the atoms and molecules in a substance can 
be measured and totaled – this is the kinetic energy of the substance. The second kind of energy, called potential energy, is slightly 
harder to visualize, because it is “locked inside” the substance at any given time. Remember that atoms and molecules always 
attract and repel each other, and these attractive and repulsive forces could – if the situation is right – cause all the particles to start 
moving. It is often the case that, during a chemical reaction, the particles are reassembled in a way that unleashes these attractive 
and repulsive forces and causes a large amount of kinetic energy to appear in the system. 
 
The rubber band analogy 
To understand kinetic and potential energy, consider a rubber band. On the one hand, we 
would say it is energized if we saw someone stretching the rubber band and aiming it at us, 
because we know that if they release it, it will fly through the air. While it is stretched, it is full 
of potential energy; and then if it is released, it starts moving quickly and is full of kinetic 
energy. Atoms and molecules are just the same – they are often attracting or repelling each 
other (having potential energy) and/or moving quickly around (with kinetic energy). 
 
 
In other words, chemical energy can exist in two forms. the current motion of a set of 
molecules or atoms (the kinetic energy) or the potential for such atoms or molecules to 
suddenly start moving later (the potential energy).  
 
Total Energy = Kinetic + Potential Energy 

 
The total energy of an object (or a particle like a molecule) is the sum of its current kinetic and potential energies.  
 

Energy and Chemical Reactions 
 
Every time chemicals react, they change potential and kinetic energy as they turn into products. This occurs because chemical bonds 
in the reactants break (requiring an input of energy) and chemical bonds form to make the products (a process which releases 
energy). 
 
Chemists call the change in energy in chemical reactions the enthalpy of reaction (ΔH). It is also called the “heat” of reaction, since 
heat is the change in energy from one substance to another, i.e., from reactants to products. 

 
 
 
 
 



Reaction Profiles 
 
Take a moment to study the graphs below. In each case, the y-axis shows the energy of the system and the x-axis shows the progress 
of reaction. These “reaction profiles” or “reaction diagrams” help us visualize the energy changes during chemical reactions. 
 
Take note of two key features of these profiles – we will refer to them later when we study kinetics, i.e., the rates of chemical 
reactions. 
 

1. Transition state: The temporary, high-energy complex formed by two colliding reactants. (bonds between reactants and 
products are half-formed and half-broken) 

 
2. Eact, activation energy: energy difference between reactants and the higher-energy transition state. 

 
There are two main kinds of chemical reactions: 
 

Endothermic: ΔH is positive. 
 

• Reactants are lower in energy than the products. 
 
• Endothermic reactions absorb heat from the 

surroundings. The surroundings (including us as the 
observers) experience a drop in energy and temperature.  

 
A reaction that spontaneously cools is endothermic. 
 
Heat is like a reactant in endothermic reactions.  
 
Ammonium chloride dissolving is an endothermic process: 
 

 NH4Cl(s)   +   HEAT       NH4Cl(aq) 
 
 
 
 

Exothermic: ΔH is negative.  
 

• Products are lower in energy than reactants. 
 

• Exothermic reactions release heat to the surroundings. The 
surroundings experience a rise in energy and temperature.  

 
When a reaction beaker or test tube spontaneously heats, the 
reaction is exothermic. 
 
Heat is like a product in exothermic reactions. For example, 
sodium hydroxide dissolving is an exothermic process: 
 

NaOH(s)       NaOH(aq) +  HEAT    
 
Ex 1. In an endothermic reaction, the energy of the reactants is _______  
 than the energy of the products.  
 

    (less than)    (greater than) = 
 

Ex 2. If you are holding a beaker in which an endothermic reaction occurs, the beaker will feel _________ following the reaction.   
 
  hotter       colder       the same 

Endothermic 
Reaction Profile 

Exothermic Reaction 
Profile 



 

Ex 3. In an exothermic reaction, the energy of the reactants is _______ than the energy of the products.  
 

