Notes on teaching Chemistry 126 using Introduction to Molecular Thermodynamics
Bob Hanson

Day 2 (Mon 2/11/2002):
Chapter 1, Sections 1.9-1.16

Distributions and Equilibrium

On hand: brown/silver H/D cards; PC with WINEQ.EXE ready to go. What this program allows us to do is do much larger systems, much like they will do in lab next week.

Summary: Four major points are presented: (a) There is something called a distribution, (b) there is typically one most probable distribution, (c) when the system gets large, this most probable distribution describes what we will see at equilibrium, and (d) the concept of an equilibrium constant falls directly out of thinking about chemical reactions in terms of probability. You don’t need anything else.

1. Distributions. Consider the “equilibrium” that arises when 24 “H” (brown cards) and 24 “D” (silver cards) are mixed. As I shuffle, there is a constant rearranging going on, and at any time I can take a look and see how the cards are arranged. In particular, I want to take two cards off the top at a time and see what I get. [DEMO: separate them into stacks of H2, D2, and HD. I do this three times and tally on the board my results.] The question is this:  What is the probability of getting the distributions that I got? Tricky problem, eh? Actually, it’s too hard.

2. The most probable distribution. Maybe it would be easier just to answer the question, “What’s the most probable distribution?” This turns out to be a pretty manageable question. Still tricky, but manageable. [DEMO here to introduce the WINEQ program and show all the distributions for 24H/24D and their probabilities. (Don’t worry about Q yet.)] It turns out this is an easier question for big systems, which is what we are most interested in anyway. 

3. Determining the most probable distribution. The method for doing this is given in Section 1.10. I go through, step-by-step, for 1 mol of H2 and 2 mole of D2. We think of it as fish in a pond and we want to know what kinds are there, so we sample the pond. What’s the probability of an atom being H? (1/3) Of being D? (2/3). A molecule being H2? (1/3 x 1/3 = 1/9) What’s the probability of a molecule being D2? (2/3 x 2/3 = 4/9) Of HD?  Two ways to do this: Either (a) “not H2 or D2” (1-5/9 = 4/9) or (b) “HD or DH” (1/3 x 2/3 + 2/3 x 1/3 = 4/9).  So the most probable distribution is (remembering that we have 3 moles of molecules total) 0.33 mol H2, 1.33 mol D2, and 1.33 mol HD.

4. The effect of large numbers is to make probability more reliable (Section 1.11). [DEMO: using WINEQ, try 240H and 240D. Notice the narrowing. If you try more, better start with a 1:1:2 mix of H2, D2, and HD, perhaps 1000:1000:2000 or 600:600:1200] Notice that the range of distributions around the most probable is narrowing dramatically. At a mole of H and a mole of D, for example, it would be a sharp line. This is a key point, that for large numbers of atoms, the most probable distribution describes the only observable outcome.

5. Equilibrium (Sections 1.12–1.16). Another way of looking at this is as an equilibrium between “H2 + D2” and “2 HD” [DEMO: take two brown cards in one hand, two silver in the other, and “react” them. Do this back and forth a few times. Look out! Sometimes the “back” reaction won’t result in a change!]  We can write:

H2 + D2 <====> 2 HD

This is fundamentally what is going on when we shuffle the cards. Over time, although there are fluctuations, the system will be found in a certain “most probable distribution” most of the time. Amazingly, it does not matter how many cards/atoms we start with of each type (H or D), as long as we have plenty of them, the following calculation will always come out the same (roughly—with some fluctuation):



nHD2 / (nH2 nD2)  

It will be 4, or thereabouts, every time! We call it the equilibrium constant. Section 1.13 – 1.15 discuss the implications of this, and Section 1.15 proves that the number is a constant regardless of the number of H and D initially—provided we are working with large numbers of atoms. 

Well, this is a lot for one day! But hopefully the main points are there: Probability is fundamental to chemical reactions. What we call equilibrium and the “equilibrium constant” are both direct consequences of the fact that we are dealing with huge numbers of particles that are acting randomly. In simple isotope-exchange reactions, we can actually predict the equilibrium constants and (if we know how many atoms of each type there are) the equilibrium “distribution” of atoms into molecules. What we’re missing is energy and how its distribution among molecules and atoms influences the final equilibrium position in real chemical reactions. So energy is next.

