Section 4 - Calculations   p.


Section 4 - Calculations
1. Atomic and molecular masses

*
In the first tables of atomic masses, all atoms were compared with hydrogen. A carbon atom was given a relative mass of 12 because it was about twelve times as heavy as a hydrogen atom. For more accurate work, comparison with a single isotope is necessary, and for practical reasons carbon–12 is used as the standard. The mass of a carbon–12 atom is fixed as 12 units exactly, and everything else compared with that.

*
Hydrogen is the lightest atom, and the mass of a hydrogen atom is 1 (1.0080 for very accurate work). We usually use relative atomic masses correct to the nearest whole number (or 0.5 in the case of Cl):


H = 1;  C = 12;  N = 14;  O = 16;  Na = 23;  Al = 27;  S = 32;  Cl = 35.5;  Cu = 64

*
The relative formula mass of a compound is the mass of the formula on the carbon–12 scale. It is obtained by adding up the masses of all the atoms in the formula:


CO2  

r.f.m. 
= 12  +  2 ×16   
=  44


NaNO3

r.f.m.
=  23  +  14  + 3 × 16  
=  75


Cu(NO3)2
r.f.m.
=  64  +  2 × (14 + 3×16)
=  188
(In the case of a covalent substance like CO2 this may be called the relative molecular mass, but strictly that term should not be applied to ionic substances, since they have no molecules).

2. Percentage by mass

*
The percentage by mass is important to mineral prospectors, and is also useful in finding formulae. If the formula is already known it is simply a question of finding the fraction of the formula mass made up by the element in question.


e.g. What is the percentage by mass of aluminium in bauxite, Al2O3?

r.f.m. of Al2O3 
=  2×27  +  3×16
= 54 + 48
=  102

% by mass of Al 
=  
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=  52.9% (3 sig. fig.)
N.B. although r.a.m.s are given to the nearest whole number most are very close to the integer (e.g. Al is 26.98, O is 16.00), and it is advisable in chemical calculations to express final answers to three significant figures, and not to a set number of decimal places.

*
A common problem with percentage by mass calculations occurs when an element occurs in two places in the compound, particularly with water of crystallisation.


e.g. What is the percentage by  mass of oxygen in CuSO4.5H2O?

r.f.m. of CuSO4.5H2O

=  64  +  32  +  4×16  +  5× (2+16) 
=  250


mass of oxygen in formula
=                       4×16  +       5×16    
=  144


percentage by mass of O
= 
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=  57.6% (3 sig. fig.)
3. The mole and molar mass

*
The mole is a counting unit, like the dozen, gross or ream, which is used to measure equal “amounts” of different substances. Its S.I. abbreviation is “mol”. 
*
Its definition is: 


One mole is the amount of substance which contains the Avogadro Constant of a specified particle (or formula). The Avogadro Constant is equal to the number of atoms in 12 g of carbon–12.

*
It follows that one mole of any substance contains the same number of atoms (or molecules, or ions, or electrons, or other formula units). We need to say what this unit is: 1 mol of H atoms, 1 mol of O2 molecules, 1 mol of MgCl2 etc.

*
The number of units in one mole — i.e. the Avogadro Constant — is about 
6 x 1023, but that is not part of the definition, and you do not need to remember its value.

*
If you work out the relative formula mass of a substance, the mass of 1 mole will be the same number, in g. This is called the molar mass, and its units are g/mol.

Use the Periodic Table to find atomic masses. You will always have a Periodic Table in examinations.


e.g. What is the mass of one mole of (a) CO2 ;  (b) Cu(NO3)2 ?



[C=12, O=16, Cu=64, N=14]


(a) 
Formula mass of CO2

= 12 + 2×16 = 44



Molar mass of CO2 

= 44 g/mol


(b)
Formula mass of Cu(NO3)2 
= 64 + 2 × (14+ 3×16)  = 188 



Molar mass of Cu(NO3)2 
= 188 g/mol
Amount of substance

*
The “amount of substance” is a special name for the number of moles. If we know the mass of a substance and its molar mass, we can find the amount:


amount of substance (mol) =  EQ \f(mass (g),molar mass (g/mol)) 
The most common mistake in finding the amount is to divide the wrong way round, so check by asking “is there more or less than 1 mol?”. If the answer is “less”, the figure obtained should begin with “0. …”.


If we know the number of moles and the molar mass, we can find the mass of substance:



mass (g) = amount (mol)  × molar mass (g/mol)
	Some find the triangle (see right) helps them to remember: cover up one and you have the formula in terms of the other two.
	


