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3. THERMOCHEMISTRY

Hess's Law

2.65	 Thermochemistry concerns the study of changes in energy which 
	 occur during chemical reactions. 

2.66	 The First Law of Thermodynamics states that energy is conserved. 

2.67	 Hess’s law states that the overall reaction enthalpy is the sum of the 
	 reaction enthalpies of each step of the reaction. This is an 			 
	 application of the First Law of Thermodynamics. 

2.68	 A thermochemical cycle can be used to calculate an unknown 
	 enthalpy value.

2.69	 The term ‘standard enthalpy change’ ( ∆Ho) refers to an 
	 enthalpy change for a reaction in which the reactants and products 
	 are considered to be in their standard states at a 
	 specified temperature. 
     			 
2.70	 The standard state of a substance is the most stable state of the 
	 substance under standard conditions. 

2.71	 Standard conditions refer to a pressure of one atmosphere and a 
	 specified temperature, usually 298K (25°C). 

2.72	 The standard molar enthalpy of combustion refers to the enthalpy 
	 change which occurs when one mole of a substance is burned 
	 completely. 

2.73	 Calorimetry is the term used to describe the quantitative 
	 determination of the change in heat energy which occurs during a 
	 chemical reaction. 

2.74	 A calorimeter is used to measure the quantity of heat energy given 
	 out or taken in during a chemical reaction. 

2.75	 The standard molar enthalpy of formation refers to the enthalpy 
	 change which occurs when one mole of a substance is prepared 
	 from its elements in their standard states.

2.76 	 The standard enthalpy of formation of a substance can be 
	 calculated from standard enthalpy changes which are 
	 experimentally determined.

2.77 	 The standard enthalpy of a reaction can be calculated from 
	 tabulated standard molar enthalpies of formation using 
	 the relation:
			   ΔHo = ΣΔHo

f (products) - ΣΔHo
f (reactants) 
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Bond Enthalpies
2.78	 For a diatomic molecule, XY, the molar bond enthalpy is the 
	 energy required to break one mole of XY bonds, that is, for 
	 the process:
				    X-Y(g) → X(g) + Y(g)

2.79	 Mean molar bond enthalpies are average values which are quoted 
	 for bonds which occur in different molecular environments.

2.80	 Bond enthalpies may be calculated from data on enthalpy 
	 changes.

2.81	 The enthalpy of a reaction can be estimated from a 
	 thermochemical cycle involving bond formation and 
	 bond dissociation.

2.82	 Enthalpies of reaction estimated from bond enthalpies may 
	 differ from experimentally determined values.

Hess’s Law applied to ionic substances

Born-Haber cycle
2.83	 The Born-Haber cycle is a thermochemical cycle applied to 
	 the formation of an ionic crystal.

2.84	 The Born-Haber cycle can be used to calculate the enthalpy of 
	 lattice formation, which cannot be determined directly 
	 by experiment.

2.85	 The standard molar enthalpy change of lattice formation is 
	 the enthalpy change which occurs when one mole of an ionic 
	 crystal is formed from the ions in their gaseous states under 
	 standard conditions.

2.86	 The cycle is a closed path which includes as steps the 
	 different enthalpy changes involved in the formation of an 
	 ionic crystal.

2.87 	 The different enthalpy changes include enthalpy of atomisation, 
	 ionisation energy, bond enthalpy, electron affinity, lattice enthalpy 
	 and enthalpy of formation.

2.88	 The standard molar enthalpy of atomisation of an element is 
	 the energy required to produce one mole of isolated gaseous 
	 atoms from the element in its standard state.
			   eg. ½ I2(s) → I(g)
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2.89	 The electron affinity is usually defined as the enthalpy change 
	 for the process of  adding one mole of electrons to one mole 
	 of isolated atoms in the gaseous state,  ie, for the change
	 represented by:
					     E(g) + e- → E-

(g)

Enthalpy of solution
2.90	 A thermochemical cycle can represent the relation between 
	 enthalpy of solution, enthalpy of lattice formation and enthalpy of 
	 hydration for the solution of an ionic compound.

2.91	 The hydration enthalpy is the energy released when one mole 
	 of individual gaseous ions becomes hydrated, ie, the changes 
	 represented by:

		  En+
(g) → En+

(aq) and En-
(g) → En-

(aq)
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Q1	 Solid magnesium chloride exists in two forms: anhydrous(MgCl2) and 				 
	 hydrated(MgCl2.6H2O).
	
	 a)	 Calculate the enthalpy change for the process: 
			   MgCl2(s) → Mg2+

(aq) + 2Cl–
(aq) 

		  Use the following data: 
							       Mg2+

(g) → Mg2+
(aq)   ΔH = –1920 kJ mol–1 

							       Cl–
(g) → Cl–

(aq)   	 ΔH = –364 kJ mol–1 

	 lattice enthalpy (anhydrous magnesium chloride)         =  2493 kJ mol–1	     	 3

	 b)	 Calculate the enthalpy change for converting anhydrous magnesium chloride 
		  to hydrated magnesium chloride, given the following enthalpies of formation:
	
