ENERGETICS

All types of chemical reaction involve changes in energy. When energy is emitted it can take a number of forms, but the most common form is as heat energy.  
Heat energy is called enthalpy.  Enthalpy change is represented by the symbol ∆H.

In general when bonds break energy has to be supplied and when bonds form energy is given out.

When heat energy is given out the reaction is described as EXOTHERMIC and this happens when more energy is obtained from bonds being formed than is used by bonds being broken.  The heat energy given out can cause a temperature increase.  

When the breaking of bonds in a reaction requires more energy than is given out by the formation of new bonds, heat energy is taken in, and the reaction is said to be ENDOTHERMIC. The heat energy taken in can cause a temperature decrease.  

 The majority of reactions are exothermic.

Energy changes which take place during a chemical reaction can be represented on an energy (enthalpy) profile diagram.  
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By convention the value of ∆H for exothermic reactions is negative and endothermic reactions is positive.

Standard Conditions

Obviously the quantity of energy given out or taken in during a reaction depends on the amount of material involved, so the enthalpy values have to be standardised. 
The standard enthalpy value ∆Hθ refers to;
    

molar quantities

    

at 298K

    
    and 1 atm pressure (1x105 Pa)

Enthalpy Changes

Units of ∆H are kJ mol–1: the mol–1 does not refer to one mole of any particular substance, but to molar quantities in the correct proportions of the equation, and therefore the equation must always be stated (or implied):

          e.g.        0.5 N2   +   1.5 H2
(    NH3    
∆Hθ = –46.2 kJ mol–1
The enthalpy change here refers to half a mole of nitrogen molecules reacting with 1.5 moles of hydrogen molecules to form one mole of ammonia. 

It follows that for;   N2  +    3 H2
(   2 NH3    



we multiply everything by the same factor and ∆Hθ = 2 x –46.2 = –92.4 kJ mol–1  

State symbols are important.  The values for the two reactions below are different. 




H2(g)  +  ½O2(g)                              H2O(g)




H2(g)  +  ½O2(g)                              H2O(l)
Allotropic form can also be important;

                                        C(graph)                   C(diam)           H  = + 1.9kJmol-1
Some important definitions;

	Enthalpy change
	Definition 

	Enthalpy of formation, ∆Hθf
	The enthalpy change that takes place when one mole of substance is formed from its elements in their standard state under standard conditions. 

e.g.       0.5 N2   +   1.5 H2
(    NH3    

	Enthalpy of combustion, ∆Hθc
	The enthalpy change that takes place when one mole of substance is completely burned in oxygen under standard conditions. 

e.g.       C8H18  +  12.5 O2  (  8 CO2  +  9 H2O     

	Enthalpy of neutralisation, ∆Hθneut
	The enthalpy change that takes place when one mole of water is formed in a neutralisation reaction.
e.g.       HCl(aq) + NaOH(aq) ( NaCl(aq) +  H2O(l)

	Enthalpy of atomisation, ∆Hθat
	The enthalpy change that takes place when one mole of gaseous atoms is formed from the element under standard conditions.
e.g.        ½Cl2(g) ( 2Cl(g)


Note - By definition, the 
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 value for an element in its standard state must be zero. 
(It takes no energy to form an element is its standard state from its constituent element in its standard state).
Experimental Measurements of Enthalpy

Experimental measurements of enthalpy change are generally based on knowing that the specific heat capacity of water is 4.2Jg-1K-1.  The temperature change of a given mass of water is measured, and the energy change is found from:

           Heat energy change = mass of water x 4.2 x temperature change        (E = m ( c  (  T)
[Or to make sure the sign is always correct 

          Heat energy change = mass of water x 4.2 x (Starting temp – final temp)  ]
This is converted to an enthalpy change by dividing the energy change by the number of moles (of the substance not in excess) and adding the appropriate sign; - for exothermic reactions and + for endothermic reactions.

Example

50cm3 of 1M HCl is placed in a polystyrene cup.  50cm3 of 1M NaOH solution is placed in a beaker.  The temperature of each is 18oC.  The NaOH solution is then added to the HCl in the cup.  The temperature increases to 24oC.  
Calculate the enthalpy change for this reaction.

Heat energy change = 100 x 4.2 x (18 – 24) = -2520 J


Moles HCl = Moles NaOH = 50 / 1000 x 1 = 0.05 mol


∆Hθ = -2520 / 0.05 = -50,400  J mol-1    or    – 50.4 kJ mol-1 (3 sig fig)
  The two main ways of investigating enthalpy changes are 

· mixing substances in an insulated container, and

· using a calorimeter in a combustion experiment.

A typical experiment to determine an enthalpy change using an insulated container (to Measure the enthalpy of neutralisation of hydrochloric acid and sodium hyrdroxide) which takes steps to reduce errors is given below.

