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Chemistry 12

Unit 2- Equilibrium

Notes

Lesson 1: Properties of Equilibrium
It's important to know that many chemical reactions are reversible. That is:
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For example, under certain conditions, one mole of the colourless gas N2O4 will decompose to form two moles of brown NO2 gas:

                                             N2O4   (   2 NO2
                                                       colourless            brown

Under other conditions, you can take 2 moles of brown NO2 gas and change it into one mole of N2O4 gas:

[image: image71.wmf] 
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                                             N2O4         2 NO2
                                                     colourless            brown 

In other words, this reaction, as written may go forward or in reverse, depending on the conditions.

If we were to put some N2O4 in a flask, the N2O4 molecules would collide with each other and some of them would break apart to form NO2.

[image: image2.wmf]
This process is indicated by the forward reaction:

                                             N2O4   (   2 NO2
Once this has happened for awhile, there is a build up of NO2 molecules in the same flask
Once in awhile, two NO2 molecules will collide with each other and join to form a molecule of N2O4 !
[image: image3.wmf]
This process, as you might have guessed is indicated by the reverse reaction:
[image: image72.wmf] 
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                                             N2O4        2 NO2

Two things you'll have to realize is that as long as there is N2O4 present, the forward reaction will keep on happening and as long as there is NO2 present, the reverse reaction will keep on happening!

Also, you must keep in mind that all these molecules are mixed in the same container!

At one particular time a molecule of N2O4 might be breaking up, and at the same time two molecules of NO2 might be joining to form another molecule of N2O4! So here's an important thing to understand:


In any reversible reaction, the forward reaction and the reverse reaction


are going on at the same time!
This is sometimes shown with a double arrow:



                                             N2O4   [image: image4.wmf]  2 NO2



                                        [image: image5.wmf]The double arrow means that 

both the forward and reverse 

reaction are happening at the 

same time.


Just a little comment here. The word "happening" has a similar meaning to the word "dynamic ". Just remember that!

***************************************************

Graphically:                                                       [image: image6.wmf]10
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Here are some things that you must understand about dynamic equilibrium:


1.
The reaction has not stopped!


2.    The forward and the reverse reaction continue to take place, but their rates are equal                     
                   so there are no changes in concentrations of reactants or products. (The forward and 


          reverse reactions are said to be " balanced ")  eg. for the reaction:



                                         N2O4   [image: image7.wmf]  2 NO2


       for each N2O4 molecule that breaks up to form two NO2 molecules,  two other NO2 

       molecules combine to form another N2O4 molecule. All this is happening on the


       microscopic level, so we don't see individual molecules reacting.


3.
As far as we can see from the "outside", there appears to be nothing happening. All 



observable properties are constant. These include the concentrations of all reactants 



and products, the total pressure, colour, temperature etc.


4.
If no changes were made in conditions and nothing is added or taken away, a 
                     system at equilibrium would remain that way forever, the forward and reverse 
                     reactions "ticking away", but balanced so that no observable changes happen.

Here are a couple of other things to consider before we summarize everything:


1.
Changing the temperature can alter the rates of the reactions at equilibrium. This could



"throw off" the balance. So, for a system at equilibrium, the temperature must  
          

remain constant and uniform throughout the system.


2.   Letting material into or out of the system will affect rates so a system at equilibrium 
                   is a closed system.


3.   Again, consider the equilibrium reaction:          N2O4   [image: image8.wmf]  2 NO2




   In the example that we did to construct the graphs, we had started with pure N2O4 
                 and no NO2. The forward reaction rate was high at the start, but the reverse reaction 
                 rate eventually "caught up", the rates became equal and equilibrium was established. 
                 Can you guess what would happen if we had started with pure NO2 instead 
                 (no N2O4 )? The reverse rate would start out high and the forward rate, zero. In time, 
                 the forward rate would " catch up ". When the rates became equal, again equilibrium    
                 would be established.




We can summarize all this by saying that the equilibrium can be approached from



the left (starting with reactants) or from the right (starting with products)

Lesson 2: LeChatelier’s Principle


LeChatelier's Principle:



If a closed system at equilibrium is subjected to a change, processes will occur



that tend to counteract that change.


