Chem 22 Energy of Reactions homework set.
This problem set addresses the topic of the nature of the energy that is released in a chemical reaction.  We spoke in class about the energy associated with the movement of charged particles.  Specifically, we said that the attractive forces felt between protons and electrons when they are next to each other in an atom, are analogous to the forces felt by a mass in a gravitational field.  The oppositely charged particles pull on each other in a way that is similar to the way the earth pulls on a mass in its gravitational field.  Just as energy is required to lift a mass against gravitational forces, energy is required to separate two oppositely charged particles that are exerting electric field forces on each other.  We know that the potential energy stored in a gravitational field gets released as kinetic energy if the mass is allowed to fall towards the earth.  In a similar way, the potential energy stored in an electric field is released if the attracted particles are allowed to approach each other.  This energy is generally released as electromagnetic radiation which you can think of as light.  This form of energy can be converted to other kinds of energy when it is absorbed by the matter around it. 
In a good majority of spontaneous chemical reactions the driving force behind the reaction is the presence of some atom that has a strong pull on electrons.  This electron-hungry atom approaches some other atom that is holding its electrons weakly and the stronger atom pulls loose electrons away from the weaker atom.  The process of moving an electron away from an atom with weaker pull and toward an atom with stronger pull tends to release energy because the result of the reaction is a net movement of negative charge toward positive charge.   Visualization of this may be a little difficult, so let’s walk through the process…  Imagine that you have two atoms, one with a single positive charge in its nucleus and one with two positive charges in its nucleus.   These atoms could be a Hydrogen nucleus, H+, and a Helium nucleus, He2+ for example.  Imagine that the H+ nucleus is holding on to an electron when it comes in to contact with an He2+ nucleus.  You might visualize this as depicted in the image below:
[image: ]
In this image the electron is shown attached to the hydrogen nucleus.  It is separated from the Helium nucleus by a distance ∞. We use ∞ as our distance because it makes the energy calculation easier, in a real electron transfer the two nuclei would have to be close enough for forces from He2+ to overpower  forces from H+.  In general, the stronger pull on the electron from the Helium nucleus will cause the electron to move away from the Hydrogen nucleus and toward the Helium nucleus.  Let’s look at the energies associated with these processes.  Although the process happens in one single step, we will break it into two steps for the ease of calculation.  In the first step we will calculate how much energy is needed to move the electron an infinite distance ∞ away from the H+ nucleus.  In the second step we will see how much energy is released when the electron is pulled across the same distance by the He2+ nucleus.  For the ease of calculation we will assume that the electron orbits both nuclei at the same average radius R.  

The Inverse Square Force Law
First we will have to remind ourselves of the inverse square force law.  This is the law that tells you the magnitude of the force that two charged particles will exert on each other when they are separated from each other in space by a distance r.  The equation essentially says that the amount of electric force (pull or push) that a charged particle exerts on other charged particles gets smaller as those other particles get further away from the charge in question.   The law is very specific about the amount by which the force exerted by a charge decreases with distance, and there is a fairly intuitive explanation of the equation.  The equation is a mathematical way of saying that the fields generated by a charged particle spread out (decay) evenly, away from the center of the charge, in a spherically symmetric manner through three-dimensional space.  Consider the following image.

[image: ]It says that if you are right on top of the charge that you feel all of its strength. But  if you are separated from the charge by a distance r, you only feel as much of the charge as you would feel if the charges total strength had been spread evenly over the surface of a sphere that is centered at the charge and reaches out to the point of observation.  In other words, if you the observer are standing on top of the sphere and looking in at the charge in the center, the force you feel from the charge is the amount of force that you would feel if all the charge at the center of the sphere had been spread evenly over the surface of the sphere. The only charge you actually feel is that little piece of charge spread out on the sphere in front of you.  It is as though an observer, located a distance r away from the charge, must share the fields generated by that charge equally with other observers who are located at all points in space that are also a total distance r away from the charge.  A sphere of radius r has a total area of and so to find out what fraction of the charge is felt at each equidistant position in space, one would divide the magnitude of the total strength of the charge by .  
The general features of the electric force equation now are as follows…
A. The magnitude of the forces between two charged particles is directly proportional to the magnitudes of the charges that are interacting.  If the magnitude of the charge doubles, the magnitude of the forces associated with that charge also double etc. The way such a directly proportional relationship is expressed mathematically is 
1.                                                             F = cq1q2

