Teacher's Edition


Introduction

The rate at which a chemical reaction occurs is often very important to us. A common task of chemists is to find ways to change the rates of chemical reactions - we want our cars and buildings to rust more slowly and our food to spoil more slowly as well. However, we need the reactions that produce economically important substances, such as ammonia and medical pharmaceuticals to occur quickly. 
Think about the time it takes for an explosion to occur versus rust forming.  Based on what you know about diamond, would you say that it does not decompose spontaneously, or does it do so, just at an extremely slow rate?  Why do you store food at cool temperatures?

This module investigates the key factors that determine whether a reaction will be fast or slow, and how the reaction rate may be changed. This is chemical kinetics. In order to understand how these factors affect reaction rates, you will also learn about the collision theory, the theory that helps explain what happens at a molecular level during a chemical reaction.
Exploration
List of Materials Needed:

Note: Each material is listed in the amount needed per two-person student group.

Exploration A-Effect of Particle size:

· Solid zinc, approximately 0.5 cm ( 2 cm

· Balance

· 2 test tubes

· 1M HCl (approximately 10 ml per group)

Exploration B-Effect of Temperature:

· 3 Alka Seltzer tablets

· 3 250 ml beakers

· Water at three temperatures- with ice, room temperature, warm (around 70ºC)

Exploration C-Effect of Concentration

· 1M HCl, 5 ml per group

· 3M HCl, 5 ml per group

· 6M HCl, 5 ml per group

· 3 pieces of zinc metal, each approximately 1 cm ( 1 cm

· 3 test tubes

Procedures:
Part A. Effect of particle size

1. Obtain a piece of solid zinc metal, approximately 0.5 cm ( 2 cm.  Find the mass of this sample, and place it in a test tube.

2. Using the balance, obtain a sample of powdered zinc that is close to the mass of your piece of solid zinc.  Place this sample in the second test tube.  Caution: powdered zinc is flammable.

3. Place both test tubes in a test tube rack.  Add 5 ml of 1M HCl to both test tubes.  Be sure to wear your safety goggles.

4. Observe both test tubes and record your observations in the data table.

Table 1.  Effect of Particle Size

	Substance Tested
	Observations

	powdered zinc
	

	solid zinc
	


Part B. Effect of Temperature

1. Half fill three 250 ml beakers with water.  In one beaker add several ice cubes.  A second beaker will contain water at room temperature.  In the third beaker, add water that has been heated to about 70ºC.

2. Record the water temperature in the three beakers, and then add an Alka Seltzer tablet to each.

3. Record the time it takes for the Alka Seltzer tablet to dissolve completely.
Table 2.  Effect of Temperature

	Water Condition
	Water Temperature (ºC)
	Time to Completion

	cold
	
	

	room temperature
	
	

	warm
	
	


Part C. Effect of Concentration

1. Pour 5 ml of each of the three HCl solutions into separate test tubes.  Place the test tubes in a test tube rack.

2. Add one piece of zinc to each test tube.

3. Record the time you added the zinc to the tubes, and the time each reaction stops.  Also record your observations for each tube.

Table 3.  Effect of Concentration
	Acid Concentration
	Start Time
	Time at Completion
	Observations

	1 M HCl
	
	
	

	3 M HCl
	
	
	

	6 M HCl
	
	
	


Concept Development

Part A

· What were the similarities in the two experiments in part A?  mass, concentration of solution, and amount of solution
· What was the only difference between the two experiments in part A? the size of the particles
· Based on your observation, what can you say about the effect of particle size on the rate of the reaction?  decreasing the particle size increases the rate of reaction
· What is the volume and surface area of a cube that has a side length of 64 units?

· What is the volume and surface area of 64 cubes that have a side length of one unit?

· If these two cubes have the same density, then they have the same mass, just as we did in the two experiments.  What is significant about reducing the particle size that has an effect on the rate of reaction?  the surface area is increased while maintaining the same mass or volume
Part B

· Which of the three water conditions had the shortest time for completion?  the water at the highest temperature

· Were all three of the beakers reacting at the same rate, that is was the amount of bubbles formed at any instant the same in all three? Explain.  No, the beaker with the hot water reacted the fastest
· In terms of energy and velocity, what happens to molecule as they begin to heat up? They move faster and gain kinetic energy
· What is your conclusion about the effect of temperature on the rate of a reaction?  an increase in the temperature increases the rate of reaction
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Figure 1.  When the temperature is increased, all of the particles in the sample of matter now have more kinetic energy, and hence are moving faster.  There are still some that are slower than the rest, others that are fast, but most still in the middle.  However, the average kinetic energy of the entire sample increases.

In 1888 the Swedish chemist Svante Arrhenius suggested that molecules must possess a certain minimum amount of energy in order to react.  The minimum energy required to initiate a chemical reaction is called the activation energy, Ea.  He found that most reaction-rate data obeyed an equation based on three factors: (a) the fraction of molecules possessing an energy of Ea or greater, (b) the number of collisions occurring per second, and (c) the fraction of collisions that have the appropriate orientation.  These three factors are incorporated into the Arrhenius equation:
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where k is the rate constant, Ea is the activation energy, R is the gas constant (8.314 J/mol-K), and T is the absolute temperature.  The frequency factor, A, is a constant, or nearly so, as the temperature is varied.  It is related to the frequency of collisions and the probability that the collisions are favorably oriented for reaction.
Part C

· What is the only difference in the three experiments in part C?  molarity
· Which molarity corresponded to the shortest time for completion?

· What did you observe about the rate of the reaction in each of the three experiments?

· What does the difference in concentration in the three experiments mean with respect to the number of molecules?  The higher the concentration, the more molecules present
· What effect does the concentration have on the rate of the reaction?  the higher the concentration, the faster the reaction
The conclusions found in Parts A, B, and C are the basis for the collision model.  Page 594 of your book defines collision model.