-
"Processes" usually mean that the equilibrium will shift to the left or right.


-
"Counteract" means that if you do something to a system at equilibrium, the system



will shift in such a way as to try to "undo" what you did.


-
Remember, equilibrium only occurs in a closed system.
Notes:                 A(g)   +    B(g)    +   32.5  kJ   [image: image9.wmf]  C(g)
1.
Given the following equilibrium equation:



                   N2H4(g)  +  6H2O2(g)  [image: image10.wmf]  2NO2(g)   +   8H2O(g)  +  heat

Which way will the equilibrium shift when each of the following changes are made?


a)
The [NO2] is increased ..........................................................
___________________


b)
The [H2O2] is increased ........................................................
____________________


c)
The partial pressure of N2H4 is increased .............................
____________________


d)
The temperature is increased ..................................................
___________________


e)
The partial pressure of H2O2 is decreased ..............................
___________________


f)
The partial pressure of H2O is increased ................................
___________________


g)
The temperature is decreased .................................................
____________________


h)
The total volume of the container is decreased .......................
___________________


i)
The total pressure of the system is decreased ........................
___________________


j)
The [N2H4] is decreased .......................................................
___________________

2.
Given the equilibrium equation:      N2O(g)   +  NO2(g)   +  heat   [image: image11.wmf]  3NO(g)


What effect will each of the following changes have on the equilibrium partial pressure of 
NO?

       (The first question is done as an example.) 


   a)
     the [N2O] is increased .........The partial pressure of NO increases because the  
                                                                 equilibrium shifts to the right.


b)
the total pressure of the system is decreased .............. 
_________________________


c)
the temperature is decreased......................................
_________________________


d)
the partial pressure of NO2 is decreased...................
_________________________


e)
more NO2 is added ...................................................
_________________________


f)
a catalyst is added .....................................................
_________________________

Lesson 3: Graphs Involving Le Chatelier’s Principle
1.
Temperature Changes


When a system adjusts due to a temperature change, there are no sudden changes in concentration of any species, so there are no vertical lines on the graph.


Look at the following example:


Given the equilibrium:      N2O4 (g)   +   heat    ⇆   2 NO2 (g)  


Let’s say that the system is at equilibrium at a certain temperature. We’ll just pretend that the [N2O4] = 3.0M and the [NO2] = 1.0M at this temperature.


At Time = 2 minutes, the temperature is increased.
                                                 N2O4 (g)   +   heat    ⇆   2 NO2 (g)
[image: image73.wmf] 
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2.
Concentration Changes

When a concentration is changed (or a substance is added or taken away), there will be a vertical line on the graph because there is a sudden change in concentration.


However, as soon as the change is imposed, the equilibrium will shift so as to counteract the change and eventually establish a new equilibrium.


It is important to note that in a shift, the concentration of any species only PARTIALLY compensates for the imposed change.  THE CONCENTRATION NEVER RETURNS TO WHAT IS ORIGINALLY WAS.

[image: image74.wmf] 
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If the concentration of a species is suddenly INCREASED, it’s Concentration vs. Time graph will look like this:

[image: image75.wmf] 

0

 


If the concentration of a species is suddenly DECREASED, it’s Concentration vs. Time graph will look like this:


Again, the extent of increase or decrease in concentration of a substance during a shift is proportional to the coefficient of that substance in the balanced equation. Also, the ONLY substance with the “vertical line” is the one that the experimenter actually increased or decreased. Consider the situation on the next page…

Given the equilibrium:      N2O4 (g)   +   heat    ⇆   2 NO2 (g)  


Let’s say that the system is at equilibrium in a closed container. We’ll just pretend that the [N2O4] = 3.0M and the [NO2] = 1.0M. The temperature will be kept constant.

[image: image76.wmf] 
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At Time = 2 minutes, more NO2 is injected into the container. Thus the [NO2] is suddenly increased.