30 cm3 is a reasonable volume of liquid to use in an expanded polystyrene cup. 

1. Using a measuring cylinder, 30 cm3 of dilute hydrochloric acid is placed into an expanded polystyrene cup.

2. A thermometer is placed in the solution and the temperature is recorded every min for 3 mins.

3. 30 cm3 sodium hydroxide solution is measured out.

4. At 3.5 minutes the sodium hydroxide solution is added.

5. The mixture is stirred continuously.

6. Readings continue to be taken every minute up to ten minutes.

A graph of the readings is plotted and the lines extrapolated as shown in the diagram below.








Likely errors in these experiments; 

· Assuming the volume (and therefore mass) of water used in the calculation is the same as the volume of the solution used in the reaction.

· Assuming that the specific heat capacity of the solution is the same as that of water.

  A calorimeter could be used to measure enthalpies of combustion.

  A typical process for this is outlined below. 

1. A measuring cylinder is used to measure out 100cm3 of water.

2. The water is placed in a calorimeter (basically a metal can).  

3. The liquid to be investigated is placed in a spirit burner.  The spirit burner is weighed.

4. The temperature of the water is noted 

5. The apparatus is set up as shown below.

6. The liquid is ignited and allowed to heat the water.

7. After a temperature rise of around 20oC, the flame is extinguished.

8. The exact temperature is noted

9. The burner is weighed to find out how much liquid has been burned.
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Typical results

	Liquid
	Mass of burner at start  /g
	Mass of burner at end  /g
	Temperature at start  /oC
	Temperature at end  /oC

	Ethanal, C2H4O
	115.78
	115.59
	21
	29


Calculation

Energy = m x C x Ө = 100 x 4.2 x 8 = 3360 J

Moles = 0.19 / 44 = 0.0043 

ΔH = -3360 / 0.0043 = -781,395 J/mol  = -781 kJ/mol (3 sig fig).
Hess's Law and Energy Cycles
Hess's Law follows from the 1st law of thermodynamics (conservation of energy) and states that;
	For a given chemical change, the overall energy change will always be the same whether the change takes place in one step or a number of steps. (It is independent of the route taken).


We can use Hess’s law to construct cycles, and then equate the enthalpies from different pathways. Remember that the direction of the arrow is directly linked to the sign of ∆H. If the arrow is reversed, then the sign of ∆H must be changed (see ∆H4 in the example below). 
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Example 1
The energy level of liquid water at 25oC will be the same whether it is formed from burning hydrogen or the decomposition of hydrogen peroxide.
Suppose we wanted to find the enthalpy of formation of hydrogen peroxide, ∆Hθf(H2O2).

Chemical equation

H2(g)  +  O2(g)    (    H2O2(l)
This reaction does not readily occur, and so we cannot measure its enthalpy directly. 
Hess's Law can be used to find the value for it using other enthalpy values by constructing a cycle, and then equating the enthalpies from the different routes. 

When 1 mole hydrogen is burnt in oxygen to form water, 285.9 kJ mol-1 of energy are given out.  This is the enthalpy of formation of water, ∆Hθf(H2O).




H2(g)  +  ½O2(g)     (       H2O(l)           ∆Hθf = -285.9 kJmol-1
Hydrogen peroxide decomposes according to the equation:

                              H2O2(l)     (       H2O(l)  +  ½O2(g)
∆HθR = -98.3 kJmol-1
These changes can be represented in an energy triangle. According to Hess’s law, the energy change to go from {H2(g) + O2(g)} ( {H2O2(l)} is the same whether we go direct or via { H2O(l) + ½O2(g)}.



So using Hess’s Law;

           ∆Hθf(H2O2) = ∆Hθf(H2O) - ∆HθR
                   = -285.9 - -98.3 = -187.6 kJmol-1
Example 2 – Calculating 
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 from enthalpies of combustion

The enthalpies of combustion of ethene, hydrogen and carbon are –1409, –286 and
 –394  kJ mol–1, respectively. Find the enthalpy of formation of ethene.

(i) Full cycle method
Construct a triangle with the elements in their standard states (including oxygen), ethene + oxygen, and the combustion products as the three corners.





Using Hess’s Law, total enthalpy change from elements to ethene must be the same by either route.
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=  2(–394)         + 2(–286)          –  (–1409)    =  + 49 kJ mol–1   
N.B. Always include the + sign in ∆H answers for endothermic reactions.
Example 3 – Finding enthalpy of reaction from 
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(ii) “Algebraic” method
*
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 (reaction) must be added to all the enthalpies of formation on the left hand side of equation, to be equal to the total enthalpies of formation on the right hand side. 


