PAGE  
30

Topic 5 – Thermochemistry

UNDERSTANDING HEATS OF REACTION


A. Thermodynamics



1. Definition of thermodynamics




Thermodynamics is the science of the relationships 




between heat and other forms of energy.



2. Definition of thermochemistry

Thermochemistry is the branch of thermodynamics that is concerned with the amount of heat absorbed or evolved 

by chemical reactions.


B. Energy and its units



1. Definition of energy




Energy is the potential or capacity to move matter.



2. Interconversions of energy




Energy can be converted from one form to another.

Thermochemistry is concerned with the conversion of energy in the form of chemical energy into energy in the form of heat through chemical reactions.



3. Units of energy




a. Joule





SI unit of energy





 1 J = 1 kg(m2/s2



b. Calorie 





Non-SI unit of energy

One calorie is defined as the amount of energy required to raise the temperature of one gram of water by one degree Celsius.




c. Conversion factor





1 cal = 4.184 J

4. Kinetic energy ( Ek )



a. Verbal definition of kinetic energy

Kinetic energy is the energy associated with an object by virtue of its motion.




b. Mathematical definition of kinetic energy





Ek = ½ mv2


5. Potential energy ( Ep )




a. Verbal definition of potential energy

Potential energy is the energy an object has by virtue of its position in a field of force.




b. Mathematical definition of potential energy (for




    gravitational potential energy)





Ep = mgh



6. Internal energy ( E )

Internal energy is the sum of the kinetic and potential energies of the particles making up a substance.



7. Total energy ( Etot )




a. Verbal definition of total energy

The total energy is the sum of a quantity of some substance’s kinetic energy it possesses as a

whole, the potential energy it possesses as a whole, and its internal energy.

In the lab the substance is at rest in a vessel.

As a result its kinetic energy as a whole is zero and its potential energy as a whole is constant so it can be ignored.




b. Mathematical definition of total energy





Etot = Ek + Ep + E

Or, in the case of a substance at rest in a vessel we can simplify to:

Etot = E


8. Law of conservation of energy

Energy may be converted from one form to another, but the total quantity of energy remains constant.


C. System and surroundings



1. Definition of system

The thermodynamic system is the substance or mixture of substances under study in which a change occurs.



2. Definition of surroundings

The surroundings are everything in the vicinity of the thermodynamic system.

D. Heat and temperature

1. Definition of heat

Heat is the energy that flows into or out of a thermodynamic system because of a difference in temperature between the system and its surroundings.

2. Definition of temperature

Temperature is a measure of the average kinetic energy of the particles in a sample of matter.

3. Thermal equilibrium

a. Definition of thermal equilibrium

Thermal equilibrium is a state in which heat does not flow between a system and its surroundings because they are both at the same temperature.




b. Reaching thermal equilibrium

For a system in thermal contact with its surroundings (meaning not thermally insulated), heat flows from a region of higher temperature to a region of lower temperature.

The particles in the higher temperature region (with higher kinetic energy) collide with the boundary more often than those in the lower temperature region.

The result of these collisions is that the particles in the higher temperature region lose kinetic energy and those in the lower temperature region gain kinetic energy until they have the same kinetic energy.

4. Differences between heat and temperature

a. Substances can have the same 

    temperature but different amounts 

    of heat.

100 g of lead at 99( C has much less heat than 100 g of water at 99( C.

We know that because the hot water will badly scald you while the hot lead will only be briefly uncomfortable.

b. Temperature is a property of a material and depends on

    the material; heat is a form of energy and does not 

    depend on the material.

For example:

The difference between heat and temperature is like the difference between having an amount of money and being rich.

$100 is an amount of money regardless of who has it.

Being rich varies from person to person.

A five-year old with $100 in his pocket is rich, but a forty-five year old with $100 in his pocket is not rich.

c. Temperature is a measure of the average kinetic energy 

    of the particles of a substance, while heat is a measure 

    of the total energy of the particles.

Heat (total energy) includes not only the kinetic energy of the particles, but also includes the potential energy of the particles.

5. Heat and the meaning of its symbols




a. Heat is denoted by q.




b. The meaning of the sign of q




(1) If q is positive






Heat is absorbed.