		  ΔHθ

f (hydrated magnesium chloride)	 =	 –2500 kJ mol–1

 		  ΔHθ
f (anhydrous magnesium chloride)	 =	 –642 kJ mol–1 

		  ΔHθ
f (water)						      =	 –286 kJ mol–1	   			   3

																	                 (6) 

Q2	 Consider the following data:
	
	 Compound	 Lattice-breaking enthalpy/kJ mol–1      Enthalpy of solution/kJ mol–1

		  KF				    801								        – 17.7
		  KCl				    701								        + 17.2
		  KBr				   670								        + 20.0
	
	
	 a)	 Why do the lattice-breaking enthalpies decrease down the series from 
		  KF to KBr?	          											           1

	 b)	 Calculate the enthalpy associated with the hydration of the ions in KCl.	         1

	 c)	 How would you expect the enthalpy associated with the hydration of the 
		  ions in calcium chloride to compare with that in potassium chloride?  
		  Explain your answer.	   										          2
																	                 (4) 
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Q3	 Water gas is prepared by passing steam over white hot coke.  The equation for the 
	 reaction is:
	
				    C(s)  +  H2O(g) → CO(g)  +  H2(g)
	
	 The products of the reaction may be used to prepare methanol industrially, using 
	 chromium(III) oxide as a catalyst, a temperature of 300°C and a pressure of 300 
	 atmospheres:
	
				    CO(g)  +  2H2(g) → CH3OH(l)
	
	 a)	 The enthalpy change for the reaction to produce water gas is 130 kJ mol–1.  

		  Use this value, with information on 'page 9' of the Data Booklet, to calculate 
		  the bond enthalpy for the C–O bond in carbon monoxide.	           		  3
 
	 b)	 The mean bond enthalpy for C–O is 331 kJ mol–1 and for C=O is 724 kJ mol–1. 

		  Use this information and your answer to a) to make a prediction about the 
		  nature of the bond in carbon monoxide.	  							       1

	 c)	 State two possible hazards associated with the industrial production of 
		  methanol.	         												            2
																	                 (6) 

 
 Q4	 a)	 By referring to the Data Booklet write down the equation and the value for:
	

		    i)	 the enthalpy of formation of propane
	

		   ii)	 the enthalpy of combustion of carbon
	

		  iii)	 the enthalpy of combustion of hydrogen.						      3

	 b)	 Using the above data, calculate the enthalpy of combustion 
		  of propane.	          											           2
																	                 (5)
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Q5	 a)	 Name each of the changes shown by the equations i) to v) and beside each name 
		  write the value for the change as shown in the Data Booklet.	

		    i)	 Na(s)  →  Na(g)												            1

		   ii)	 ½O2(g)  →  O(g)												           1
		  iii)	 Na(g)  →  Na+

(g)												           1
		  iv)	 O(g)  →  O2–

(g)												            1
		   v)	 2Na+

(g)  +  O2–
(g)  →  (Na+)2O

2–
(s)								        1

	 b)	 Write the equation for the enthalpy of formation of sodium oxide.			  1

	 c)	  i)	 Construct a Born–Haber cycle using all the information in a) and b).	     1

		  ii)	 Calculate the enthalpy of formation of sodium oxide.				    1
																	                 (8)

Q6	 a)	 Using bond enthalpy values from the Data Booklet, calculate the enthalpy 
		  change for the following reaction.

		    C2H2 (g)     +     2 H2 (g)  →  C2H6 (g) 							       3

	 b)	 The enthalpy change for the reaction above can also be calculated using 
		  standard enthalpies of combustion.

		  Why might this value be different from the answer to a) ?				    1
																	                 (4)
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Q7	 Consider the following thermochemical cycle (which is not drawn to scale) 
	 describing the steps involved in the enthalpy of formation of calcium hydride.

		    
	 a)	 What should be written on line X ?									        1

	 b)	  Calculate ∆H5 using information from the Data Booklet				         1

	 c)	 Calculate the lattice enthalpy, in kJ mol-1, of calcium hydride			   1

	 d)	 Identify the two products formed when calcium hydride reacts with water	 1
																	                 (4)
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Answers 
Q1	 a)	 Find		 MgCl2 (s)	 →	 Mg2+

(aq)	 +	 2Cl–
(aq)  

      
		  Given  	 (1)	 Mg2+

(g)	 →	 Mg2+
(aq)			   ΔH1 	– 1923

				    (2)	 Cl–
(g)		 →	 Cl–

(aq)			   ΔH2 	–   338
				    (3)	 Mg2+

(g)+	 2Cl–
(g)→	 Mg2+(Cl–)2 (s)	 ΔH3 	– 2326

		  ΔH		  =	 – ΔH3 + ΔH1 + 2ΔH2 								        1
				    =	 –(–2326) + (–1923) + 2(–338) 						      1	
				    =	  –273 kJ mol–1										         1	

	 b)			   MgCl2(s)  +  6H2O(l)  →  MgCl2.6H2O(s)

