Experiment 1: Probability and Equilibrium

Objectives:. To gain a dea ideaof how equilibrium and probability are related; to review
Le Chatelier's Principle; to seehow the work of scientists often requires snall efforts
by alarge number of individuals.

Reference:  IMT, Chapter 1.

Logistics: Work in teams of two o threg (8 or 10teans per lab sedion) taking turnsto shuffle,
record, and chedk data. Youwill aso beresporsible for recording the data from your
sedionasawhadle.

Prelab Preparation: Seethe general requirements listed in theintroductory pages. Read ower the
experiment carefull y -- more than orce-- before mming to lab. Answer the
foll owing questions:

1. Determine the expeded equili brium constants for equations (1) and (2).

2. Predict what will happen in eat part: A, B, and C.

3. Be sure you undrstand the model we ae using. Why do we nat include the
nitrogen and axygen atoms in the cdculation?

Modeling Equilibrium

One of the most succesqul areas of chemistry, and ore that is growing rapidly, is the field of
modeling. In modeling, computers (usually) are used to simulate ad¢ual chemicd readions. For
example, biochemists gudying how hemoglobin interadswith O, in the blood can construct athree
dimensional model of hemoglobin at a small computer workstation and study how the aoms fit
together to transport oxygen. Sometimes smulationis the only way to test out a theory or study a
compli cated system. For example, it waslargely asaresult of smulations carried ou by atmospheric
chemiststhat the plight of ozone (O,) in ou atmosphere has beame amatter of puldic pdicy. Inthis
experiment you will ad asthe cmputer to simulate a ¢ciemicd equili brium.

Last term you leaned that all equili bria have an associated equili brium constant, and that this
constant was ome number. For example, for the dissociation d water into H* and OH™ at 25 °C,
Ke=1.0x 10 This smester youwill gain insight into why equili brium constants are the numbers
that they are. Why so large? Why so small? There ae very good reasons that have to dowith
probability and energy. In this experiment you will study the probabili stic aspeds of equili brium,
focusing on two spedfic isotope exchange readions:

(1) H,O0+D,0 —— 2HDO water isotope exchange

2 NH; + ND; —— NH,D + NHD, ammoniaisotope exchange

Here “H” is'H and “D” is 2H, deuterium. Based onthese readions, The readion qudients based
onthese equations can be written:
[HDOJ? _ [NH.D]J[NHD,]

@ - [H,0][D,0] 2~ TINH,[ND,]

Remember, Q can be measured at any time during a readion. Q = O when at least one of the
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substances on the right side is missing; Q = « when a substance on the left is misgng. No matter
what Q iswhen you start areadion, it will continue to change for awhile and then stop changing.
Thefinal value for Q when everything stops changing is what we cadl the equilibrium

constant, K. Thisrelationship between Q and K is often summed upas foll ows:

Q =K at equili brium
Q < K means too much rea¢ant
Q > K means too much product

The main pant of Chapter 1 of Introduction to Molecular Thermodynamicsis that Q redly
shoud fluctuate, because equili brium is based on pobability, and what we cdl the eguili brium state
Is simply the “most probable” state. Equili brium is like the cnstant shuffling of a dedk of cards.
Furthermore, the anourt of fluctuationisafunction d how many particleswe ae deding with. Now
Is your chanceto investigate this yourself. What you will be doing will be atrue experiment. You
will use playing cardsto model the water and ammoniaisotope exchange readions as described more
fully below.

LeChatelier'sPrinciple

In addition, remember Le Chatelier's Principle? If areadant is added to an equili brium mixture, Q
will suddenly be lessthan K, and the readion will shift to the right to re-establish Q = K. We will
test Le Chatelier's Principle using playing cards to seeif it, too, arises from probabilit y.

The Model

We have two kinds of playing cards, some have brown bads, some have silver. Here is the
metapha:

H atoms silver

D atoms brown

water moleaules “hands’ of two cards with an implied O atom holding them
ammoniamoleaules “hands’ of three cads with an implied N atom holding them

The equili brium readions, then, are afoll ows:

(1) HO + DO —— 2HDO K=7?
twosilver  two brown orsilver cad
cads cads o brown card

2) NH, + ND, —— NHD + NHD, K=2

threesilver threebrown twosilver cads oneslver cad
cads cads orebrowncad two brown cards
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Data Collection
A. Isotope Exchange in Water
Rea this entire sedion before you kegin, a youwill doulde your workload.