Energy is added ( + ) to the system.





(2) If q is negative






Heat is evolved.






Energy is subtracted ( ( ) from the system.

E. The first law of thermodynamics



1. Changes in internal energy




a. Changes from initial state to final state

Energy can be converted from one form to another, but cannot be created or destroyed.

(Euniv = (Esys + (Esurr = 0

Energy may move from the system to the surroundings or vice versa.

The change in the internal energy of the system is (E and is the difference between the internal energy of the final state of the system and the initial state of the system.




(E = Ef – Ei
b. Changes in internal energy caused by heat and work



(1) Description

The change in the internal energy of the system is equal to the sum of the heat exchanged “q” between the system and the surroundings and the work done “w” on (or by) the system.

(E = q + w



(2) Sign conventions

q is positive for heat absorbed by the system and negative for heat released to the surroundings.

w is positive for work done on the system by the surroundings and negative for work done by the system on the surroundings.



(3) Energy-depleting and energy-adding  processes




(a) Energy-depleting processes





[1] Losing heat to the surroundings

[2] Doing work on the surroundings




(b) Energy-adding processes





[1] Gaining heat from the 





      surroundings

[2] Work being done on the system



2. Work and heat




a. Deriving the relationship among work, pressure, 

                                        and volume for a gas







w = Fd





P = 
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            pressure  x  volume

Assuming pressure is constant then only volume is changing, thus:





w = P(V




b. The sign of the work

If volume is increasing, then the system (the gas) is expanding and moving the piston against the pressure.

Work is being done by the system on the surroundings – so from the system’s point of view the sign of the work should be negative.

w = ( P(V




c. Conversion factor for PV work and joules

If pressure is in atmosphere (atm) and volume is in liters (L) then we need a conversion factor from atm(L to J:






1 atm(L = 101.3 J



3. Pressure-Volume work

A sample of gas expands from a volume of 2.00 L to 4.00 L against an external pressure of 1.03 atm.  How much work was done by the gas?

	Given
	Find

	Vi = 2.00 L

Vf = 4.00 L

P = 1.03 atm

(V = Vf  ( Vi
	 w (in atm(L) = ?

 w (in J) = ?


w = ( P(V 

    = ( P(Vf  ( Vi)

     = ( (1.03 atm)(4.00 L ( 2.00 L)

     = ( 2.06 atm(L

	=
	(2.06 atm(L
	101.3 J

	
	
	1 atm(L


     = ( 208.678 J 

     = ( 209 J

F. Calorimetry



1. Uses a calorimeter

a. Definition of calorimeter

A device used to measure the heat absorbed or evolved during a physical or chemical change




b. Description of a simple calorimeter

A well-insulated container that thermally isolates the system from its surroundings – includes a thermometer or other method of measuring temperature changes

2. Heat capacity, specific heat, and molar heat capacity.


a. Heat capacity ( C )





(1) Definition of heat capacity 

Heat capacity is the quantity of heat needed to raise the temperature of the substance

one degree Celsius (or one kelvin).





(2) Determination of heat capacity

(a) The initial temperature of a sample is   

      measured ( Ti ).






(b) A known amount of heat is added ( q ).






(c) The final temperature is measured ( Tf ).






(d) The change in temperature is calculated






       ( (T ).

(T = Tf ( Ti

(e) The ratio of the heat added to the change 

     in temperature is the heat capacity ( C ).


C  = 
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b. Specific heat ( s )

(1) Definition of specific heat 

The specific heat capacity (or simply, specific heat) is the quantity of heat required 

to raise the temperature of one gram of a substance by one degree Celsius (or one kelvin) at constant pressure.





(2) Description of specific heat

Heat capacity is an extensive property (depends on the amount of the substance).

Specific heat capacity is an intensive property (does not depend on the amount).

Putting the word “specific” before the name of the property – in this case, heat capacity – indicates division by mass.

(3) Determination of specific heat


(a) Done the same way as for the 

                  determination of heat capacity with the 

                  addition of a measurement of the mass 

                  of the sample.



s  = 
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(4) Calculations involving the specific heat equation

What is the specific heat constant of iron if the addition of 2775 J of heat causes the temperature of 375 g of pure iron to increase from 22.6 (C to 39.0 (C?