In this proportionality q1 and q2 are the magnitudes of the charges that are attracting or repelling each other.  If the charges are of opposite sign the forces are attractive, if the charges are of the same sign the forces are repulsive.   c is a constant which is a function of other factors.

B. The magnitude of the force exerted by a charge on an object separated from it by a distance r , is a fraction of the force exerted by that charge on an object right in front of it.  The exact fraction is determined by dividing the magnitude of the forces felt right in front of the charge by the surface area of a sphere (4πr2) that is centered on the charge and includes the observation point in question.  This comes from our previous discussion of the distance dependence of field strength. Adding to our first equation  and again using c as a constant to account for  yet to be discussed factors, we have

2.                                                                                  

C. The fields emitted by a charged particle are, to some extent, diminished by the media (space) that they travel through.  This is to say that the space the fields travel through sucks some amount of energy out of them. To account for this mathematically, we divide our previous force expression by a factor called the permittivity or є.  We now arrive at the operational form of our equation

3.                                                          

The equation explained above tells us how to calculate the energy changes in our transfer of the electron from H+ to He2+.  The equation tells us the magnitude of the force that each positively-charged nucleus in question exerts on the electron being transferred.  Knowing the magnitude of force exerted between the electron and the positive nuclei allows us to calculate the energy involved in movement of the electron from one nucleus to another.

We divide our electron transfer into two conceptual steps.  In the first step we will calculate how much energy is required to completely remove an electron from its starting point on the H+ nucleus to some point far away.  We will choose to move the electron an infinite distance away from H+.  In this step the H+ nucleus tends to pull the negative electron towards itself and so we must use energy to pull the electron away from H+.  In physics, Work (which is a form of energy) is force x distance. It is the amount of energy that is spent when a force (in our case the force provided by the electric field) is used to move an object (in this case the electron) through a distance.  We derived the equation for the electric force above in equation 3.  To calculate how much energy is needed to move the electron, we add up each incremental amount of energy that is spent as the force moves the electron through each incremental distance in space dr.  The magnitude of the force on the electron is not constant during the movement, it is largest at distances close to the electron and it is smallest at distances far away.  The amount of energy released or consumed as the electron moves through any incremental distance in space is equal to the force the electron feels at this particular value of r,   , multiplied by the differential distance it travels while feeling the force, dr .  So, when calculating the total amount of energy released or consumed in the process, we multiply the instantaneous value of the force at each value of r by the incremental distance that the electron travels at this time dr. We then add up each little piece of energy associated with the electrons passage through each point along its path.  This amounts to taking the integral of the force on the electron times the differential distance it travels.  The equation below integrates the force on an electron as it moves from an initial point at a radius R next to the H+ atom, out to infinity.  We will define q1 to be our electron with a charge of -1 and we will define q2 to be the H+ atom with a charge of +1.

4.  Econsumed =  = 

Remember that this represents the magnitude of the energy spent to move the negatively charged electron from a distance R next to, and to a distance  away from the positively charged nucleus. You can think of the negative sign on the energy as indicating that energy was spent in this process.

We now consider separately the movement of the electron toward the He2+ nucleus.  In this case the two oppositely charged particles move toward each other (in the direction that they would naturally go) and so in this process potential energy in the electric field is released as electromagnetic energy.  Again, we integrate the force on the electron over the entire distance it travels. This time the charge on the positive atom is twice as large as it was in the first process and so we multiply q2 by 2.  The electron starts an an infinite distance away from the He2+ atom and moves to a final distance R next to it.  
5.      Ereleased =  =  

This figure represents the magnitude of the energy released when the negatively charged electron approaches the positively charged He2+ atom from a distance  away. You can think of the positive sign on the energy as indicating that energy was released in this process.  