You Try:


N2O4 is removed:



3.
Changes in Total Pressure (caused by changing the volume of a closed container). Applies to Gaseous Systems.

Recall, when the volume of a closed container is DECREASED, the TOTAL PRESSURE increases. When this happens THE CONCENTRATION OF EVERY GAS IN THE CONTAINER INITIALLY INCREASES. (# of moles per unit volume).


However, at this point LCP kicks in and the equilibrium will shift whichever way it needs to partially counteract the imposed stress.


With PRESSURE (or VOLUME) changes ALL substances will have vertical lines on the graph at the time the imposed change takes place.


Given the equilibrium:  N2O4 (g)   +   heat    ⇆   2 NO2 (g)   


Let’s say that the system is at equilibrium in a closed container. We’ll just pretend that the [N2O4] = 3.0M and the [NO2] = 1.0M . The temperature will be kept constant.



4.
Catalysts

When you add a catalyst to a system at equilibrium, both the forward and the reverse reactions speed up, so there is no change in the concentrations of any of the species in the mixture. Adding a catalyst would have no effect on a graph of Concentration vs. Time!



Now go to your SW and read section “4” from the middle to the bottom of page 53.


Turn to page 55 and Do exercises 24-28. Make sure you check the answers on pages 259-260 and understand how they got all the answers. 

How about graphing reaction rates?
Lesson 4: The Equilibrium Constant (Keq)
What is Keq ?

The "K" in Keq stands for "Constant".  The "eq" means that the reaction is at equilibrium.


Very roughly, Keq tells you the ratio of Products/Reactants for a given reaction at equilibrium at a certain temperature.


                                            [image: image12.wmf]K
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It's not quite this simple when we deal with real substances. Let's take an example.


It has been found for the reaction:



                                         2HI(g ) [image: image13.wmf]   H2(g)   +   I2(g)

that if you take the [H2], the [I2] and the [HI] in an equilibrium mixture of these at 423 °C,


the expression:

                                                       [image: image14.wmf][H   ] 
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The value of this ratio stays at 0.0183 regardless of what we might try to do with the concentrations. 


The only thing that changes the value of Keq for a given reaction is the temperature!
What does the Keq tell us?

Writing Keq Expressions


In the example just above this, the equation was:

2HI(g)   [image: image15.wmf]  H2(g)  +  I2(g) 


and the Keq expression was:

                                                          [image: image16.wmf][H   ] 
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Notice a couple of things here.  The concentrations of the products are on the top (numerator) 


and the concentration of the reactant is on the bottom. (denominator).


Also, notice that the coefficient "2" in the "2HI" in the equation ends up as an exponent for [HI] in the Keq expression. Thus we have [image: image17.wmf]2

[HI]

in the denominator.


1.
With this in mind, see if you can write the Keq expression for the following reaction:

2NH3(g)   [image: image18.wmf]  N2(g)   +    3H2(g)

Keq =

Notice that in the Equilibrium Constant Expression (Keq ), whatever is written on the right of the arrow in the equation (products) is on top and whatever is written on the left of the arrow in the equation (reactants) is on the bottom.


This is always the case in a Keq expression, regardless of which reaction (forward or reverse) predominates at a certain time.


Try this one:


2.
Write the Keq expression for the following reaction:

   N2(g)  +   3H2(g)    [image: image19.wmf]  2NH3(g)



Keq =

*********************************************************
The Keq Expressions for Solids and Liquids


Consider the following reaction:

CaCO3(s)  [image: image20.wmf]  CaO(s)  +   CO2(g) 


You might expect the Keq expression to be something like:



                        Keq =           [CaO(s)] [CO2(g)]

                          __________________

                                 [CaCO3(s)]


But when you consider a solid, the number of moles per litre or molecules in a certain volume is constant. 


The molecules everywhere in the solid are about the same distance apart and are the same size:

                [image: image21.wmf]In a Solid, equal volumes anywhere within the 

solid have an equal number of molecules.. 

Therefore we say that the concentration of a solid 

is constant.