	Given
	Find

	m = 375 g

Ti = 22.6 (C

Tf  = 39.0 (C

q = 2775 J
	 (T = ?

 s = ?


(T = Tf ( Ti = 39.0 (C ( 22.6 (C 

      = 16.4 (C 

s  = 
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   = 0.4512195 J/g((C = 0.451 J/g((C

How much heat is absorbed when the temperature of 25.0 g of water is raised from 29.3 (C to 66.5 (C (at constant pressure)?  The specific heat of water is 4.184 J/g((C.

	Given
	Find

	m = 25.0 g 

Ti = 29.3 (C

Tf  = 66.5 (C

s = 4.184 J/g((C
	 (T = ?

 q = ?


(T = Tf ( Ti = 66.5 (C ( 29.3 (C 

     = + 37.2 (C

q = ms(T

          = (25.0 g)(4.184 J/g((C)(+37.2 (C)

          = + 3891.12 J = + 3890 J

c. Molar heat capacity ( Cn )


(1) Definition of molar heat capacity

Molar heat capacity is the heat capacity for one mole of a substance.

(2) Description of molar heat capacity

Molar heat capacity is an intensive property (does not depend on amount).

Putting the word “molar” before the name of the property – in this case, heat capacity – indicates division by the amount in moles.

(3) Conversions from specific heat constant to 

      molar heat capacity simply include the molar 

       mass as a conversion factor:

Cn = (s)(MM)






(4) Calculations involving molar heat capacity






If the specific heat constant for water is 





4.184 J/g((C, then what is water’s molar 





heat capacity?

	Given
	Find

	s = 4.184 J/g((C 

MM = 18.02 g/mol
	 Cn = ?







Cn = (s)(MM)

     = 
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     = 75.39568 J/mol((C 

      = 75.40 J/mol((C



3. Constant-volume calorimetry




a. A constant-volume calorimeter is a calorimeter in which 




    the chemical reaction occurs within a rigid vessel (thus 




    its volume cannot change)surrounded by a known mass 




    of water in an insulated jacket. 

b. A bomb calorimeter is a type of constant-volume 

    calorimeter into which a known mass of a compound is 

    placed and usually filled to about 30 atm of pure oxygen; 

    and capable of withstanding the large pressure and force 

    of explosive reactions.




c. The design of the bomb calorimeter allows the 




     assumption that no material (and thus mass) is lost from 




     the system, and no heat is lost from the system – which 




     is the bomb and the water.




d. The heat capacity of the bomb calorimeter is measured 




    by using a heater of known wattage to heat the water.




e. Equations





qsys = qwater + qbomb + qrxn

qrxn = ( (qwater + qbomb)


q = ms(T
qwater = mwater
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f. Example

1.425 g of naphthalene was placed into a bomb calorimeter, then filled with 29 atm of pure oxygen.  2000.0 g of water was put into the insulated jacket.  The reaction caused the temperature of the water to rise from 20.17 (C to 25.84 (C.  The heat capacity of the bomb calorimeter was subsequently determined to be 1.80 kJ/(C. How much heat was given off in the reaction?

	Given
	Find

	mwater = 2000.0 g 

swater = 4.184 J/g((C

Ti = 20.17 (C

Tf = 25.84 (C

Cbomb = 1.80 x 103 J/(C
	 (T = ?

 qwater = ?

 qbomb  = ?

 qrxn = ?


(T = Tf ( Ti = 25.84 (C ( 20.17 (C


      = 5.67 (C

qwater = mwater 
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 (5.67 (C)

         = 47446.56 J = 4.74 x 104 J

qbomb = Cbomb(T

         = (1.80 x 103 J/(C) (5.67 (C)

         = 1.0206 x 104 J = 1.02 x 104 J

qrxn = ( (qwater + qbomb)

     = ( (4.74 x 104 J + 1.02 x 104 J)

     = ( 5.76 x 104 J



4. Constant-pressure calorimetry




a. Constant-pressure calorimeter is a calorimeter in which 




    the chemical reaction occurs within a container whose 




    pressure is allowed to be that of the atmospheric pressure 




    around  it – this way the pressure remains constant 




    (assuming that atmospheric pressure does not change 




    appreciably  over the course of the reaction).

b. The design of the constant-pressure calorimeter can be as 

     simple as two nested Styrofoam cups covered with a 

     piece of corrugated cardboard with a hole through which 

     a thermometer is inserted.