    (less than)    (greater than)        = 

 
Ex 4. If you are holding a beaker in which an exothermic reaction occurs, the beaker will feel _________ following the reaction.   

 
  hotter       colder       the same 
 

Ex 5: Consider the following observations of chemical reactions to determine whether the reaction described is endothermic 
or exothermic, then include heat as a reactant or as a product in each chemical equation. 

 
 1. When hydrochloric acid, HCl(aq), reacts with aqueous sodium hydroxide, NaOH(aq),  
  to produce water and a salt, NaCl(aq), the reaction beaker gets hot.  
 
  a. The reaction described is ___________.          endothermic            exothermic 
 

  b. Include heat as a reactant or product in this reaction: 
 

HCl(aq)   +    NaOH(aq)        H2O(l)   +    NaCl(aq) 
 
 2. When barium hydroxide, Ba(OH)2(aq), reacts with aluminum chloride, AlCl3(aq), the  
  reaction beaker gets so cold, any moisture around the beaker freezes to ice.  
 
  a. The reaction described is ___________.          endothermic            exothermic 
 

  b. Include heat as a reactant or product in this reaction: 
 

3 Ba(OH)2(aq)   +    2 AlCl3(aq)        2 Al(OH)3(s)   +    3 BaCl2(aq) 
 

Kinetics: Reaction Rates 
 
In a chemical reaction, reactants are converted to products:     reactants      products 
 
Rate of a chemical reaction:  the speed that reactants are converted to products 
 
chemical kinetics:   study of the factors that affect the rates of chemical reactions 

 
 

MOLECULAR COLLISIONS 
 

Why does a reaction occur?   
– Molecules collide with one another 

   Bonds are broken, and  
  bonds are formed.  
– If the bonds that form are  

different than the bonds broken 

   A chemical reaction occurred! 

 
 
Collision Theory: Molecules must collide to react. 
 

 The more often molecules collide   

   more likely the collision will result in bonds breaking and forming (chemical reaction) 
 
 
 
   



Two requirements for a reaction to occur: 
  

1. Reactants Have Enough Energy Upon Collision 
 – For a reaction to occur, molecules have to be collide strongly enough to break and reform bonds when they 

collide. 
  – If they're moving too slowly, they merely bounce off each other.   

  – The minimum energy required for a reaction is called the activation energy (Ea). 
 

  (a) When reactants molecules have the activation energy (i.e. collide with the minimum  

    energy required)  a reaction occurs, and reactants are converted to products 
 

  (b) When reactants molecules lack the activation energy (i.e. do not collide with enough 

    energy)    no reaction occurs, and reactants remain unconverted 
 

 
   
 
 
2. Collision Geometry 
 – Molecules must be in the correct orientation for a reaction to occur 
    
 See the reaction between NO and O3 in the figures below. 
 

 

 
 

correct collision geometry  reaction occurs 

 

 
 

incorrect collision geometry  no reaction 
 

Note that for the reaction to occur, the N atom in NO must be oriented towards the O3 molecule when they collide. 
 
 – If the O atom in NO is oriented towards the O3 molecule when they collide, no bonds can  
  form, and the molecules simply bounce off each other.  
 

FACTORS AFFECTING THE RATE OF REACTION 
 

1. Reactant Concentration  
 – Raising the concentration means more molecules present 

    more collisions that result in a reaction    higher reaction rate 
 

2. Temperature  
 – Raising the temperature increases reaction rate in TWO ways   
  i. Collision frequency increases since the reactants are moving faster.   

ii. (Average) collision energy is greater, so more molecules have the required activation energy to react. 
  



 
3. Catalyst: substance that speeds up a chemical reaction without being used up  
 – Catalysts are not consumed in the reaction, so they can be used continually 
 – Catalysts generally increase the reaction rate by providing an alternative collision geometry requirement that 

lowers the activation energy barrier 
   
 For instance, many pure, solid metals (Sn, V, Au, Ni) act as catalysts because one of the reactants sticks to the metal surface 

in such a way that it is ready to react with the other reactant upon collision. 
  