Going back to our example:


Consider the following reaction:

CaCO3(s)   [image: image22.wmf]  CaO(s)  +   CO2(g) 


You might expect the Keq expression to be something like:

                                       Keq   =          [CaO(s)] [CO2(g)]

                                                            __________________

                                                                   [CaCO3(s)]


Since CaO and CaCO3 are solids, we can assume that their concentrations are constant.


We can therefore rewrite the Keq expression as follows:

 

Keq  =      (a constant) [CO2(g)]

                                ____________________

                                        (a constant)


Now, if we rearrange:

 Keq  (a constant)    =   [CO2(g)]

                 (a constant)   


You'll notice that now, on the left side, we have an expression which consists of only constants. 


Chemists simply combine all these constants on the left and call it the equilibrium constant (Keq  )

In other words, the concentrations of the solids are incorporated into the value for Keq.



Therefore, the Keq expression for the equation:

CaCO3(s)  [image: image23.wmf]  CaO(s)  +   CO2(g)



is simply:                                     Keq = [CO2]

The bottom line is:



When we write the Keq expression for a reaction with solids, we simply leave out


the solids.


Liquids also have a fairly constant concentration. They don't expand or contract that much even with changes in temperature.


The same argument that was used for solids can also be used for liquids. Thus, we can expand the last statement:


When we write the Keq expression for a reaction with solids or liquids, we simply


 
leave out the solids and the liquids.


Gases and aqueous solutions do undergo changes in concentration so they are always included in the Keq expression.


Try the following:


3. Write the Keq expression for the following reaction:


CaCO3(s) +  2HF(g)  [image: image24.wmf]  CaF2(s)  +   H2O(l)  +  CO2(g)



Keq =

Keq and Temperature


You probably couldn't help but notice that in some of the examples above when the Keq was given, the temperature was also mentioned 

eg.)    "At 200 °C, the Keq for the reaction: 


 N2(g)    +   3H2(g)  [image: image25.wmf]  2NH3(g)             is known to be 626."


                     When the temperature changes, the value of Keq also changes.

Let's see how this works:


Consider the following endothermic reaction:       A   +    B  +   heat    [image: image26.wmf]    C


 The Keq expression for this is:

                                                                               [C]

             
                                                                Keq =   __________ 

                                                                            [A] [B]

So we can summarize by saying:



When the temperature is increased in an endothermic reaction, the equilibrium will



shift to the right and the value of Keq will increase.


For an endothermic reaction, decreasing the temperature would make the equilibrium shift to the left.


This would cause [C] to decrease and the [A] and [B] to increase:



                                           [image: image27.wmf]Shift to the Left



A   +    B  +   heat   [image: image28.wmf]  C


                                                                        [image: image29.wmf] Heat is 

Removed



Now, in the Keq expression, the numerator would be smaller and the denominator would be larger:

                                                                   [C]               This will make the value of Keq
             
                                 Keq =    ____________         smaller than it was before.
                                                            [A] [B]
So we can say:



When the temperature is decreased in an endothermic reaction, the equilibrium will



shift to the left and the value of Keq will decrease.

Question for you:


6.
The reaction:     X    +    Y     [image: image30.wmf]      Z   has a Keq = 235 at 100°C.



When the temperature is raised to 200°C, the value for Keq = 208



Is this reaction endothermic or exothermic?
_________________________________



Explain your answer.
___________________________________________________




_____________________________________________________________________
Changes in Concentration and Keq

Now, as you know, changing the concentration of one of the reactants or products will cause the reaction to shift right or left. But this does not change the value for Keq as long as the temperature remains constant.


How can this be?  Let's have a look:


Consider the reaction:


A  +  B   [image: image31.wmf]    C  +  D                Keq = 4.0


The Keq expression is:

                                                            [C]  [D]


   
                              Keq =   ___________   =  4.0

                                                            [A]  [B]


Let's say we quickly add some C to the system at equilibrium.


Of course [C] would increase, and temporarily equilibrium would be destroyed.