The inner cup holds the solution in which the reaction takes place.


The second cup provides insulation.

The loose fitting cardboard cover provides insulation while allowing the pressure in the container to equilibrate with the atmospheric pressure outside.




c. The heat capacity of the constant-pressure calorimeter 



                is determined by adding warm water with a known mass 




    and measuring the temperature change.

d. Equations





qsys = qsolution + qcalorimeter + qrxn

qrxn = ( (qsolution + qcalorimeter)

qcalorimeter = Ccalorimeter(T

m = dV

q = ms(T




e. Example





150.0 mL of a strong acid is mixed with 50.0 mL 





of a strong base.  The constant-pressure calorimeter 





in which this reaction is run has a heat capacity of 




355 J/(C.  The initial temperature of the acid and 




the initial temperature of the base was the same: 




22.40 (C.  The final temperature of the reaction 




mixture was 24.80 (C.  How much heat was given 




off in this reaction?

You may assume that the density of the original solutions and the final solution was the same as water: 1.00 g/mL.

You may also assume that the specific heats of the solutions was the same as that of water: 4.184 J/g((C

	Given
	Find

	Vacid = 150.0 mL

Vbase = 50.0 mL

swater = 4.184 J/g((C

Ti = 22.40 (C

Tf = 24.80 (C

Ccalorimeter = 355 J/(C
	 (T = ?

 Vsolution = ?

 msolution = ?

 qsolution = ?

 qcalorimeter  = ?

 qrxn = ?


(T = Tf ( Ti = 24.80 (C ( 22.40 (C


      = 2.40 (C

Vsolution = 150.0 mL + 50.0 mL 

            = 200.0 mL

m = dV

msolution = (1.00 g/mL)( 200.0 mL) = 200. g

qsolution = msolution 
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 ( 2.40 (C)

      = 2008.32 J = 2010 J

qcalorimeter = Ccalorimeter(T

         = (355 J/(C) (2.40 (C)

         = 852 J

qrxn = ( (qsolution + qcalorimeter)
         = ( (2010 J + 852 J)

     = ( 2860 J or ( 2.86 kJ



5. Heat of reaction




a. Definition of heat of reaction





Heat of reaction (at a given temperature) is the 





value of q required to return a system to the given 




temperature at the completion of the reaction.




b. Description of heat of reaction

(1) If the temperature of the system in which a 

      reaction occurs drops as the reaction proceeds:


Heat flows into the system from the 



surroundings as the reaction is taking place. 


When the reaction is completed heat 



continues to flow into the system from


the surroundings because the temperature 


of the system is lower than that of the 


surroundings.


Heat is absorbed into the system and q 


is positive.

(2) If the temperature of the system in which

      a reaction occurs goes up as the reaction 

      proceeds:


Heat flows into the surroundings from the 


system as the reaction is taking place. 


When the reaction is completed heat 



continues to flow into the surroundings


from the system because the temperature 


of the system is higher than that of the


surroundings.


Heat is evolved from the system and q 


is negative.




c. Exothermic processes





(1) Defined

An exothermic process is a chemical reaction or a physical change in which heat is evolved (q is negative).





(2) Described






Reaction vessel cools down.

Energy is subtracted from the system.






q is negative.




d. Endothermic processes





(1) Defined

An endothermic process is a chemical reaction or a physical change in which heat is absorbed (q is positive).





(2) Described






Reaction vessel warms up.






Energy is added to the system.






q is positive.




e. Using heat evolved and heat absorbed to classify 



                chemical reactions



Methane reacts with oxygen to produce 

carbon dioxide and water according to 

the following equation:

CH4 (g) + 2 O2 (g) ( CO2 (g) + 2 H2O (g)
1 mol CH4 produces 890.3 kJ when it reacts.

Is the reaction exothermic or endothermic?

Exothermic

What is the sign of q?

q is negative

What is the heat of reaction?