 

Catalysts lower the Activation Energy of a reaction 

 
Example: Consider the reaction energy diagram: 

 
a. Write a chemical equation to represent the reaction shown in 

the energy profile above, including heat as a reactant or product. 
 
 
 
 
 
 
 
b. This reaction is _________. (Circle one)    
 

exothermic          endothermic 
 
 
c. The difference in energy between the reactants and the transition state is ______. 
 (Circle one) 

 

   the activation energy (Eact)          H            the catalyst 
 
 
 
d. The activation energy (Eact) of the reaction with a catalyst is _______ compared to the reaction without a catalyst. (Circle one)  

 
        (less than)    (greater than)             = 

 
 

e. The heat of reaction (H) with a catalyst is _______ compared H for the reaction without a catalyst. (Circle one)    
 

        (less than)    (greater than)               = 
 

Biological Catalysts: Enzymes   Large proteins that act as catalysts for biochemical reactions 

 

    

An enzyme has a precisely defined shape that 
matches the chemicals in a specific chemical reaction. 

 
As shown to the right, enzymes help reactants have 

the right orientation to each other. 



Catabolic and Anabolic Pathways 
 
Biological organisms such as the human body perform some of the most amazing chemistry yet discovered.  
 
Biochemical pathway:  A series of orchestrated chemical reactions in a biological organism (e.g., human body) 
 

 Catabolic pathways: Break proteins, fats, and sugars into smaller molecules (building blocks)  

 Anabolic pathways:  Assemble small (building block) molecules into larger molecules (e.g., proteins) 
 
Metabolism:  The sum of an organism’s catabolic and anabolic activity 

 

 
 

 
Chemical Equilibrium 
 
Non-equilibrium reactions:  Reactions that convert ALL reactants into products 
 
Equilibrium Reactions:  Reactions that convert SOME reactants into products 
 
A sample equilibrium 

 
 

A    B 
 
 
In equilibrium reactions, the reactants continue to turn into products, just like regular chemical reactions. But then some of the 
products start turning back into reactants.  
 
We can also represent an equilibrium as two reactions, one forward, and one backward: 
 

A  B B  A 
 

1. The concentration of the chemicals determines the rate of the reaction. At the beginning, the forward reaction is fast 
because there is lots of A. The reverse reaction is slower, because there is not very much B.  

2. As A turns into B, the concentration of A decreases and the rate of the forward reaction slows down.  
3. As more B accumulates, the rate of the reverse reaction speeds up.  
4. When the rate of the forward reaction equals the rate of the reverse reaction, the system has reached equilibrium. 

 
equilibrium:  state where forward and reverse reactions occur at same rate 
 
 
 
 



 

Characteristics of a system at equilibrium: 
 

 Both a forward and a reverse reaction occur (reactants  products, but also products  reactants) 

 At equilibrium the rate of forward reaction equals the rate of reverse reaction 

 At equilibrium, the concentrations of all chemicals do not change anymore, BUT … the concentrations of chemicals are NOT 
necessarily equal … the only thing that is equal is the rate at which the forward and reverse reactions occur 

 

Example: Sulfuryl chloride decomposes as follows:    SO2Cl2(g) SO2(g) + Cl2(g)    
  

 
 
 Pure SO2Cl2 before reaction After reaction starts Finally, at equilibrium 
 
 
The figures above show closed systems of SO2Cl2, SO2, and Cl2 at 375K. 
 

 Initially, only SO2Cl2 molecules are present. 
 

  When heated, the SO2Cl2 decomposes, and all three molecules are present. 
 

 Given enough time, the system achieves equilibrium.  
 