Since [C] is so large, the ratio:    [C]  [D]

                                                                       ___________   would be > 4.0 (the high [C] makes the numerator large)

                                                                      [A]  [B]


But, of course, things don't stay like this.  When [C] has been increased, the equilibrium will shift to the left (by LeChatelier's Principle)


                                                     [image: image32.wmf]Shift to the Left



A  +  B   [image: image33.wmf]  C  +  D


In the shift to the left [A] and [B] will get a little larger and the big [C] will get smaller and 


[D] will get smaller. 


This will decrease the value of the numerator and increase the value of the denominator until the ratio:               
                                               [C]  [D]


   
                             ___________   is again =  4.0

                                               [A]  [B]


As long as the temperature is not changed, the equilibrium will always shift just enough to keep the ratio equal to the value of the equilibrium constant (Keq)!
Effect of Catalysts on the Value of Keq

As we saw in the Tutorial on LeChatelier's Principle:


Addition of a catalyst speeds up the forward reaction and the reverse reaction by the


same amount. Therefore, it does not cause any shift of the equilibrium.


Because there is no shift, the value of the Keq will also remain unchanged.

            Addition of a catalyst to a system at equilibrium does not change the value of Keq!

Effect of Pressure or Volume on the Value of Keq

Like changes in concentration, changes in the total pressure or volume can cause an equilibrium to shift left or right. (If there is a different number of moles of gas on each side.)


For example:  Given the reaction:


N2(g)  +   3H2(g)  [image: image34.wmf]    2NH3(g)              Keq =  626


So the ratio:        [NH3]2

                                      ​​​​​​___________     =    626
                                       [N2] [H2]3

So, to summarize:

A change in total volume or total pressure does not change the value of the equilibrium constant Keq. The equilibrium will shift to keep the ratio equal to Keq.

**************************************************************
Lesson 5: Keq Calculations
Type 1 - Calculating Keq Given Equilibrium Concentrations

It is useful to clarify the following in your mind:


A chemical system can be thought of as being either:



                                                   1.  At Equilibrium


                                              or     2.  Not At Equilibrium  (Initial)

 A system which is not at equilibrium will move spontaneously to a position of being at
 equilibrium.


In Type 1 calculations, all species in the system are at equilibrium already, so there will be no changes in concentration.

Let's do an example:


Given the equilibrium system:     PCl5(g)    [image: image35.wmf]     PCl3(g)  +  Cl2(g)


The system is analyzed at a certain temperature and the equilibrium concentrations are
as follows:



[PCl5] = 0.32 M,  [PCl3] = 0.40 M and the [Cl2] = 0.40 M.


Calculate the Keq for this reaction at the temperature this was carried out.


SOLUTION:

Here's a problem for you to try:


At 200°C, the Keq for the reaction:  N2(g)  +  3H2(g)   [image: image36.wmf]     2NH3(g)  is  625



If the [H2] = 0.430 M, and the [NH3] = 0.10 M, at equilibrium, calculate the 
      
equilibrium [N2].

Type 2 - Given Initial Concentrations of all  Species and equilibrium 
concentration of one species and asked to calculate the equilibrium 
concentrations of all species or the Keq   (Also called “ICE” problems)


Remember:


A chemical system can be thought of as being either:



                                                   1.  At Equilibrium


                                                 or     2.  Not At Equilibrium


    A system which is not at equilibrium will move spontaneously to a position of being at    
    equilibrium.
Given the reaction: 

N2(g)  +  3H2(g)    [image: image37.wmf]   2NH3(g)


Some H2 and N2 are added to a container so that initially, the [N2] = 0.32 M and 


[H2] = 0.66 M.


At a certain temperature and pressure, the equilibrium [H2] is found to be 0.30 M.


a) Find the equilibrium [N2]  and  [NH3].


b) Calculate Keq at this temperature and pressure. 

SOLUTION:

Construct an ICE table:

	
	               N2                        +              3H2                      [image: image38.wmf]           2NH3

	Initial conc.           [I]
	             0.32
	0.66
	0

	 (change in conc.) [C]
	
	
	

	Equilibrium conc  [E]
	
	0.30
	


Given the equilibrium equation:      

A    +    2B   [image: image39.wmf]   C



When 2.0 moles of A and 4.0 moles of B are added to a 10.0 L container, an 
   equilibrium established in which 1.4 moles of C are found.



