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REACTIONS OF INORGANIC COMPOUNDS
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Lewis Acids & Bases
This is a more general theory of acid/base behaviour which DOESN’T contradict Bronsted-Lowry Theory. 

Lewis Acid = lone pair acceptor
Lewis Base = lone pair donor

In the formation of complex ions, the ligand is the Lewis base as it is donating a pair of electrons in the dative covalent bond and the metal ion is the Lewis acid as it is accepting the lone pair. 

When species exhibit Lewis acid/base behaviour, coordinate bonds are formed. E.g. 

[image: ]HCl(g)       +         H2O(l)               H3O+(aq)       +        Cl-(aq)
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                           [Cu(H2O)6]2+                  



Lewis bases are species with available lone pairs of electrons. Lewis acids either have a positive charge or are soon to be electron deficient e.g.
AlCl3         +          Cl-                           [AlCl4]-
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Covalent character occurs in “head elements” of the group in their compounds due to high mass to charge ratio. Al3+ is a small ion with a 3+ charge, it therefore has a high charge density. AlCl3 should be ionic but is covalent because the Al3+ ion with its high charge density, polarises the chloride ions. Instead, the electrons are shared between the ions like in a covalent bond.





Metal Aqua Ions
These are ions formed from the interaction of metal ions with water molecules when many compounds of metals are dissolved in water to form metal aqua complexes. 
M3+          [Al(H2O)6]3+          [Fe(H2O)6]3+         [Cr(H2O)6]3+ 
                Colourless                Brown                  Green

M2+          [Cu(H2O)6]2+          [Co(H2O)6]2+         [Fe(H2O)6]2+ 
                    Blue                      Pink                   Pale Green











Metal aqua ions also exist in solids i.e. crystals including water of crystallisation. 
e.g.                             CuSO4. 5H2O                        FeSO4. 7H2O
                                         Blue                                Pale Green
The ruby colour of Cr3+ and Violet colour of Fe3+ can only be seen in solid hydrated salts that contain these complexes.

Anhydrous causes no d-d suborbital electron transition to absorb light frequencies. 

Acidity or Hydrolysis Reactions
Metal aqua complexes have a tendency to hydrolyse in water. The extent to which this happens, depends upon the charge on the metal ion involved. The following equilibria happen in aqueous solutions of metal ions.
M2+                  [M(H2O)6]2+ + H2O ⇌ [M(H2O)5(OH)]+  + H3O+

M3+                  [M(H2O)6]3+ + H2O ⇌ [M(H2O)5(OH)]2+ + H3O+
 






Metals having a 2+ charge tend to be only slightly hydrolysed in water, e.g. 
[Fe(H2O)6]2+ + H2O ⇌ [Fe(H2O)5(OH)]+ + H3O+
such solutions are only very weakly acidic.

Metals having a 3+ charge tend to be hydrolysed more in water, e.g. 
[Fe(H2O)6]3+ + H2O ⇌ [Fe(H2O)5(OH)]2+ + H3O+
such solutions are strongly acidic.

Reasons for the Difference in Acidity
The acidity of [M(H2O)6]3+ is greater than that of [M(H2O)6]2+ due to a greater polarising power (m/z ratio) of the 3+ metal ion due to a higher charge density. The greater the polarising power, the more strongly it attracts the water molecule. 
[image: ][image: ]



The bonds in the water molecules are weakened to a far greater degree and so the O-H bond breaks more easily, making hydrolysis more likely to occur.
Reactions of Metal Aqua Ions with Bases
M2+
With NaOH (OH-)
These all result in the formation of the insoluble hydroxide which falls out of the solution as a precipitate. i.e.  [M(H2O)6]2+(aq) + 2OH-(aq)  [M(H2O)4(OH)2](s) + 2H2O 

	Metal
	Formula
	Colour

	Copper - Cu
	[Cu(H2O)4(OH)2](s)
	Pale Blue

	Cobalt - Co
	[Co(H2O)4(OH)2](s)
	Blue

	Iron - Fe
	[Fe(H2O)4(OH)2](s)
	Green



With Ammonia (NH3)
Ammonia produces an alkaline solution in water               NH3(g) + H2O(l) ⇌ NH4+(aq) + OH-(aq). 
When added dropwise, the metal aqua ions react the same way as with the NaOH due to the presence of OH- ions. However, the equation changes to 
[M(H2O)6]2+(aq) + 2NH3(aq)  [M(H2O)4(OH)2](s) + 2NH4+(aq)