For thefirst readion, make upadedk of 24 silver and 24 brown cards. The sil ver cards represent H
atoms; the brown cards represent D atoms. After shuffling well (seven times minimum, please), ded
out two-card hands facedown so you can seethe @lors. Ded into ples, depending uponwhat turns
up: pairs of silver cards in the first pile, pairs of brown cads in the seand ple, and mixed
brown/silver pairsin athird pile. If you dothis nedly, it will be eay to court the hands. When all
of the cads are dedt, record the number of H,O, D,O, and HDO moleaulesin your notebook.Be
sure to chedk that the overall number of H atoms recorded is 24. For example:

HO + DO —— 2HDO

two silver two brown onesilver cad,
cads cads one brown card
ckd 1 5 5 14 2x5+14=24H

Don't forget to adualy add upthe number of H atoms! If the numbersdont add up,just draw aline
through the data and reped that ded. Reped this processfor atotal of eight times, shuffling at least
seven times between deds. Leaseroom in your notebookfor afew more deds, just in case you made
an error that you céch later. In addition, leare room for aline which totals al of the dedsfor eat
kind d moleaule.

B. Isotope Exchange in Ammonia

For the seaondreadion, reped the shuffling and deding, this time deding out 16 hends of three
cads ead and separating them into four diff erent pil es:

threesilver threebrown two silver cads, oresilver cad,
cads cads onebrowncad two brown cards

Again, record your data. Here chedking your numbersis very important, asit is very easy to make
amistake. Be caeful to ched that the number of H atoms total (3 for eadr NH,, 2 for ead NH,D,
1 for ead NHD,) is 24.1f you find an error, just draw aline through the data and reped that ded.
Reped this processfor atotal of eight times. Again, leave room in your notebookfor corredion o
errors and also alinewhich totals al of the dedsfor eat kind d moleaule.
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C. LeChatelier’ s Principle

To investigate whether Q at equili brium does aways equal K, we need to “stadk” the decks. Link
up with ancther team to share data for this part. One team shoud colled data for water whil e the
other colleds datafor ammonia. Make certain you get al of the datafor both groups’ work in your
notebook. Depending uponwhich readionyoulook at, youwill repea either Part A (as C1) or Part
B (asC2):

(C1) water reaction (C2) ammonia reaction
dedk: 24 H atoms, 48D atoms 54 H atoms, 27D atoms
(24 silver, 48 lrown) (54 silver, 27 lrown)
initial state:  12H, + 24D, + 0HDO 18NH, + 9ND, + 0 NH,D + 0 NHD,

Set upyour dedk asindicaed. Note that in bah cases, sincewe start with no poduct, Q is0. Then
cary ou the readion rine times, repeding the procedure that you wsed in Part A or Part B, as
appropriate. This time, though, shuffle only once between deds and do nd lay out your types of
moleaulesin separate piles. Thistime have someonein your grouptally the number of ead type
of moleaule but leave dl of the cadsin orepile. Thisalowsyouto observethe dfed of “stadking”
theded. Leaveroom inyour notebookfor a“tota” line awell asfor copying the other tean’ sdata;
but thistime do not include your first two dealsin thetotals.

Data Analysis
There will be threestagesin the analysis of your data:

1. First, you redl to cdculate Q for ead ded that you made. There will be much variation,
including some (probably) which give Q =0 or Q = <.

2. Seoond,you real to cdculate Q for the total of all of your dedsin ead part, A, B, C1,and C2
(remember that in C1 and C2 you shoud nat include the first two deds in your totals). This
approximates the shuffling of amuch larger dedk. Use these values as your team estimates of K
for the water and ammoniaisotope exchange equili bria.

3. Next, you reed totota al of the dedsof al of the teansin your sedion and cdculate Q for eat
part. Thisfina colledion d datawill be dore by computer. Four spreadshedswill be set up, ore
for ead of the parts, A, B, C1, and C2. Y our tean should enter your “baottom line” information
from ead part onto the gpropriate spreadshed. The spreadshed will automaticdly chedk that
your Hs and Ds add up.If they don't, you must reched your work: Do the H’s in ead line of
your dataredly add ug? Isthere an addition error in cdculating the totals? Some repea deding
may be required to fix your data. Record in your natebookall of the spreadshed data for your
sedion.Useyour sedion's“battom line” for your final estimate of K for the water and ammonia
isotope exchange equili bria. Again, nore of the computer tallies sioud include the first two
dedsof C1 o C2.

Don' tleave the room until thisisdonre!
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Discussion

1. Summarize your tean’sfindingsin Parts A and B: What was your team’s best estimate for K for
the water isotope exchange readion? For the anmoniareadion? Did you seequite afluctuation
in Q? How doyour values for K compare with the values of K for ead readion based onyour
sedion' soveral bottom line?

2.Compare your own data with that from your sedion in terms of fluctuationin Q. Discussthis
fluctuation in terms of probability.

3.Based onthe data colleded in parts C1 and C2 by your team and the team you peired upwith,
did Q generally increase & the reation procealed (from one shuffle to the next), approaching
(perhaps) K? (Remember, evenif it did reat K, there would be some fluctuation, right?)

4.Why did we ask youto excludethefirst two dedsfrom the total li ne for parts C1 and C2? What
changesin your results would you exped if you hed included these two pieces of data?