Exercise

Between you and your partner, crumple up two pieces of paper. Sitting facing one another, with knees almost touching, toss your pieces of paper together, trying to get them to hit while still in the air. Do this 10 times - how many successful "collisions" did you record?

Now, grab another friend with his or her own wad of paper. This time, a successful collision will only occur when all three pieces of paper hit together simultaneously - just two out of three will not do. Out of 10 tosses, how many are successful?

Add one more friend and repeat the exercise. Any successful collisions, where all four pieces of paper collide at the same instant? Likely not.

Chemical reactions follow the same principles. When we write a chemical equation such as:

2 C2H2 + 5 O2 → 4 CO2 + 2 H2O

we see that two molecules of acetylene (C2H2) react with 5 molecules of oxygen. According to the collision theory, molecules must collide in order to react. However, it is highly unlikely that 7 molecules would collide together all at once.

Instead, the reaction most likely occurs in a series of simple steps, which only required two or three molecules colliding at any one instant. Although these steps cannot always actually be observed, chemists can often make predictions about the sequence of events.
For example, nitrogen monoxide reacts with oxygen according to the equation

2 NO(g) + O2 → 2 NO2
This reaction does not occur in a single step, however, but rather through these two steps:




Step 1:

2 NO → N2O2



Step 2:

N2O2 + O2 → 2 NO2
Notice that if you add these two reactions together, you end up with the overall reaction:

Step 1:

2 NO → N2O2

Step 2:

N2O2 + O2 → 2 NO2

Overall:
2 NO(g) + O2 → 2 NO2
Notice that in our example dinitrogen dioxide (N2O2) cancels out and does not appear in our overall equation. Substances such as this are called reaction intermediates and are typically short-lived.  The series of steps a reaction undergoes is called the reaction mechanism.

Given an overall reaction, it will not be possible for you to predict what the reaction mechanism would be. However, if you are given the steps of a reaction mechanism you will need to be able to add together individual steps to end up with the overall reaction.

Consider the following reaction mechanism with some information about the relative rates of each of the individual steps:




Step 1:

HBr + O2 → HOOBr

Slow




Step 2:

HOOBr + HBr → 2 HOBr
Fast




Step 3:

HOBr + HBr → H2O + Br2
Fast



Step 4:

HOBr + HBr → H2O + Br2
Fast



Overall:
4 HBr + O2 → 2 H2O + 2 Br2

Based on the rates of each individual step, would you expect the overall reaction to be fast or slow?

Let us make up some extreme numbers and ask the question again:

Step 1:

HBr + O2 → HOOBr

1 year




Step 2:

HOOBr + HBr → 2 HOBr
0.1 sec




Step 3:

HOBr + HBr → H2O + Br2
0.1 min



Step 4:

HOBr + HBr → H2O + Br2
0.1 min



Overall:
4 HBr + O2 → 2 H2O + 2 Br2


Now would you expect the overall reaction to be fast or slow?

The overall rate of any reaction depends on the rate of the slowest step. This slowest step is called the rate-determining step. If you want to speed up a reaction, this is where you should focus your attention.

Concept Application

An important function for managers is to determine the rate-determining steps in their business processes. In a certain fast-food restaurant, it takes 3 minutes to cook the food, 1.5 minutes to wrap the food, and 5 minutes to take the order and make change. How would a good manager assign the work to four employees?

Answer the following questions based on the potential energy diagram shown here:
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a. Does the graph represent an endothermic or exothermic reaction?  the graph represents an endothermic reaction

b. Label the position of the reactants, products, and activated complex.  The reactants, products, and activated complex are shown
c. Determine the heat of reaction, ΔH, (enthalpy change) for this reaction.  (H=+50KJ  Since this is an endothermic reaction, (H will have a positive value. (H is the difference in energy between the energy levels of the initial reactants (50 KJ) and the final products (100 KJ), and does not depend on the actual pathway (remember Hess’s Law?)
d. Determine the activation energy, Ea for this reaction. Ea = +200 KJ  Activation energy is the amount of energy required to go from the energy level of the reactants (50 KJ) to the highest energy point on the graph, the activated complex (250 KJ)
e. How much energy is released or absorbed during the reaction?  50 KJ of energy are absorbed during this endothermic reaction
f. How much energy is required for this reaction to occur?  200 KJ of energy are required for this reaction to occur (Ea)
You have received a contract from Buser Inc. to determine the temperature of a reaction.  In order to avoid side reactions, it has been determine that the maximum temperature cannot exceed 314.5 K, and in order for the reaction to be economically viable, the rate constant must be at least 19 cm/s. Given the published data below, will the reaction be feasible given the limitation on the temperature?  You will need to prepare a 5 min PowerPoint presentation to convince the president of the company that your recommendation is valid.  Solve graphically and include a plot in Excel in your presentation.  

	Rate Constant (cm/s)
	Temperature (K)

	k1= 6.5
	T1= 300

	k2= 13
	T2=310

	k3= 18
	T3= 313

	k4= ?
	T4= 314.5


To solve the problem graphically and get an approximate answer, we may plot ln(k) vs. 1/T. This plot should form a straight line and will predict the ln(k) for T=314.5 K.

[image: image4.wmf]QuickTime™ and a

TIFF (Uncompressed) decompressor

are needed to see this picture.


As we can see here, ln(k) for T=314.5 is equal to ~2.95. This corresponds to a k4 value of 19.1 cm/s.

Now we will solve the problem numerically to get an exact answer. By dividing k1 by k2 we can eliminate A and solve for E:

k4=19.7cm/s, so yes it will work.
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