Write out this statement, then the equation, with plenty of space, and write the enthalpies of formation underneath each substance:
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 (products)

      
          C2H4(g)      +    3O2(g)  
=   2CO2(g)   +  2H2O(l)

   –1409  + 
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(ethene)  +    3( 0)      
=  2(–394)     +  2(–286)

So       
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 (ethene)   =   2(–394) + 2(–286) –  (–1409)     =    + 49 kJ mol–1
*
The advantage of the algebraic method is that you are less likely to omit enthalpy values, and each value used is directly linked to the formula in the equation above, so that the layout is self-explanatory.

Using the algebraic method:
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2 Al2O3    +    3C

(    4Al(l)    +    3CO2
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 + 2(–1669)  +     0

=     4(+10)   +    3(–394)
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=    –1142  – (–3338)







=   + 2196 kJ mol–1 for 2 mol



so for 1 mol     
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=   + 1098 kJ mol–1
Example 4 – use of enthalpies of combustion directly

Occasionally, instead of enthalpies of formation, only enthalpies of combustion (or solution) are given in a question (in Example 1, two of the enthalpies of combustion were also enthalpies of formation). These cannot be used in exactly the same way as enthalpies of formation, and you are less likely to make mistakes if you draw the full cycle out. 

e.g. The enthalpies of combustion of ethyne(g) and benzene(l) are –1299 and

 –3273 kJ mol–1, and the enthalpy of vaporisation of benzene is +30kJ mol–1. 

Find  
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  for:       3C2H2(g)  ( C6H6(g)        (i.e. 3 ethyne  ( benzene)

Method: construct a cycle, including the combustion products. This means adding 7.5 oxygen molecules to both sides. 
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From Hess' Law:   
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=  3 (–1299)  – (–3273)  =  –564 kJ mol–1
Bond Enthalpy
When a chemical reaction takes place it involves bond breaking and bond forming.

When a bond is formed one electron from each atom enters a new electron cloud of lower energy.  As the system moves to a lower energy level, energy is given out.  In order to break the bond this energy has to be put back into the system.  
The heat energy obtained when a bond is formed, and taken in when it is broken is called the bond enthalpy.

If we considered a molecule such as methane, the energy required to break each of the bonds is not exactly the same.  So the total energy required to break up a methane molecule is divided by 4 to give an average bond enthalpy.

Average bond enthalpies can be used to determine approximately the enthalpy change which will take place in a particular reaction.
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reaction = sum of bonds broken on left  –  sum of bonds made on right


Consider the reaction between fluorine and methane.



           CH4  +  4F2                        (                       CF4  +  4HF

For each mole

Bonds broken;  C-H      4 x 412 = 1648 kJ              Bonds formed;  C-F      4 x -484 = -1936 kJ
                         F-F       4 x 158 = 632 kJ                                         H-F      4 x -562 = -2248 kJ
                   Total energy used = +2280 kJ                       Total energy produced = -4184 kJ
Total enthalpy change for the reaction =  Broken – Formed = +2280 -4184 = -1904 kJ.

We can show this on an energy diagram:








In reality the reaction between methane and fluorine does not required four fluorine molecules to collide with a methane molecule at the same instant, but actually takes place as a series of steps (in a process called the reaction mechanism).
Bond energies are useful as a guide to the possible sequence of events.  
For example in the reaction between methane and fluorine, which is the first bond to break

C-H (bond enthalpy 412) or F-F (bond enthalpy 158)?  
Since the F-F bond requires less energy to break it, this will be the first bond broken.

The bond enthalpies relate to the activation enthalpy for a reaction and therefore have an influence on how fast the reaction can go.  If the bond enthalpies are low, then the activation enthalpy will be low and the reaction can take place at a high rate.

Reaction Mechanisms

A reaction mechanism shows which bonds are formed and broken during a reaction and informs chemists how a reaction proceeds. 

The weaker the bond, the more likely it is to break.

Types of bond breaking

Bonds can break in two ways.

1)
The electrons in the covalent bond return to their original atoms.

The species that form have an unpaired electron – they are called free radicals.


[image: image26.emf]C


l


C


l


C


l


C


l




Cl Cl

Cl Cl


This is known as Homolytic fission (Homo as the products formed are both free radicals).

2)
The electrons in the bond both move in the same direction.

The process forms ions and is called hetrolytic fission.
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Probing reaction mechanisms

Bond enthalpies allow us to postulate what happens during a reaction.

e.g. The most likely bond to break in the molecule below (bromoethane) is the C-Br bond as it is the weakest. 
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	Bond enthalpy (kJ mol-1)

 (kJ/mol)

	C-H
	413

	C-C
	347

	C-Br
	290


When bromoethane reacts the most likely mechanism for the reaction will involve the breaking of the C-Br bond to form the carbocationic intermediate (C2H5+) and a Br- ion.