Find the Keq for the equilibrium.


Type 3 and 4 - Given Initial Concentrations Only and Keq and asked to Calculate the Equilibrium Concentrations of the Species.


This type of problem gives you the initial concentrations but it does NOT give you any concentrations or moles at equilibrium.


Example:


At a particular temperature, for the reaction:


H2    +      I2    [image: image40.wmf]     2HI       The Keq  = 55.6


If the initial [H2] = 0.200 M and [I2] = 0.200 M, what is the equilibrium [HI]?


The first thing we need to determine is, 



         Type 3: Which way does it have to shift in order to reach equilibrium?

Consider the reaction:

H2(g)    +   CO2(g)   [image: image41.wmf]   H2O(g)    +    CO(g)

At a certain temperature the Keq for this reaction = 0.80

If the initial concentration of all four species = 0.500 M, calculate the equilibrium concentration of CO2 and CO.

Try these questions:


1.
Given the equilibrium:    3A(g)   +   B(g)  [image: image42.wmf]   2C(g)



If 4.0 moles of A and 2.0 moles of B are added to a 2.0 L container, an equilibrium is 
established in which the [C] = 0.40 M.



a)  Calculate the equilibrium [A] and [B]




Equilibrium [A] = __________________




Equilibrium [B] = __________________



b)  Calculate the value of Keq at the temperature at which this was carried out.



Keq = ____________________


2.
Given the equilibrium equation:


A(g)   +   B(g)  [image: image43.wmf]  C(g)   +    D(g)



The value of Keq for this reaction at 25 °C is  34.6


0.200 moles of A, B, C & D are all added to a 1.0 L container.



Calculate the [B] at equilibrium.




Equilibrium [B] = _________________M

3.
Consider the equation:      

2X(g)    +    3Y(g)   [image: image44.wmf]    2Z(g)



An equilibrium mixture is analyzed and [X] is 0.030M, [Y] = 0.500M and
         [Z] = 0.600M



Calculate the value of Keq for this reaction.




Keq = ___________________


4.
The Keq for the reaction:   A(g)   +    B(g)  [image: image45.wmf]  2C(g)    is   1.20



A mixture of A, B and C is analyzed and found to contain 3.0M A, 0.40M B and 



2.50M C.



This reaction will shift which way (left, right or not at all) in order to reach equilibrium?




Trial Keq = ____________




The reaction will shift to the ____________




As equilibrium is approached, the [A] will ______________, [B] will ______________



         and the [C] will ________________
Prompt: How do we know if a reaction goes into equilibrium?

Lesson 6: Enthalpy vs. Entropy

Enthalpy is " The heat content of a system. " Another way to think of enthalpy is as "Chemical Potential Energy". 

Any change in the Potential Energy of a system means the same thing as the " Enthalpy Change ".  The symbol for Enthalpy is " H ". Therefore the "change in Enthalpy" of a chemical reaction is called "H". In Chemistry 12, a Potential Energy Diagram is the same thing as an "Enthalpy Diagram

 [image: image46.wmf]Enthalpy

D

H

Progress of Reaction

The "Enthalpy 

Change"

Reactants

Products

The reaction shown on this graph is Exothermic. This means that heat is 

released or given off. What was given off as heat energy was lost as 

Enthalpy from the reactants. The net energy change between the 

products and the reactants is called the Enthalpy Change (

D

H). As you can 

see, the enthalpy change (

D

H) in this reaction is 

negative

. (This is always 

the case when the Products are lower on the Potential Energy (Enthalpy) 

Graph.)

An 

exothermic

 reaction




In an Exothermic Reaction (H is negative), the Enthalpy is decreasing.
                       In an Endothermic Reaction (H is positive), the Enthalpy is increasing.

If the "Heat Term" is written right in the equation. (a "thermochemical equation".)


If the heat term is on the left side, it means heat is being used up and it's endothermic. 


If the heat term is on the right side, heat is being released and it's exothermic. 