 
Ex. 1:  Using the figures above, indicate the number of SO2, Cl2, and SO2Cl2 molecules initially: 
  

   _______ SO2Cl2 molecules       _______ SO2 molecules       _______  Cl2 molecules       
 

Ex. 2 :  Indicate the number of SO2, Cl2, and SO2Cl2 molecules present after 5 minutes: 
  

   _______ SO2Cl2 molecules       _______ SO2 molecules       _______  Cl2 molecules       
 

Ex. 3:  Indicate the number of SO2, Cl2, and SO2Cl2 molecules present at equilibrium: 
 

   _______ SO2Cl2 molecules       _______ SO2 molecules       _______  Cl2 molecules       

 
 

THE POSITION OF EQUILIBRIUM 
 

The equilibrium position for a reaction refers to the relative amounts of reactants and products present at equilibrium.  
 
– If the equilibrium position for a reaction lies far to the right, more products are present.  
– If the equilibrium position for a reaction lies far to the left, more reactants are present.  
 
Depending on the reaction and the experimental conditions (temperature and pressure), 

1. In some reactions, all the reactants are converted to products. 

  The reaction proceeds essentially to completion. 

   The final composition consists mainly of products. 

    The reaction lies far to the right or is product favored. 



 
2. In some reactions, very little of the reactants are converted to products.  

  The reaction occurs only to a slight extent. 

   The final composition consists mainly of reactants. 

    The reaction lies far to the left or is reactant favored. 
 
3. In some reactions, only some of the reactants are converted to products. 

  The reaction stops short of completion. 

   The final composition consists of both reactants and products. 

   These are the classic equilibrium problems we discuss below. 
 

Equilibrium Constants 
 
Equilibrium Constant (K):  A number that expresses whether an equilibrium is reactant-favored or product-favored. When K 

> 1, the rxn is product-favored, when K < 1, it is reactant-favored. 
 
Roughly speaking, the equilibrium constant reflects the concentration ratio of products to reactants. When it is greater than 1, there 
are more products, and when it is less than 1, there are more reactants.  
 
In actual fact, the equilibrium constant includes the coefficients in the balanced equation as exponents in the ratio. 
 
 

Example:  2 SO2(g) + O2(g)  2 SO3(g)       
[   ]

  

[   ]
 [  ]

 

 
 

Example:  3 O2(g)  2 O3(g)         
[  ]

 

[  ]
 

 

 
 
 

Le Chatelier’s Principle: Disturbing the Chemical Equilibrium 
 
Le Châtelier’s Principle:  If a stress (e.g. change in concentration, pressure, or temperature) is imposed on a system at 

equilibrium, the system will (if possible) shift to minimize the change.  
 
Changing the concentration or temperature of an equilibrium reaction (or changing the pressure of a gas-phase equilibrium 
reaction) will change the rates of the forward and reverse reactions, and so the equilibrium will shift.  
 

 Shifting RIGHT: Changes that favor the forward reaction MORE than the reverse reaction will cause the equilibrium to shift 
to the right (more products). 

o Forward reaction speeds up, so more products are formed 

 Shifting LEFT: Changes that favor the reverse reaction MORE than the forward reaction will cause the equilibrium to shift to 
left (more reactants). 

o Reverse reaction speeds up, so more reactants are formed 

 
Le Chatelier’s principle helps us predict the direction an equilibrium will move. We now discuss this principle for concentration and 
temperature changes. 
 

Le Chatelier – CONCENTRATION CHANGES 
 
When a species is added to a system at equilibrium, the system shifts to consume and reduce the concentration of the added 
species. 

 
When a species is removed from a system at equilibrium, the system shifts to replace the species removed. 



 During industrial production of a chemical, the desired product is often removed, so the system constantly shifts right to 
make more product.  

 
 
 Example: Given the following system at equilibrium, 2 NO(g) + 2 H2(g)   N2(g) + 2 H2O(g), 

predict how the system will shift given the following stresses and explain why. 
 
 
a. When H2 is added to the system, the system shifts _____         left       right 
 Why? 
 
 
b. When N2 is added to the system, the system shifts _____         left       right 
 Why? 
 
 
c. When NO is removed from the system, the system shifts _____   left       right 
 Why? 
 
 
d. When steam is removed from the system, the system shifts _____      left     right 
 Why? 
 