Heat of reaction is ( 890.3 kJ


G. Enthalpy and enthalpy change



1. Enthalpy ( H ) 




a. Verbal definition of enthalpy 

Enthalpy (a state function) is an extensive property of a substance that can be used to obtain the heat absorbed or evolved in a chemical reaction.

b. Mathematical definition of enthalpy


H = E + PV

The enthalpy (H) is the internal energy (E) plus the product of pressure (P) and volume (V).




c. Enthalpy is a state function.

A state function is a property of a system that depends only on its present state, which is determined by variables such as temperature and pressure, and is independent of any previous history of the system.

The change in enthalpy does not depend on how the change was made – only on the initial state and 

final state of the system.

The path followed does not matter.




d. Examples of thermodynamic functions that are not state 



                functions, that is, they are non-state functions.

(1) Work


(a) Description

Work (w) would be an example of a non-state function.  

It depends not only on the initial state and the final state, but also on how the process is carried out.  

The amount of work depends on how pressure and volume are changed.

Although energy is a state function, work is not:

(E = q + w

(b) Illustrative example

Calculate the work done by a gas as it expands from 1.0 L to 2.0 L; first against a vacuum and then against 1.0 atm.

	Against Vacuum


	Against 1.0 atm



	w = ( P(V

     = (0 atm)(2.0 L ( 1.0 L)

     = 0 atm(L
	w = ( P(V

     = ( (1.0 atm)(2.0 L ( 1.0 L)

     = ( 1.0 atm(L


In both cases the initial state and the final state is the same, but the amount of work is different.





(2) Heat

(a) Description

Heat is also an example of a non-state function because the energy = heat + work. 

The heat associated with a given process, like work, depends on how the process is carried out.

(b) Illustrative example

The other component of internal energy is heat.

Although energy is a state function heat is not because q must change if w changes so that (E remains the same regardless of state:

(E = q + w



2. Description of the change in enthalpy




a. Mathematical equation





(E = (H ( P(V




b. This equation tells us that the internal energy of a 




    system can change two ways.


(1) By energy entering or leaving the system as 

                  changes in heat


(2) By energy entering or leaving the system as 


      changes in volume against the constant pressure

                  of the atmosphere



3. Enthalpy of reaction




a. Verbal definition

The enthalpy of reaction is the change in enthalpy for a reaction at a given temperature and pressure.




b. Mathematical definition





(H = H(products) – H(reactants)

The enthalpy of reaction equals the difference between the enthalpy of the products and the enthalpy of the reactants.




c. Enthalpy and heat of reaction





(1) For constant pressure conditions






The heat transferred (the heat of reaction)






equals the change in enthalpy ((H).

The change in enthalpy ((H) equals the heat (qp) gained or lost by the system when the process occurs under constant pressure.

The enthalpy of reaction equals the heat of reaction at constant pressure.

This can be determined by constant-pressure calorimetry (as we have calculated previously).





(2) For constant volume conditions

The heat transferred (the heat of reaction) 
equals the change in internal energy ((E) 
rather than the change in enthalpy ((H).

The change in internal energy ((E) equals the heat gained or lost by the system when the process occurs under constant volume.

This can be determined by constant-volume calorimetry (as we have calculated previously).

However, for most reactions the difference between ((H) and ((E) is very small.

For our purposes we can assume that the heat transferred (the heat of reaction) equals the change in enthalpy ((H) for constant-volume calorimetry as well as for constant-pressure calorimetry.


H. Thermochemical equations



1. Definition

A thermochemical equation is the chemical equation for a reaction (including phase labels) in which the equation is given a molar interpretation, and the enthalpy of reaction for these molar amounts is written directly after the equation.



2. Description




The equation must be balanced.

The heat of reaction is for the molar amounts given by the balanced equation and not necessarily per one mole of the 

first reactant.



3. Writing thermochemical equations




a. Rules





(1) Write the balanced equation including phase





      labels.


(2) Include the enthalpy of reaction using the +/( 


      convention for heat absorbed and heat evolved.




b. Example





Aqueous sodium hydrogen carbonate reacts with 




hydrochloric acid to produce aqueous sodium 




chloride, water, and carbon dioxide gas.  The 




reaction absorbs 11.8 kJ of heat at constant pressure 



for each mole of sodium hydrogen carbonate.  Write 



the thermochemical equation for the reaction.