[image: image29.emf]H


C


C


B


r


H


H


H


H


H


C


C


H


H


H


H


+


B


r


-


C


a


r


b


o


c


a


t


i


o


n


i


c


 


i


n


t


e


r


m


e


d


i


a


t


e




H C C Br

HH

HH

H C C

HH

HH

+

Br

-

Carbocationic intermediate


Bond enthalpies and enthalpies of Atomisation

The enthalpy of atomisation of an element is the enthalpy change when one mole of gaseous atoms of an element is formed from an element is its standard state under standard conditions (298K and 1 atm).  

e.g. It is the enthalpy change for the following process:


1/2Cl2(g) ( Cl(g) ; 

enthalpy change = Ha[1/2Cl2(g)] = + 121 kJ mol-1
During atomization all the bonds in the reactants are broken and no new bonds are formed (as all the products are atoms).
Therefore    Ha = The sum of all the bonds in the reactants.

For  1/2Cl2(g) ( Cl(g)   the bonds broken = ½ (Cl-Cl)

Therefore Bond enthalpy of (Cl-Cl) = 2 x 121 = + 242 kJ mol-1
Another example


Ha[CH4(g)] = +1646 kJ mol-1
The equation for atomisation of CH4 is;

CH4(g)   (  C(g)   + 4H(g)
Bonds broken = 4 (C-H)

Therefore    4 (C-H) = 1646





 (C-H) = 1646 / 4 = 412 kJ mol-1
The bond enthalpy of (C-H) in CH4 is 412 kJ mol-1
Born-Haber cycles

Lattice enthalpies cannot be determined directly and are found instead by cycles, called the Born-Haber cycles, which are similar to the cycles used for determining enthalpy changes using Hess's law.  

· Starting with the elements in their standard states, we first form gaseous atoms (atomisation enthalpies).  

· We then remove electron(s) from the metal (ionisation enthalpy), and give electron(s) to the non-metal (electron affinity). 

· The gaseous ions are now combined to form the crystal (lattice enthalpy). 

· The alternative route is to form the crystal directly from the elements (enthalpy of formation).

We can illustrate the use of a Born-Haber cycle by calculating the enthalpy of formation of magnesium chloride (in order to compare with the observed value of –642 kJ mol-1). 
If there is good agreement, it is likely that the compound fits the ionic model well.




Mg2+(g)  +  2e–  +  2Cl(g)








Mg2+(g)  +  2Cl–(g)




Mg(g)  +  2Cl(g)






Mg(g)  +  Cl2(g)





Mg(s)  +  Cl2(g)








MgCl2(s)


For the route via atoms, and gaseous ions, the values are as follows:


Process:
      Enthalpy               Value for MgCl2/kJ mol–1
a) Elements to atoms
Atomisation of Mg
+150



2 × Atomisation of Cl
+242

b) metal atom to cation
First ionisation E of Mg
+736



+ second I.E. 
+1450

c) non-metal to anion
2 × electron affinity Cl
–728

d) ions to crystal
lattice enthalpy of MgCl2
–2493

Therefore:
enthalpy of formation
–643 kJ mol–1
Note;

In (a) and (c) allowance is made for two Cl atoms, and in (b) the total energy needed is the sum of the first two ionisation energies. 

In (d), the lattice enthalpy is defined as the enthalpy change on formation of one mole of crystals from the gaseous ions (see previous section), and is negative. 

The Born-Haber cycle is a conventional Hess’s Law cycle, following the directions of the arrows, but the vertical heights give a rough idea of the enthalpy content (lower = thermodynamically more stable).

Study of this Born-Haber cycle shows that although the (negative) electron affinity of the non-metal goes some way towards compensating for the high ionisation energy, it is the large negative value for the lattice energy which makes the whole process favourable. 

Ionic compounds are likely to be formed if one element (the metal) has low ionisation energy (or energies), the other (non-metal) has a reasonably high electron affinity, and if the lattice energy of the compound formed is high.
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Energy profile diagram for an exothermic reaction 
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� EMBED Equation.3  ��� 





2 × electron  affinity of Cl





CH4 + 4F2





Enthalpy





H = -1904 kJ mol–1





CF4 + 4HF





The dashed arrow shows our indirect route {H2(g) + O2(g)} to {H2O2(l)}.  When the dashed arrow points in the same direction as the energy change arrow, the value is added in. When the dashed arrow points in the opposite direction as the energy change arrow, the value is subtracted.
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∆HθR





+2280





–4184





  C + 4H + 8F
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































     enthalpy of


formation of MgCl2





atomisation


   of Mg





lattice enthalpy


   of MgCl2(s)





2 × atomisation


     of Cl





Mg: first I.E


+ second I.E.
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