Example 
 
 Consider the following reaction at equilibrium: 
 

     Co
2+

(aq)  +  4 Cl
-
(aq)     CoCl4

2-
(aq) 

                                                                pink             colorless               blue 
 

   Consider the demo or YouTube video of the reaction to explain the following 
    
   http://www.youtube.com/watch?v=GS9kIj9n-BU 

a. What is the initial color of the solution before anything is added to it? 
 

 
b. What happens to the color of the solution when concentrated HCl(aq) is added? 
 
 
c. Use Le Châtelier’s Principle to explain the color change observed in part b. 
 
 
d. The solution turns blue when the system is heated.  

Thus, when heated the system shifts _________.            left              right 
 
 
e. Given your answer in part d,  

the reaction must be _________.              exothermic              endothermic 
 
Predict the direction the reaction will shift given the following stresses and explain why. 

 
f. When the temperature changes 

from 298K to 375K, the system shifts ____.        left   right 
    

    Why? 
 

g. When the temperature changes 
from 25°C to 5°C, the system shifts ____.         left   right 

    

    Why? 

http://www.youtube.com/watch?v=GS9kIj9n-BU
http://www.youtube.com/watch?v=GS9kIj9n-BU


Le Chatelier – TEMPERATURE CHANGES 
 
Consider heat as a reactant or product in endothermic and exothermic reactions. 
 
–  When temperature increases 

   the system shifts to consume the heat added  

    causing the endothermic reaction to occurs 

     Increasing temperature causes an endothermic reaction to occur. 
 
–  When temperature decreases 

   the system shifts to replace the heat added  

    causing the exothermic reaction to occurs 

     Decreasing temperature causes an exothermic reaction to occur. 
 
Ex. 1: Consider the synthesis of ammonia at equilibrium: 
 

    N2(g)  +  3 H2(g)     2 NH3(g) + heat 
 

Predict the direction the reaction will shift given the following stresses and explain why. 
 

a. When the temperature changes 
from 298K to 375K, the system shifts ____.       left   right 

    

    Why? 
 
 
 

b. When the temperature changes 
from 25°C to 5°C, the system shifts ____.        left   right 

    

    Why? 
 
 
Ex. 2: Consider the equilibrium reaction:   N2F4(g)  + heat    2 NF2(g)      
 

Predict the direction the reaction will shift given the following stresses: 
 

a. When the temperature changes 
from 298K to 375K, the system shifts ____.       left   right 

    

    Why? 
 
   
 
  

b. When the temperature changes 
from 25°C to 5°C, the system shifts ____.        left   right 

    

    Why? 
 
 
Ex. 3: Consider the following reaction at equilibrium: 
 

     Co
2+

(aq)  +  4 Cl
-
(aq)     CoCl4

2-
(aq) 

                                                                pink             colorless               blue 
 

   Consider the demo or YouTube video of the reaction to explain the following 
    
   http://www.youtube.com/watch?v=GS9kIj9n-BU 

 
b. What is the initial color of the solution before anything is added to it? 

http://www.youtube.com/watch?v=GS9kIj9n-BU
http://www.youtube.com/watch?v=GS9kIj9n-BU


 
b. What happens to the color of the solution when concentrated HCl(aq) is added? 
 
 
c. Use Le Châtelier’s Principle to explain the color change observed in part b. 
 
 
f. The solution turns blue when the system is heated.  

Thus, when heated the system shifts _________.            left              right 
 
g. Given your answer in part d,  

the reaction must be _________.              exothermic              endothermic 
 
Predict the direction the reaction will shift given the following stresses and explain why. 

 
f. When the temperature changes 

from 298K to 375K, the system shifts ____.        left   right 
    

    Why? 
 

g. When the temperature changes 
from 25°C to 5°C, the system shifts ____.         left   right 

    

    Why? 
 

 
 