If you examine the two equations you will notice that the amount of electromagnetic energy released when the electron moves toward the He2+ atom is twice as large as the amount of energy spent to move the electron away from the H+ atom.  This model suggests that the movement of an electron away from an atom of weaker pull and toward an atom of stronger pull is an energy releasing process.  This general principle applies to all chemical reactions that result in the net movement of electrons away from weaker atoms or molecules and toward stronger atoms or molecules:  these reactions all result in a release of electrical potential energy.  This energy will generally be released as electromagnetic radiation unless it is somehow transferred to some other body first.  Chemical reactions that release energy tend to happen spontaneously.  The reverse processes, which involve moving electrons away from more electron hungry atoms and toward less electron hungry atoms, require the input of energy of some form.  These energy-requiring reactions tend not to be spontaneous processes.

As discussed in lab, combustion of hydrocarbon is a spontaneous process where electrons move away from carbon and hydrogen atoms and toward oxygen atoms.  By the above reasoning, combustion will tend to be an energy-releasing process and it is.  

CH4 + 2O2  CO2 + 2H2O + Energy

Combustion processes are probably the most frequently utilized energy-yielding chemical reactions in our world.  When we run them we consume hydrocarbon that was made by plants using the energy-requiring reverse reaction.

Energy from the sun + CO2 + 2H2O  CH4 + 2O2 

Most of our utilizable hydrocarbon energy comes from fossil fuels.  These are hydrocarbon molecules that were made millions of years ago by plants and ended up as the tissue molecules in the flesh of an animal.  When an animal died, its tissue decomposed. The hydrocarbon molecules were freed, seeped into the ground and gathered into the pools of oil we now pump from the ground.  These sources of fuel, which required millions of years to form, will run out.  Plants do not produce an easily utilizable form of hydrocarbon.  Remember, the plant-based hydrocarbon we are using now took millions of years to form and we are consuming it at a faster rate than it is re-forming.  This creates the question our species is now forced to ask itself… “Where will the energy come from?”  My answer: “Ride a bike.”

You should be able to answer following questions using just the information contained in this handout.

1. Movement of oppositely charged particles away from each other requires the input of ____________________.
2. Movement of oppositely charged particles toward each other results in the release of ____________________.
3. Energy that is released or consumed when two charged particles move with respect to one another is the energy associated with the particles positions in each others _______________ fields.
a. Gravitational
b. Electric
c. Carbon
4. When two oppositely charged particles move toward each other potential energy is converted to ___________________.
5. If one charged particle has twice as much charge as another particle, the magnitude of the force exerted by the particle with greater charge will be _______________ times as strong.
a. 4
b. 16
c. 2
d. 8
6. If you are sitting in front of a charged particle at a distance of 1 meter and you then move to a place that is 2 meters away from the particle, the magnitude of the force you feel at the 2 meter distance is _______________ times as large as the force you felt at the 1 meter distance.
a. 2
b. ½
c. 4
d. ¼
7. As you move away from a charged particle, the force that the particle exerts on you _______________.
a. Increases
b. Decreases
c. Stays the same
For the following questions, circle the answer that is correct.
8. Spontaneous chemical reactions tend to release/consume energy.  
9. Non-spontaneous chemical reactions tend to release/consume energy.  
10. If you wanted to use a chemical reaction to obtain energy you would choose a spontaneous/non-spontaneous chemical reaction.
11. The combustion of hydrocarbon is a spontaneous/non-spontaneous reaction.
12. The formation of hydrocarbon from Oxygen and Carbon Dioxide is a spontaneous/non-spontaneous reaction and requires electromagnetic/gravitational/no energy from the sun to proceed.
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