With excess Ammonia (NH3)
When added in excess, the NH3(aq) redissolves some precipitates and substitution reactions occur. 
e.g. with cobalt [Co(H2O)4(OH)2](s) + 6NH3(aq) ⇌ [Co(NH3)6]2+(aq) + 2OH-(aq) + 4H2O(l)       (complete)
with copper [Cu(H2O)4(OH)2](s) + 4NH3(aq)  [Cu(NH3)4(H2O)2]2+(aq) + 2OH-(aq) + 2H2O(l)   (incomplete)

	Metal
	Colour
	Effect of XS
	Colour of solution
	Formula of Complex

	Copper - Cu
	Pale Blue
	Redissolves
	Dark Blue
	[Cu(NH3)4(H2O)2]2+

	Cobalt - Co
	Blue
	Redissolves
	Yellow
	[Co(NH3)6]2+

	Iron - Fe
	Green
	-
	-
	-



The ligands NH3 and H2O are similar in size and are uncharged. Ligand exchange occurs without change of co-ordination number for Co. The Co complex is oxidised to 3+ when left standing in air. 

With Sodium Carbonate (CO32-)
M2+ solutions are weaker acids than carbonic acids due to a weaker acidity/hydrolysis reaction. They therefore don’t release CO2 from sodium carbonate. Instead they react to form metal carbonate precipitates MCO3.
Cu2+ + CO32-(aq)  CuCO3(s) Turquoise/Green

Co2+ + CO32-(aq)  CoCO3(s) Pink

Fe2+ + CO32-(aq)  FeCO3(s) Green

With Hydrochloric Acid (Cl-)
This leads to a substitution reaction. The Cl- ligand is larger than the uncharged H2O and NH3 ligands and therefore this exchange can involve a change in co-ordination number. Addition of HCl to aqueous ions of Cu and Co lead to a change in co-ordination number from 6 to 4. 
[Cu(H2O)6]2+(aq) + 4Cl-(aq)  [CuCl4]2-(aq) + 6H2O(l)
                                        Blue                              Yellow
[Co(H2O)6]2+(aq) + 4Cl-(aq)  [CoCl4]2-(aq) + 6H2O(l)
                                       Pink                                 Blue
M3+
With NaOH (OH-)
These all result in the formation of the insoluble hydroxide which falls out of the solution as a precipitate. [M(H2O)6]3+(aq) + 3OH-(aq)  [M(H2O)3(OH)3](s) + 3H2O. 

	Metal
	Formula
	Colour

	Aluminium - Al
	[Al(H2O)3(OH)3]
	White

	Chromium - Cr
	[Cr(H2O)3(OH)3]
	Pale Green

	Iron - Fe
	[Fe(H2O)3(OH)3]
	Brown



With excess NaOH (OH-)
When added in excess, the NaOH redissolves some of the precipitates. 
e.g. with aluminium [Al(H2O)3(OH)3](s) + OH-  [Al(OH)4]-(aq) + 3H2O(l)
and with chromium [Cr(H2O)3(OH)3](s) + 3OH-  [Cr(OH)6]3-(aq) + 3H2O(l)

	Metal
	Colour
	Effect of XS
	Colour of solution
	Formula of Complex

	Aluminium - Al
	White
	Redissolves
	Colourless
	[Al(OH)4]- 

	Chromium - Cr
	Pale Green
	Redissolves
	Dark Green
	[Cr(OH)6]3-

	Iron - Fe
	Brown
	-
	-
	-



With Ammonia (NH3)
Ammonia produces an alkaline solution in water               NH3(g) + H2O(l) ⇌ NH4+(aq) + OH-(aq). 
When added dropwise, the metal aqua ions react the same way as with the NaOH due to the presence of OH- ions. However, the equation changes to 
[M(H2O)6]3+(aq) + 3NH3(aq)  [M(H2O)3(OH)3](s) + 3NH4+(aq)

With excess Ammonia (NH3)
When added in excess, the NH3(aq) redissolves some precipitates. 
e.g. with chromium [Cr(H2O)3(OH)3](s) + 6NH3(aq)  [Cr(NH3)6]2+(aq) + 3OH-(aq) + 3H2O(l)   

	Metal
	Colour
	Effect of XS
	Colour of solution
	Formula of Complex

	Aluminium - Al
	White
	-
	-
	-

	Chromium - Cr
	Pale Green
	Redissolves
	Purple
	[Cr(NH3)6]3+

	Iron - Fe
	Brown
	-
	-
	-



With Sodium Carbonate (CO32-)
M3+ ions are more acidic than carbonic acids due to a greater acidity/ hydrolysis reaction. Therefore they will release CO2(g) from CO32- ions (effervesce occurs) and a precipitate also forms.