Look at the following examples:


1.
A   +   B    [image: image47.wmf]   C  +  D       H = -24 kJ   is exothermic so enthalpy is decreasing.


2.
X  + Y   [image: image48.wmf]  Z           H = 87 kJ               is endothermic so enthalpy is increasing.


3.    
E  +  D  [image: image49.wmf]  F  +  45 kJ                              is exothermic so enthalpy is decreasing.


4.
G  +  J  +  36 kJ   [image: image50.wmf]  L   +   M                 is endothermic so enthalpy is increasing.

Systems will tend toward a state of lower potential energy if nothing else is acting upon them.

In Chemistry, we are interested in is chemical potential energy, otherwise known as enthalpy!


Chemical systems will tend toward a state of minimum enthalpy  if sufficient 


activation energy is available and no other factors are considered.
Another way of stating this might be:



A chemical reaction will favour the side (reactants or products) with



 minimum enthalpy if no other factors are considered.
Thus for an exothermic reaction, if no other factors are considered:
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Here, the Products have 

lower enthalpy

 than the Reactants so the reaction tends to 

"

favour the products

". In other words, if the reactants are mixed, they will tend to 

form products 

spontaneously

 (without outside assistance) rather than remain as 

reactants.


The products will be favoured because the products have minimum enthalpy. In other words, there is a natural tendency here for reactants to spontaneously form products.

1. Tell whether each of the following is endothermic or exothermic and state which has minimum      enthalpy, the reactants or the products:


a.
PCl5(g)  [image: image52.wmf]    Cl2(g)  +  PCl3(g)        H = 92.5 kJ



__________thermic and the ___________________ have minimum enthalpy.

b
2NH3(g) + 92.4 kJ   [image: image53.wmf]    N2(g)  +   3H2(g)



__________thermic and the ___________________ have minimum enthalpy.

c
CO(g)  +  3H2(g)  [image: image54.wmf]   CH4(g)  +  H2O(g)  +  49.3 kJ



__________thermic and the ___________________ have minimum enthalpy.
Now, consider the simple melting of water:

     H2O(s)   +  heat   [image: image55.wmf]   H2O(l)      (the subscript (s) stands for solid)   (the subscript (l) stands for liquid)

If we were to look at only the enthalpy in this process, you can see that the reactant ( H2O(s)) would have minimum enthalpy and would be favoured. So all of the water in the universe should exist only as a solid! (It would not be favourable for water to exist as a liquid!) We would all be frozen solid!!!!

The answer to this problem lies in looking at another factor that governs equilibrium. That factor is called entropy (or randomness or disorder)

*******************************************************

Entropy


      Entropy simply means disorder, or lack of order. 

In Grade 10, you probably learned about the arrangement of molecules in solids, liquids and gases. 

[image: image56.wmf]The particles in a 

solid

 are 

very close together and very 

ordered

. A solid has very 

low entropy
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(

very little disorder

)

The particles in a 

liquid

 are fairly close 

together and they are not as ordered as 

they are in the solid. A liquid has 

higher 

entropy

 than a 

solid

, but 

less 

entropy 

than a 

gas

.

The particles of a 

gas

 are very far apart 

and they are moving 

randomly

 (all 

different directions - any old way!). 

They have very little order. A 

gas

 has 

very high entropy

.


So we can summarize by saying that:



Entropy of a Solid  <  Entropy of a Liquid  <  Entropy of a Gas
We can look at a chemical equation with subscripts showing the phases and tell which has maximum entropy, the reactants or the products.

In other words, they can look at an equation and tell whether entropy is increasing or decreasing as the reaction proceeds to the right.

In the following examples, the entropy is increasing (or the products have greater entropy):


1.
There is a gas (or gases) on the right, when there are no gases on the left of the



equation:



CaCO3(s)  +    2 HCl(aq)       [image: image57.wmf]  CaCl2(aq)  +  CO2(g)  +  H2O(l)        


                                                            a gas is formed on the right.


