AP Chemistry Chapter 16
Spontaneity, Entropy, and Free Energy

16.1 Spontaneous Processes and Entropy


-spontaneous implies occurring with no outside help (without outside intervention)


-gives information as to "if" a reaction will occur, but NOT "when or how fast" 


-important to realize rate is not dependent on spontaneity.  Spontaneity means it will happen - not



necessarily quickly, or even in a person's lifetime

Thermodynamics - used to let us predict if a process will occur

ENTROPY - has a symbol S


-is a measure of the randomness of a system or the disorder of the system

-is a complex mathematical function that describes the number of possible arrangements


(positional probability) of the states of a substance


-in nature, there is a tendency to move from order to disorder


-increase in entropy is a driving force in the universe

-gases (in general) have a much higher positional entropy than liquids or solids

NATURE SPONTANEOUSLY PROCEEDS TOWARDS THE STATES THAT HAVE THE HIGHEST PROBABILITY OF EXISTING

This can be expressed in terms of the substance by the following:



S solid < S liquid < < S gas

-this order is very important in solution formation


-for solutions, the increase in positional entropy associated with mixing favors the formation of



solutions


-for a gas, an increase in the number of molecules increases the entropy (therefore, a reaction 



going from 2 molecules to 3 molecules would increase the entropy of the system)


-the move complex the molecule the higher the entropy 



larger molecules have greater entropy than smaller molecules

Questions:

1.  In each of the following pairs, circle the one which would have the higher positional entropy per mole at a given temperature.

(a) solid phosphorus
gaseous phosphorus

(b)  CH4(g)

C3H8(g)

(c)  KOH(s)

KOH(aq)

16.2  Entropy and the SECOND LAW OF THERMODYNAMICS


-for a spontaneous process there is always an increase in the entropy of the universe - thus 


the entropy of the universe is always increasing


S universe =  S system   +   S surroundings

 S universe

positive

reaction spontaneous


 S universe

negative

reaction not spontaneous


 S universe

zero


equilibrium condition


-to predict whether a process is spontaneous, we must consider the entropy changes that occur



both in the system and also in the surroundings.  Under some conditions, the entropy of



of the system may decrease and the reaction is still spontaneous.

16.3  The Effect of Temperature on Spontaneity


 S surroundings

positive

exothermic reaction


 S surroundings

negative

endothermic reaction


-in the case of boiling water, the  S of the system is positive and the  S of the surroundings is 



negative.  When these two oppose each other, the condition that controls the direction of 



the reaction is the temperature.  At temperatures above 100o C the  S of the system is



greater and the water boils.  At temperatures below 100o C the  S of the surroundings



is greater and the water does not boil


Exothermic Reaction



-an increase in disorder of the system



-major driving force for spontaneity



-significance of exothermic reaction as a driving force depends on the temperature at 




which the process occurs



-the entropy change in the surroundings are primarily determined by heat flow



-the impact on the transfer of a given quantity of energy as heat to or from the 




surroundings will be greater at lower temperatures


 S surroundings = 
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-the negative sign in the equation is necessary to go from the state of view of the system




to the state of view of the surroundings




Signs of Entropy Changes
 S system

 S surroundings

 S universe

Spontaneity

         +



+



+

    always

         -



-



-
    
    never (reaction occurs in 











opposite direction)


         +



-



?

which is larger?

         -



+



?

which is larger?

Sample Problems

2.  Determine if  S is negative or positive and explain the logic of your answer.

_________
(a)  evaporation of 1 mole of CCl4(l)


_____________________________

_________
(b)  mixing of 5 mL of ethanol and 25 mL H2O
_____________________________

_________
(c)  compression of 1 mole of neon gas at constant
_____________________________


temperature from 0.5 atm to 1.5 atm

_________
(d)  raising the temperature of 100 g of copper 
_____________________________



from 275 K to 295 K

_________
(e)  grinding a large crystal of KCl into a powder
_____________________________

3.  Assume that the enthalpy of fusion of ice is 6020 J/mole and does not vary significantly over the temperature range 270 to 295 K.  If one mole of ice at 0o C is melted by heat supplied from the surroundings at 280. K, what is the entropy change in the surroundings, in J/K.

4.  Which of the following processes require energy as they occur?

_____
(a) salt dissolving in water

_____
(b)  a clear solution becomes a uniform color after a few drops of dye are added

_____
(c)  a cell produces proteins from amino acids

_____
(d)  iron rusts

5.  Which of the following involve an increase in the entropy of the system?

_____
(a) melting of a solid



_____
(b)  evaporation of a liquid

_____
(c)  sublimation



_____
(d)  freezing

_____
(e)  mixing




_____
(f) separation

_____
(g)  diffusion




_____
(h)  precipitation of a solid from a liquid

6.  Circle the substance with the greatest positional entropy in each case.  Also indicate the logic for your choice.

(a)
1 mole H2 at STP
1 mole N2O at STP

______________________________

(b)
1 mole H2 at STP
1 mole H2 at 100o C, 0.5 atm
______________________________

(c)
1 mole N2 at STP
1 mole N2 at 100 K, 2 atm
______________________________

(d)
1 mole H2O(s)