Write the balanced equation:

        


NaHCO3 (aq) + HCl (aq) ( NaCl (aq) + H2O (l) + CO2 (g)
Include the enthalpy of reaction using the +/( convention:

Heat is absorbed so the sign of (H is “+”.

       

NaHCO3 (aq) + HCl (aq) ( NaCl (aq) + H2O (l) + CO2 (g); 









(H = + 11.8 kJ


4. Manipulating thermochemical equations




a. Two important rules





(1) When a thermochemical equation is multiplied 





     by any factor, the value of (H for the new 





     equation is obtained by multiplying the value of 




                 (H in the original equation by that same factor.





(2) When a chemical equation is reversed, the 





      value of (H is reversed in sign.




b. Examples





(1) How much heat is evolved when one mole of 





      solid sodium reacts with excess water?

2 Na (s) + 2 H2O (l) ( 2 NaOH (aq) + H2 (g);  






(H = ( 367.5 kJ

The equation gives the heat evolved for two moles of sodium so we need to use a factor of ½.

     

(½)(2 Na (s) + (½)2 H2O (l) ( (½)2 NaOH (aq) + (½)H2 (g);        

                                                               

(H = (½)( 367.5 kJ



Na (s) + H2O (l) ( NaOH (aq) + ½H2 (g);  (H = (183.8 kJ




(2) How much heat is absorbed when two moles of 




      ammonia are decomposed into its elements?

N2 (g) + 3 H2 (g) ( 2 NH3 (g) ;  (H = (91.8 kJ

When a chemical equation is reversed, the value of (H is reversed in sign.

2 NH3 (g) ( N2 (g) + 3 H2 (g);  (H = (((91.8 kJ)

2 NH3 (g) ( N2 (g) + 3 H2 (g);  (H = +91.8 kJ


I. Applying stoichiometry to heats of reaction



1. Procedure – in either order, as needed by the problem




a. Use the molar mass to convert mass to moles.




b. Use the thermochemical equation to convert heat of 




    reaction to total heat absorbed or evolved.



2. Examples




a. How much heat is given off when 245 g of sodium react 




   with water?

	Given
	Find

	m = 245 g

MM = 22.98977 g/mol

equation
	 q = ?




2 Na (s) + 2 H2O (l) ( 2 NaOH (aq) + H2 (g);   

                                                    

(H = ( 367.5 kJ

   mass Na ( mol Na ( kJ

	245 g Na
	1 mol Na
	( 367.5 kJ

	
	22.98977 g Na
	2 mol Na





= ( 1958.2079 kJ




= ( 1960 kJ

b. How many grams of methane would be needed to react 

    with excess oxygen to produce 1000.0 kJ of heat?

	Given
	Find

	q = 1000.0 kJ

MM = 16.04246 g/mol

equation
	 m = ?



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

                                             

(H = ( 890.3 kJ

   kJ ( mol CH4 ( mass CH4
	1000.0 kJ
	1 mol CH4
	16.04246 g CH4

	
	890.3 kJ
	1 mol CH4





= 18.019162 g CH4



= 18.02 g CH4

J. Hess’s Law



1. Definition 

Hess’s law of heat summation states that for a chemical equation that can be written as the sum of two or more steps, the enthalpy change for the overall equation equals the sum of the enthalpy changes for the individual steps.



2. Using Hess’s Law to calculate standard enthalpy of formation 

                            (
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) from other thermochemical equations.




a. Definitions 

Standard enthalpy of formation is the heat change that results when one mole of a compound is formed from its elements at a pressure of 1 atm.

Standard state is 1 atm and 25(C. 

Elements at these conditions are defined to be in their standard state – thus the term “standard enthalpy.”

The standard enthalpy of formation of any element in its most stable form is zero.




b. Reasons Hess’s Law is necessary





(1) Some reactions go too slowly.





(2) Some reactions have competing side reactions 





      that produce substances other than the desired 





      product.





(3) Some reactions will only take place under 





      extremely high temperatures or other conditions 





      that are very difficult to achieve in the lab.