2.
When there are gases on both sides, the products have greater entropy when there



are more moles of gas on the right (add up coefficients of gases on left and right.):



4NH3(g)      +      5O2(g)       [image: image58.wmf]          4NO(g)    +    6H2O(g)  


    [image: image59.wmf]There are (4 + 5)  =

 9

 moles of 

gas on the left

  [image: image60.wmf]There are (4 + 6) = 

10

 moles of 

gas on the right.



Another way to look at the last example is to say that: 



" The side with the greater number of moles of gas has the greatest entropy. "


3.
When a solid dissolves in water, the products ( the aqueous solution of ions ) have 



greater entropy. This makes sense because:
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The ions in a Solid are 

very ordered. They have 

low entropy

.

When dissolved in water, the ions are 

separated

 and 

surrounded by water molecules

. The ions are much 

more 

spread out

 and 

disordered

. 

The

 

entropy of an aqueous 

solution is 

higher

 than that of a solid

.


So in order of lowest to highest entropy:

Solids  <  Liquids  < Aqueous solutions  <  Gases  <  More moles of Gas

Here are few exercises for you:

9.
For each of the following, decide whether the reactants or the products have greater 



entropy:


a)
I2(s)   [image: image62.wmf]   I2(aq)      The ________________________ have greater entropy.


b)
2NH3(g) [image: image63.wmf]  N2(g)  +   3H2(g)      



The ____________________________________________have greater entropy.


c)
NH3(g)   [image: image64.wmf]   NH3(aq)



The ___________________________________________have greater entropy.


d)
CO(g)  +   Cl2(g)  [image: image65.wmf]    COCl2(g) 



The ___________________________________________have greater entropy.


e)
MgCO3(s)  +  2HCl(aq)  [image: image66.wmf]    MgCl2(aq)  +  H2O(l)  +  CO2(g) 



The ___________________________________________have greater entropy.

If you have any questions about these, check with your teacher!

***********************************************

Remember:      H2O(s)    +   heat   [image: image67.wmf]   H2O(l) 

The two tendencies are said to "oppose each other" in this case:

The tendency toward minimum enthalpy would favour the reactant !( since you have to add heat energy to H2O(s) to get  H2O(l) , H2O(s) has minimum enthalpy)

In this case the tendency toward maximum entropy would tend to favour the product. (A liquid has more entropy (disorder) than a solid)

We say that:


When the two tendencies oppose each other (one favours reactants, the other favours 



products), the reaction will reach a state of equilibrium. 


That is, there will be some reactants and some products present. The relative amounts of 



each depends on conditions like temperature, pressure, concentration etc.

Here's an example of a chemical reaction in which this happens:

                  2K(s)  +   2H2O(l)  [image: image68.wmf]   2KOH(aq)   +   H2(g)  +  heat

Let's consider one more process:

                 2KOH(aq)   +   H2(g)  +  heat   [image: image69.wmf]   2K(s)  +   2H2O(l)

In this case, the tendency toward minimum enthalpy favours the reactants, and the

tendency toward maximum entropy also favours the reactants.


Processes in which both the tendency toward minimum enthalpy and toward  
    maximum entropy favour the reactants, will not occur at all!. 


(ie. None of the reactants will be converted into products. There will be no products 


 formed!)

To summarize:


When the two tendencies oppose each other (one favours reactants, the other favours 



products), the reaction will reach a state of equilibrium. 


Processes in which both the tendency toward minimum enthalpy and toward maximum


entropy favour the products, will go to completion.


Processes in which both the tendency toward minimum enthalpy and toward maximum


entropy favour the reactants, will not occur at all!. 

***********************************************

10.
For each of the following reactions decide which has minimum enthalpy (reactants or products),



which has maximum entropy (reactants or products), and if the reactants are mixed, what will 



happen? (go to completion/ reach a state of equilibrium/not occur at all).


a) PCl3(g)  +  Cl2(g) [image: image70.wmf]    PCl5(g)  ;   H = -92.5 kJ



The ___________________________________ has/have minimum enthalpy.



The ___________________________________ has/have maximum entropy.



If PCl3 and Cl2 are put together, what should happen?(go to completion/ reach a state of 




equilibrium/not occur at all)
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