1 mole H2O(l) at 20o C
______________________________

7.  Calculate the  S of the surroundings for each of the following reactions at 25.0o C and 1 atm pressure.

(a) 
C3H8(g) + 5 O2(g) ( 3 CO2(g)  + 4 H2O(g)


 H = - 2045 kJ

(b)
(NH4)2Cr2O7(s)  (  N2(g)  + Cr2O3(s) + 4 H2O(g)

 H = - 315 kJ

(c)
H2O(l) ( H2O(g)





 H = + 44 kJ

Entropy Review


 S of the universe must be positive for a reaction to be spontaneous


 S universe =  S system +  S surroundings
 S system

 S surroundings

 S universe

Spontaneity

         +



+



+

    always

         -



-



-
    
    never (reaction occurs in 











opposite direction)

         +



-



?

which is larger?

         -



+



?

which is larger?


-have observed that exothermic reactions are very common since they lead to a system that is



lower in energy.  This can now be explained since energy is released to the surroundings,



this increasing the disorder (entropy) of the system.


-in examining exothermic reactions very important to look at the overall temperature



-if reaction temperature is very high - exothermic aspect not very important



-if reaction temperature is low - exothermic aspect much more important

Sample Problems:

8.  Determine if the values for entropy in each of the following will produce a spontaneous process.  Also, which of the following processes is endothermic (from the perspective of the system)?

(a)  
 S system = 30 J / K

 S surroundings = 50 J / K

(b)
 S system is = - 27 J / K
 S surroundings = 40 J / K

(c)
 S system = 140 J / K
 S surroundings = - 85 J / K

(d)
 S system = 60 J / K

 S surroundings = - 85 J / K

16.4 Free Energy


-symbol G - named after Josiah Gibbs


-is a mathematical term that describes unequivocallywhether a reaction will be spontaneous.

-it is experimentally useful because it reflects  S of the universe

 G =  H - T  S  

-is valid only at constant temperature


- H - change in enthalpy (heat content)



-a positive sign indicates an endothermic reaction



-a negative sign indicates an exothermic reaction



o - indicates the components are in their standard states (normal state 1 atm, 25.0 C)


-equation gives an explicit way of calculating free energy


-indicates under what circumstances and at what temperature a reaction will be spontaneous


-negative (-) G indicates a positive  S for the universe


-if the above equation may be transformed to show how entropy and free energy are related.



 S universe = 
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 at constant temperature and pressure


-this indicates that for a reaction to be spontaneous  G must be negative

-a summary table is shown below


 S

 G


Result


   +

   -

spontaneous all temperatures


   +

   +

spontaneous at high temperatures


   _

   _

spontaneous at low temperatures


   _

   +

never spontaneous (reverse reaction always spontaneous)

Phase Changes  (melting point and boiling point)


- G at phase change temperatures equal to zero


-see example 16.5 on page 790-791


-useful formula to remember:   S for a reaction =  S products -  S reactants
Problem:

9.  Given the values for  H,  S, and  T, determine whether each of the following sets of data represent spontaneous or non-spontaneous processes.


 H (kJ)
 S (J/K)
T (K)

(a)
  40

   300

 130

______________
_________________

(b)
  40

   300

 150

______________
_________________

(c)
  40

  -300

 150

______________
_________________ 
(d)        -40

  -300

 130

______________
_________________

(e)
 -40

  300

 150

______________
_________________

Use appendix four to do the following problems

10.  Calculate the  So for each of the following reactions.  Be sure to show your work

(a) 
H2(g)  + 
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 O2(g) ( H2O(g)

(b)
3 O2(g) ( 2 O3(g)

(c)  
N2(g)  + O2(g) ( 2 NO(g)

11.  For the reaction:

CS2(g) + 3 O2(g)  ( CO2(g) + 2 SO2(g)

 So is equal to - 143 J/K.  Calculate  So for CS2(g).
12. Given the following values, which of the following changes will be spontaneous at constant T and P.  Show values for  G for each combination.





      H

     S

   T

________ (a)


+ 25 kJ

+ 5 J/K

300 K

________ (b)


+ 25 kJ

+ 100 J/K
300 K

________ (c)


-10 kJ

+ 5 J/K

298 K

________ (d)


- 10 kJ

- 50 J/K
200 K



13.  The boiling point of chloroform, CHCl3, is 61.7 C.  The enthalpy of vaporization is 31.4 kJ/mole.  Calculate the entropy of vaporization.