(4) Hess’s Law allows the use of values from 





      reactions that are possible to directly measure.

(5) A relatively small number of experimental 

      measurements can be used to calculate 
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      for a huge number of different reactions.

c. Procedure





(1) Write the balanced equation, including phase





      labels, for the desired reaction.





(2) Choose a series of thermochemical equations 





      that, when added together, will cancel all 





      species on the left except the desired reactant/s 





      and all species on the right except the desired 





      product/s.

(3) One, possibly more, of the thermochemical 

      equations may need to be reversed.





(4) You may need to multiply some or all of the 





      thermochemical equations by the appropriate 





      coefficient.

(5) Add all of the equations together canceling 

      identical species appearing  on both sides of the 

      arrow – they do not have to be in the same 

      thermochemical equation.

(6) Reduce to lowest terms if necessary.




d. Examples





(1) Calculate the standard enthalpy of formation 
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for methane, CH4, from its elements 





      given the  following thermochemical equations:

Eqn 1:
C (graphite) + O2 (g) ( CO2 (g) 
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= ( 393.5 kJ

Eqn 2:
2 H2 (g) + O2 (g) ( 2 H2O (l) 
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Eqn 3:
CH4 (g) + 2 O2 (g) ( CO2 (g) + 2 H2O (l)
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o

H

D

= ( 890.4 kJ




Balanced equation:

  C (graphite) + 2 H2 (g) ( CH4 (g)





Reverse equation:

Eqn 3 will need to be reversed to put CH4 on the product-side of the arrow – as required in the balanced equation:

Eqn 3 rev:
CO2 (g) + 2 H2O (l) ( CH4 (g) + 2 O2 (g)
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Add the equations together:

Eqn 1:
C (graphite) + O2 (g)    ( CO2 (g) 
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Eqn 2:
2 H2 (g) + O2 (g)          ( 2 H2O (l) 

              
[image: image22.wmf]rxn

o

H

D

= ( 571.6 kJ

Eqn 3 rev:
CO2 (g) + 2 H2O (l)      ( CH4 (g) + 2 O2 (g)  
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C (graphite) + 2 H2 (g) ( CH4 (g) 
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(2) Calculate the standard enthalpy of formation 
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for acetylene, C2H2, from its elements 

      given the following thermochemical equations:

Eqn 1:  C (graphite) + O2 (g) ( CO2 (g) 
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Eqn 2:  2 H2 (g) + O2 (g) ( 2 H2O (l) 
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Eqn 3:  2 C2H2 (g) + 5 O2 (g) ( 4 CO2 (g) + 2 H2O (l)     
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Balanced equation:

 2 C (graphite) + H2 (g) ( C2H2 (g)





Reverse equation:

Eqn 3 will need to be reversed to put C2H2 on the product-side of the arrow – as required in the balanced equation:

Eqn 3 rev:

4 CO2 (g) + 2 H2O (l) ( 2 C2H2 (g) + 5 O2 (g)
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Multiply by needed coefficients:

Eqn 1 will need to be multiplied by 4 to make the CO2 balance.

Eqn 1 mult by 4:

4 C (graphite) + 4 O2 (g) ( 4 CO2 (g)         
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Add the equations together:

E1x4:   4 C (graphite) + 4 O2 (g) ( 4 CO2 (g)   
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E2:       2 H2 (g) + O2 (g)            ( 2 H2O (l) 
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E3 rev: 4 CO2 (g)+ 2 H2O (l)   ( 2 C2H2 (g) + 5 O2 (g)
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            4 C (graphite) + 2 H2 (g) ( 2 C2H2 (g) 
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Reduce:

2 C (graphite) + H2 (g) ( C2H2 (g) 
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3. Using Hess’s Law to calculate standard enthalpies of reaction



    (
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) from standard enthalpies of formation (
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a. This can only be done when standard enthalpies of 



                formation 
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 are known for all reactants and 

                                        products.




b. Procedure





(1) Balance the equation.





(2) Divide through as necessary to make the 





      coefficient of the substance of interest to be “1”.