				    ΔH	 =	 ΣΔHproducts – ΣΔHreactants							       1
					     =	 –2500  – (–642)  + 6(–286)  						      1
					     =	 –142 kJ mol–1									         1
 																	                 (6)

Q2 	 a)	 Ionic bonding becomes weaker going down the series.
  

	 or  	 Halide ion increases in size going down the series (must mention ionic/ion).  	1

	 b)	 Enthalpy hydration = enthalpy solution – lattice enthalpy (breaking) 
						      = 17.2 – 701 
						      = –683.8 kJ mol–1 								        1

	 c)	 The hydration enthalpy for Ca2+ will be more negative.		  (1)

		  Ca2+ has a  larger charge than K+ and therefore there is 
		  stronger attraction between the Ca2+ and the water.			  (1)			   2
																	                 (4)

Q3.	 a)	 C(s) + H–O–H(g) → C~O(g) + H–H(g)  	 ΔH = 130 kJ mol–1 

		  Bond breaking 	 C(s) → C(g) 	 = 	 715; 
					     2 x O–H bonds 	 = 	 2 × 458 = 916; total = 1631 kJ	 (1)

		  Bond making 		 C~O		 =	 X
						      H–H 	 = 	 –432; 	 total = –432 +  X kJ			  (1)
		  X = 130 –1631 + 432 =  –1069 kJ mol–1 
		  Energy given out in forming one mole of C~O bonds 	 =  –1069 kJ		  (1)
																	                 3
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Q3 contd

	 b)	 C–O = 358; 

		  C=O = 798; 		  therefore the bond in CO is   C–O + C=O, i.e. C≡O 	 1

	 c)	 CO poisonous; H2 could be explosive; CH3OH is flammable 
		  (any two correct = 1+1)   										          2
																	                 (6)

Q4 	 a)	   i)	 3C(s)		 +	 4H2(g)	 →	 C3H8(g)		  – 140			   (1)

		   ii)	 C(s)		  +	 O2(g)		  → 	 CO2(g)		  – 394			   (1)

		  iii)	 H2(g)		  +	 ½O2(g)	 →	 H2O(g)		  – 286			   (1)	 3

	 b)	 Find		 C3H8(g)	 +	 5O2 (g)	 →	 3CO2(g)

		  ΔH	 =  ΔH(i)	 +	 4 ΔH(ii)	 +	 3ΔH(iii) 

			   = – (–104)	 +	 (4 × –286)	 +	 (3 × –394)			   (1)
			   = –2222 kJ mol–1										          (1)	 2
																	                 (5)
 
Q5	 a)	   i)	 Sublimation enthalpy 			   109    kJ mol–1					     1
 

		   ii)	 Bond dissociation enthalpy 		  248.5 kJ mol-1					     1
 

		  iii)	 1st ionisation energy 			   502    kJ mol–1 					    1
		  iv)	 1st + 2nd  electron affinity 		  703 	  kJ mol–1  				    1
		   v)	 Lattice formation enthalpy 	      –2481    kJ mol–1					    1

	 b)	 2Na(s)  +  ½O2(g)  →  (Na+)2O
2–

(s)   									         1
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Q5 contd

	 c)	  i) 

																	                 1

		  ii)	 ΔH(b)	 =	 ΔH(i) +  ΔH(ii) + ΔH(iii) + ΔH(iv) +  ΔH(v)

					     =	 2(109) + 2(502) + ½(497) + 703 + (–2481)
					     =	 –307.5 kJ mol–1								        1

Q6	 a)		  Bonds broken						     Bonds Formed

											            H	  H
		  H—C ≡ C—H   +  	 H—H				      |	   |
										          H — C — C — H
						      H—H				      |   	   |
											            H	  H				  

		  2 x H—H  	 =  2 x 432 = 864		  1 x C—C		  =  1 x -346  = -346
		  1 x C ≡ C		 =  1 x 835 = 835		  6 x C—H		 = 6  x -414   = -2484
		  2 x C—H		 =  2 x 414 = 828

			   ΔH  =  2527    -   2830      =	 -303 kJ mol-1						      3

	 b)	 C ≡ C, C—C and C—H are mean (average) bond energies

	 or	 Enthalpies of combustion can be measured directly 
		  (wheras bond energies are calculated values).							      1
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Q7 	 a)	 Ca +
(g)     +     e-     +     2 H(g)    (states must be present)				      	 1

	 b)	 -145.6 kJ mol–1 or -145.6 kJ  or -146 kJ  or -146 kJ mol-1				    1
		  no mark for -72.8 kJ    no mark if KJ used      no mark if no units shown

	 c)	 -2412.4 (kJ mol-1) - no units required as given in question				    1		
		

		  Following on from -72.8 kJ in b) would give -2458.2

	 d)	 calcium hydroxide and hydrogen   or    Ca(OH)2  and H2				    1		
		

												          