14.  Calculate  H,   S, and  G at 25.0o C for:

(a) 
CH4(g) + 2 O2(g)  ( CO2(g)  + 2 H2O(g)

(b)  
6 CO2(g)  + 6 H2O(l)  (  C6H12O6(s) + 6 O2(g)

16.5  Entropy Changes in Chemical Reactions

-entropy changes in a system (reactants and products) are determined by positional entropy


-few molecules means fewer possible configurations (more molecules - more possible entropy)


-the change in positional entropy is dominated by the relative numbers of molecules of



gaseous reactants and products


-for chemical reactions involving only the gas phase, entropy is related to the total number of



moles on either side of the equation.  A decrease means lower entropy, an increase 



means higher entropy


-for a chemical reaction involving different phases, the production of a gas will, in general, 



increase the entropy much more than an increase in the number of moles of a liquid



or solid


-if the number of molecules of reactant and product are equal, the more complex the molecule,



the higher is the standard entropy value

Problem:

15.  Predict the sign of  So for the following and indicate the logic used.

_____
(a)  
AgCl(s) ( Ag+(aq)  + Cl-(aq)

_____________________________________

_____
(b)  
2 H2(g) + O2(g) ( 2 H​2O(l)


_____________________________________

Entropy for the Solid State


-perfect order in a crystal would imply an entropy value of zero - called a perfect crystal



-to minimize movement, would be at 0 K


-a statement of the Third Law of Thermodynamics


-for perfect order all of the ions involved would be in perfect order with no imperfections, no



missing ions, and no ions of a different element


-the S values on the chart reflect entropy of state that the substance is in

16.6  Free Energy and Chemical Reactions


- Go is a state function since can be determined using the same method as  H

-remember the relationship  G =  H - T  S


- Gf is the symbol used for standard free energy of formation



-for any element in its standard state under normal conditions (1 atm, 25.0 C)  the free 


state value is zero


-remember when trying to determine the feasibility of a reaction -  G is dependent on 



temperature

- Go cannot be measured directly - but it is important because it represents a standard set of



conditions at which to compare properties of reactions

Three methods of finding  Go are:


1.  
 Go =  H - T  S


2.
by manipulating known equations (Hess's Law application)


3.
 Go = 
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Sample Problems:

16.  Using data for  Ho and  So, calculate  Go for the following reactions at 25.0 C and 1 atm pressure.

(a)  
Cr2O3(s) + 2 Al(s) ( Al2O3(s) + 2 Cr(s)

(b)  
C3H8(g) + 5 O2(g) ( 3 CO2(g) + 4 H2O(g)
17.
Given:  S(s) + 
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O2(g) ( SO3(g)


 Go = -371 kJ



2 SO2(g) + O2(g) ( 2 SO3(g)


 Go = - 142 kJ

Find:
S(s) + O2(g) ( SO2(g)

18.  Calculate  Go for the reaction:


C3H8(g) + 5 O2(g) ( 3 CO2(g) + 4 H2O(g)

using information in data table Appendix 4, pages A 21 to A 23.

16.7  The Dependence of Free Energy on Pressure


-summary of affects:



entropy large volume > entropy of small volume



entropy low pressure > entropy high pressure


-this section deals with free energy at non-standard conditions


-entropy affected by pressure



-more positions are possible at lower pressure than higher pressures


-need to use the equation   G = Go + RT ln(P)



-can be modified to   G =  Go + R T ln(Q)


-R has units of 
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-Q is the reaction quotient from equilibrium discussion - chapter 14
 G for a Chemical Reaction

-can calculate  G for the reaction

-however, the reaction will proceed to the lowest possible G value (which may not be in the



production of products, perhaps will be an equilibrium situation)


-coefficients in balanced reaction equation need to be used to get correct value for  Go
Sample Problem

19.  Calculate  Go at 700 K for the reaction:



C (s, graphite) + H2O(g) ( CO(g) + H2(g)

Initial Pressures: Pwater = 0.85 atm;  PCO = 0.0001 atm;  
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16.8  Free Energy and Equilibrium


-equilibrium point occurs at the lowest value of free energy available to the reaction system


-when the system has reached equilibrium, the system has reached minimum free energy or



the free energy of the reactants is equal to the free energy of the products



( G = 0 at equilibrium)


-if  G  <  0 it means that G (reactants) > G (products) and the reaction will go to the right



until G(reactants) = G(products)


-if  G > 0 it means G (reactants) < G (products) and the reaction will go to the left until



G (reactants) = G (products)


-can calculate the value for the equilibrium constant (from chapter 13) by a modification



of the equation  G =  Go + RT ln(Q).  Since  G = 0 at equilibrium and Q = K,



the equation become  Go = - R T ln (K)

A summary of the results of this equation and its use for finding K is:


 GO


K Value


= 0


K = 1


< 0


K > 1


> 0


K < 1

Sample Problems:

20.  For the reaction:
H2(g) ( 2 H(g)

(a) predict the signs for  H and  S


(b)  would the reaction be more spontaneous at high or low temperatures?

21.  One of the reactions that destroys the ozone layer in the upper atmosphere is:



NO(g) + O3(g) 
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 NO2(g) + O2(g)

Calculate  Go and K at 298 K.

22.  For the above reaction, calculate  G at 298 K and PNO = 1 x 10-6 atm, 
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NO(g) + O3(g) 
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 NO2(g) + O2(g)

23.  For the reaction:


N2(g) + 3 H2(g) 
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2 NH3(g)

(a) Calculate  Ho,   So,  Go, and K  ( at 298 K)

Calculate  G if:

(b) T = 298 K
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N2(g) + 3 H2(g) 
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2 NH3(g)
(c)  T = 298 K
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