(3) Look up the values for 
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for the reactants 





      and the products:

      see handout “Standard Heats and Free Energies    

      of Formation, and Absolute Entropies of 

      Elements and Inorganic Compounds” 

      or Appendix Four pp. A21-A24

(4) Use the standard enthalpy of formation form of 

      the Hess’ Law equation:






For a reaction:

aA + bB ( cC + dD
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                      ( [a
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(5) Convert the mass of the substance of interest to 

      moles – if necessary.

(6) Two cautions


(a) Be very, very careful about the 

                  arithmetical sign – it is easy to make 

                  a hard-to-find mistake. 


(b) Be very, very careful about the state 

                  of each substance – it is easy to make 

                  an almost impossible-to-find mistake.       




c. Examples





(1) What is the enthalpy of reaction when one mole 





      of calcium carbonate is decomposed to calcium





      oxide and carbon dioxide under standard 





      conditions?




CaCO3 (s) ( CaO (s) + CO2 (g)
	Substance
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	CaCO3 (s)
	( 1207.1

	CaO (s)
	( 635.5

	CO2 (g)
	( 393.5
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[image: image53.wmf]f

o

H

D

 (D)] ( [a
[image: image54.wmf]f

o

H

D

 (A) + b
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 ( CaO (s) ) + 1 mol
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 ( CO2 (g) )] 

              ( [1 mol
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 = [1 mol (( 635.5 kJ/mol) + 1 mol (( 393.5 kJ/mol)] 

              ( [1 mol (( 1207.1 kJ/mol)]
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 = [((635.5 kJ) + (( 393.5 kJ)] ( [((1207.1 kJ]

           = [(1029.0 kJ] + [1207.1 kJ]  

           = + 178.1 kJ   

Note: the “+” sign means that the reaction is endothermic, which means heat must be added





(2) How much heat is released in the complete 




                  combustion of 1.00 g of benzene (C6H6) under 





      standard conditions?



2 C6H6 (l) + 15 O2  (g) ( 12 CO2 (g) + 6 H2O (l)




Divide through by 2



C6H6 (l) + 
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 O2 (g) ( 6 CO2 (g) + 3 H2O (l)
	Substance
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	C6H6 (l)
	49.0

	O2 (g)
	0

	CO2 (g)
	(393.3

	H2O (l)
	(285.8
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 ( CO2 (g) ) + 3 mol
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               ( [1 mol 
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 = [6 mol ((393.3 kJ/mol) + 3 mol ((285.8 kJ/mol)] 

               ( [1 mol (49.0 kJ/mol) + 
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 = [((2359.8 kJ) + ((857.4 kJ)] ( [(49.0 kJ) + (0 kJ)]

           = [(3217.2 kJ] ( [49.0 kJ]  

    = ( 3266.2 kJ     

Notes: 

We will continue on with this value in further calculations so we will carry an unwarranted sig dig.

This value is for one mole but all we have is 1.00 g.

MM C6H6  = 78.1118 g/mol

	3266.2 kJ
	1 mol C6H6
	1.00 g C6H6

	1 mol C6H6
	78.1118 g
	


= 41.81442 kJ

= 41.8 kJ



4. Using Hess’s Law to calculate standard enthalpies of formation 


                (
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) from a thermochemical equation and other enthalpies 

                            of formation




Calculate the standard enthalpy of formation (
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) of 




CH4 (g) using the following thermochemical equation and a




table of enthalpies of formation.


CH4 (g) + 2 O2 (g) ( CO2 (g) + 2 H2O (l); (H(= ( 890.0 kJ 

	Substance
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	O2 (g)
	0

	CO2 (g)
	(393.3

	H2O (l)
	(285.8
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( 890.0 kJ = [((393.3 kJ) + 2((285.8 kJ)] ( [CH4 (g) + 2(0 kJ)] 



( 890.0 kJ = [((393.3 kJ) + 2((285.8 kJ)] ( [CH4 (g)]



( 890.0 kJ = [((393.3 kJ) + ((571.6 kJ)] ( [CH4 (g)]



( 890.0 kJ = [(964.9 kJ] ( [CH4 (g)]



[CH4 (g)] ( 890.0 kJ = [(964.9 kJ]



[CH4 (g)] = ( 74.9 kJ
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