4. Chemical formulae

*
The chemical formulae of compounds have to be found by experiment. The experiment to determine the formula of magnesium oxide is described later.

*
The simplest whole-number ratio of atoms in a compound is called the empirical formula. We can use moles to find the formula of a substance. The steps are as follows:


(a) (Carry out an experiment to) find the masses of all the different elements which combine with each other. It is the ratio which is important, so the total mass doesn’t matter. Sometimes data may be given as % by mass: these should be treated as the masses of the element in 100g of compound.


(b) Convert each mass to amount of substance: i.e. divide the mass by the molar mass of the element concerned (i.e. by its relative atomic mass).


(c) You now have the ratio of moles of atoms of the different elements. The ratio of atoms must be the same, since one mole of any substance contains the same number of units. There can’t be less than one atom of any element in the simplest formula, so divide through by the number of moles which is smallest.


(d) Then try multiplying by small whole numbers (2, 3 or 4) to get a whole-number ratio.


e.g. 2.88 g of magnesium is heated in nitrogen, and forms  4.00 g of magnesium nitride. Find the  formula of magnesium nitride. [Mg=24, N=14]
(a) 
Find the masses of all the different elements 


mass of nitrogen in sample = 4.00 – 2.88  = 1.12 g


So 2.88 g of Mg combines with 1.12 g of N

(b)
Divide the mass by the molar mass of the element concerned


Molar masses: Mg = 24 g/mol, N = 14 g/mol


So amounts which combine are:
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i.e. 0.120 mol of Mg atoms combines with  0.0800 mol of N atoms

(c)
Divide through by the number of moles which is smallest
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i.e. 1.50 mol of Mg atoms combines with 1.00 mol of N atoms

(d)
Try multiplying by small whole numbers to get a whole-number ratio

multiply by 2:


3 mol of Mg atoms combine with 2 mol of N atoms


so 3 Mg atoms combine with 2 N atoms


So simplest formula = Mg3N2 

*
For ionic substances, the empirical formula is the only one available. However, covalent molecular substances also have a molecular formula, which is the formula showing the actual number of each type of atom in one molecule. 

For example, butene, like all alkenes has the empirical formula CH2, but its molecular formula is C4H8 [or (CH2)4 — though this does not show the structure]

*
The molecular formula must be a whole number × the empirical formula: 

 

M.F.  =  (E.F.)y where y = 1, 2, or 3 etc

It follows that the relative molecular mass must be y × the formula mass of the empirical formula:
r.m.m.  =  y ×  (r.f.m. of empirical formula)

e.g. A compound of carbon, hydrogen and oxygen is found to be 40.0% carbon and 6.7% hydrogen by mass. Its relative molecular mass is 120. Find (a) its empirical formula; and (b) its molecular formula.


In 100 g of compound there is:  40.0 g of C  and 6.7 g of H and 
(100 – 40.0 – 6.7)











= 53.3 g of O


Convert to moles of atoms)

 EQ \f(40.0,12)  mol C :  
 EQ \f(6.7,1)  mol H : 
 EQ \f(53.3,16)  mol O







3.33 mol C :
6.7 mol H :
3.33 mol O


Divide by smallest


1.0 mol C
2.0 mol H
1.0 mol O






(a)       empirical formula 
= CH2O





           molecular formula 
= (CH2O)y






formula mass of CH2O 
=  12 + 2 + 16 = 30





                r.m.m. = 30 × y
= 120 (given in question)









y
=  4






(b) molecular formula
=  C4H8O4
5. Formulae of metal oxides

*
There are two main methods available for determination by experiment, (a) by direct reaction between the element and oxygen/air, or (b) by reduction of the metal oxide (only for metals low in reactivity series), using hydrogen or methane.


 EMBED Word.Picture.8  


Example (a):  a crucible was weighed with its lid (6.20g). A coiled piece of magnesium ribbon was added, and it was weighed again (6.68g). The crucible was heated [diagram (a)] until the magnesium started to burn, then the lid was raised for brief periods until it had ceased to burn. It was heated to constant mass with the lid off. The final mass of crucible, lid and magnesium oxide was 7.00g. Find the empirical formula of the magnesium oxide. [Mg=24; O=16]


mass of magnesium used
=  6.68 – 6.20
=  0.48g


mass of oxygen gained
=  7.00 – 6.68
=  0.32g


amount of magnesium   :   amount of oxygen


=      
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=        0.020 mol
   :       0.020 mol