Hydrolysis Reaction – [M(H2O)6]3+ + H2O ⇌ [M(H2O)5OH]2+ + H3O+ 

The H3O+ ions then react with the carbonate ions to form CO2(g). 
2H3O+ + CO32-  3H2O + CO2
This results in the equilibrium shifting to the right because H3O+ is used up when reacting with the carbonate ions. The metal hydroxide precipitates are formed when the M3+ ions react with more water. 
[M(H2O)6]3+ + 3H2O(l) ⇌ [M(H2O)3(OH)3](s) + 3H3O+
The overall reaction is 2[M(H2O)6]3+ + 3CO32-(aq) ⇌ 2[M(H2O)3(OH)3](s) + 3CO2(g)  + 3H2O(l) which produces the same complexes as when NaOH is added.
Amphoteric Hydroxides
The hydroxides of some metals show amphoteric character which means they dissolve in both acids and bases. For example the hydroxides of Al3+ and Cr3+. An amphoteric substance will react as an acid in the presence of a stronger base, OR as a base in the presence of a stronger acid.

The addition of acid to Al and Cr hydroxides results in the formation of hexaqua ions.
[Al(H2O)3(OH)3](s) + 3H3O+(aq) ⇌ [Al(H2O)6]3+(aq) + 3H2O(l)
                                     White                               Colourless 
Or
[Al(H2O)3(OH)3](s) + 3H+(aq) ⇌ [Al(H2O)6]3+(aq)

[Cr(H2O)3(OH)3](s) + 3H3O+(aq) ⇌ [Cr(H2O)6]3+(aq) + 3H2O(l)
                                  Pale Green                              Green
Or
[Cr(H2O)3(OH)3](s) + 3H+(aq) ⇌ [Cr(H2O)6]3+(aq)

The addition of excess NaOH to Al and Cr hydroxides results in them dissolving to form hydroxyl complexes. 
[Al(H2O)3(OH)3](s) + OH-(aq) ⇌ [Al(H2O)2(OH)4]-(aq) + H2O(l)
                                    White                                Colourless
[Cr(H2O)3(OH)3](s) + OH-(aq) ⇌ [Cr(H2O)2(OH)4]-(aq) + H2O(l)
                                  Pale Green                            Green 
If a large excess of very concentrated NaOH is added then…
[Al(H2O)6]3+(aq) and [Al(H2O)2(OH)4]-(aq)

[Cr(H2O)6]3+(aq) and [Cr(H2O)2(OH)4]-(aq)
can form.

Chromate/Dichromate Equilibrium
The chromate and dichromate ions can be converted from one to the other by the following equilibrium reaction.
2CrO42-  + 2H+  ⇌  Cr2O72-  + H2O
                                              Yellow                 Orange
This is not a redox reaction as both the chromate and dichromate ions have an oxidation number of +6. This is an acid base reaction.

Stability of Complexes 
The substitution of a unidentate ligand with a bidentate or multidentate ligand leads to a more stable complex. This chelate effect can be explained in terms of a positive entropy change in these reactions as there’s more molecules of products than reactants. 
Ni(H2O)62+(aq) + 3NH2CH2CH2NH2(aq)  [Ni(NH2CH2CH2NH2)3]2+(aq) + 6H2O(l)
The Ni complex ion has changed from having unidentate ligands to bidentate ligands. In this reaction there is an increase in the entropy because there are more moles of products than reactants (from 4 to 7), creating more disorder.
Co(BH3)52+(aq) + 3NH2CH2CH2NH2(aq)  [Co(NH2CH2CH2NH2)3]2+(aq) + 6NH3(l)
This reaction has an increase in stability and entropy as explained above. Its enthalpy change is close to 0 as the number of dative covalent and type (N to metal co-ordinate bond) are the same so the energy required to break and make bonds will be the same.
2+ Ion Summary
[image: ][image: ]3+ Ion Summary

Chromium Summary
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Silver Chemistry
	Halide ion
	Action of AgNO3(aq)
	Action of dilute NH3(aq)
	Action of conc. NH3(aq)

	F–(aq)
	Ag+(aq) + F–(aq) → AgF(aq)
No precipitate
	
	

	Cl–(aq)
	Ag+(aq) + Cl–(aq) → AgCl(s)
white ppt
	Soluble
AgCl(s) + 2 NH3(aq) →
[Ag(NH3)2]+(aq) + Cl–(aq)
	Soluble
AgCl(s) + 2 NH3(aq) → 
[Ag(NH3)2]+(aq) + Cl–(aq)

	Br–(aq)
	Ag+(aq) + Br–(aq) → AgBr(s)
cream ppt
	Insoluble
	Soluble
AgBr(s) + 2 NH3(aq) → 
[Ag(NH3)2]+(aq) + Br–(aq)

	I–(aq)
	Ag+(aq) + I–(aq) → AgI(s)
yellow ppt
	Insoluble
	Insoluble
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