=              1
   :            1



Empirical formula 
=    MgO
Example (b): a porcelain boat was weighed empty (3.620g). Some red copper oxide was added, and it was weighed again (4.832g). The apparatus was assembled as in the diagram (b). The hydrogen cylinder was switched on, and the air was swept out of the test tube before igniting the gas at the exit hole. The boat was heated until all the copper oxide had been reduced, and the hydrogen flow was left on while the boat cooled, to prevent air reaching the hot copper. On reweighing the boat, its mass was 4.696g. Find the empirical formula of the copper oxide. [Cu=63.5; O=16]

Check your answer;



Empirical formula 
=  Cu2O

6. Calculations from equations: reacting masses

*
Normally you will be given an equation, and asked a question which concerns only two substances, for one of which the mass is given, and for the other the mass needs to be calculated:     e.g.
What mass of substance A is needed to give x g of substance B?



What mass of substance C is produced from y g of substance D?

The steps involved in a calculation are as follows :


(a) Convert the information given to moles of one substance.


(b) Use the chemical equation to find moles of other substance needed.


(c) Convert back from moles to mass (or concentration, volume etc.)


e.g. What mass of oxygen is needed to burn 3.00 kg of propane, C3H8?

(The example below includes the instructions for the 3 steps, in bold print. Only the parts in normal print would need to be written down.) 
In this case the chemical equation is not given, so we must start by writing it down:



C3H8  +  5 O2   (3CO2  +  4H2O

(a) Convert the information given to moles of one substance.

We are given the mass of propane, so it is this we must convert to moles.


Formula mass of C3H8  =  3 ×12 +  8 × 1 =  44   So molar mass = 44 g/mol


Number of moles of C3H8 in 3.00kg          = 
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                 =  68.2 mol


(b) Use the chemical equation to find moles of other substance needed.


1 mol of propane reacts with 5 mol of oxygen molecules.

So 68.2 mol of propane reacts with 5 × 68.2 = 341 mol of oxygen molecules


(c) Convert back from moles to mass (or concentration, volume etc.)


Molar mass of O2 molecules
=  2 ×16  =  32 g/mol


So mass of oxygen needed 
= 341 mol ×32 g/mol   =  10.9 kg
e.g. In the reaction Fe3O4  +  4CO (  3Fe  +  4CO2  what mass of the iron oxide is needed to form 2.50 g of carbon dioxide?


(a)
molar mass of CO2 
=  12  +  2 × 16 

=  44 g/mol



amount of CO2
=  
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=  0.0568 mol 

(b)
From equation, 4 mol of CO2 is formed from 1 mol Fe3O4


So 0.0568 mol  of CO2 is formed from    
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=  0.0142 mol Fe3O4

(c)
Molar mass of Fe3O4
   
=  3×56  +  4×16  
=  232 g/mol



mass of 0.0142 mol Fe3O4
=  0.0142 mol × 232 g/mol
=  3.29g (3 s.f.)
This page is only needed if your teacher has covered Moles and Gases
7. Calculation of gas volumes

*
At room temperature (25oC) and pressure (1 atm) (r.t.p.), one mole of any gas occupies a volume of about 24 dm3 (24000 cm3). This gives us the relationship:

       number of moles of gas 
=  
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and:
volume of gas
= (number of moles) ( 24 dm3



= (number of moles) ( 24000 cm3

e.g. What total volume of gas at r.t.p. can be obtained from heating 99.3g of lead(II) nitrate? (Pb=207, N=14, O=16)
           

        2 Pb(NO3)2
( 2PbO  +  4NO2  +  O2


(a)
Molar mass of lead(II) nitrate = 207 + 2((14 + 3(16)
= 331g/mol



Amount of lead(II) nitrate 

= 
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= 0.300 mol


(b)
From equation: 2 mol of lead(II) nitrate give (4 + 1) 
= 5 mol of gas



Therefore  0.300 mol gives     0.300( 2.5 

= 0.75 mol of gas


(c)
Volume of 0.75 mol of gas   
=   0.75( 24  
   =    18 dm3  (at room T and P)

Calculations from equations: reacting gases
When two gases react, the ratio of volumes is the same as the ratio of moles. 
This is because equal volumes of all gases, under the same conditions, contain the same number of molecules.

e.g. When propane gas is burnt the equation is:    C3H8  +  5 O2  (3CO2  +  4H2O
What volume of oxygen will react with 2.5 dm3 of propane, at r.t.p.?



From the equation: 
1 mol C3H8 reacts with 5 mol of O2



Therefore:   

1 dm3 C3H8 reacts with 5 dm3 of O2



          and:

2.5 dm3 C3H8 reacts with 2.5 ( 5 = 12.5 dm3 of O2
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