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A2, Lesson 8, Nov 2018, Transition Metals 
 

This is an unusual form of the Periodic Table that I have created so that you can work out how Transition Metals are created. 
When you have read the definition of a “Transition Metal”, then come back and look at the ‘d’ block elements in this table to 
see exactly how Sc3+ and Zn2+ make Scandium and Zinc ineligible to be classed as “Transition Metals”. 

 

FIRST 
SHELL 

SECOND 
SHELL 

THIRD 
SHELL 

FOURTH 
SHELL 

Atomic 
or 

Proton 
Number 

ELEMENT  

Electron 
Config-
uration 
(GCSE 

Notation) 1s 2s 2p 2p 2p 3s 3p 3p 3p 3d 3d 3d 3d 3d 4s 4p 4d 4f 

1 Hydrogen H 1 s1                  

2 Helium He 2 s2                  

Please note that there is only one sub-shell in the First Shell, and the First Shell is thus now completely full. n =1 is now full! 

3 Lithium Li 2, 1 s2 s1                 

4 Beryllium Be 2, 2 s2 s2                 

5 Boron B 2, 3 s2 s2 p1                

6 Carbon C 2, 4 s2 s2 p1 p1               

7 Nitrogen N 2, 5 s2 s2 p1 p1 p1              

8 Oxygen O 2, 6 s2 s2 p2 p1 p1              

9 Fluorine F 2, 7 s2 s2 p2 p2 p1              

10 Neon Ne 2, 8 s2 s2 p2 p2 p2              

Please note that there are only two sub-shells in the Second Shell, and the Second Shell is thus now completely full. n = 2 is now full! 

11 Sodium Na 2, 8, 1 s2 s2 p2 p2 p2 s1             

12 Magnesium Mg 2, 8, 2 s2 s2 p2 p2 p2 s2             

13 Aluminium Al 2, 8, 3 s2 s2 p2 p2 p2 s2 p1            

14 Silicon Si 2, 8, 4 s2 s2 p2 p2 p2 s2 p1 p1           

15 Phosphorous P 2, 8, 5 s2 s2 p2 p2 p2 s2 p1 p1 p1          

16 Sulphur S 2, 8, 6 s2 s2 p2 p2 p2 s2 p2 p1 p1          

17 Chlorine Cl 2, 8, 7 s2 s2 p2 p2 p2 s2 p2 p2 p1          

18 Argon Ar 2, 8, 8 s2 s2 p2 p2 p2 s2 p2 p2 p2          

19 Potassium K 2, 8, 8, 1    [Ar]       NB “[Ar]” is an accepted abbreviation for “1s2, 2s2 2p6, 3s2 3p6” s1    

20 Calcium Ca 2, 8, 8, 2    [Ar] s2    

21 Scandium Sc 2, 8, 9, 2 [Ar]         d1     s2    

22 Titanium Ti 2, 8, 10, 2 [Ar]         d1 d1    s2    

23 Vanadium V 2, 8, 11, 2 [Ar]         d1 d1 d1   s2    

24 Chromium Cr 2, 8, 13, 1 [Ar]         d1 d1 d1 d1 d1 s1 <––––  NB 

25 Manganese Mn 2, 8, 13, 2 [Ar]         d1 d1 d1 d1 d1 s2 <––––  NB 

26 Iron Fe 2, 8, 14, 2 [Ar]         d2 d1 d1 d1 d1 s2    

27 Cobalt Co 2, 8, 15, 2 [Ar]         d2 d2 d1 d1 d1 s2    

28 Nickel Ni 2, 8, 16, 2 [Ar]         d2 d2 d2 d1 d1 s2    

29 Copper Cu 2, 8, 18, 1 [Ar]         d2 d2 d2 d2 d2 s1 <––––  NB 

Please note that there are only three sub-shells in the Third Shell, and the Third Shell is thus now completely full. n = 3 is now full! 

30 Zinc Zn 2, 8, 18, 2 [Ar]         d2 d2 d2 d2 d2 s2 <––––  NB 

31 Gallium Ga 2, 8, 18, 3 [Ar]         d2 d2 d2 d2 d2 s2 p1 d0 f0 

32 Germanium Ge 2, 8, 18, 4 [Ar]         d2 d2 d2 d2 d2 s2 p2 d0 f0 

33 Arsenic As 2, 8, 18, 5 [Ar]         d2 d2 d2 d2 d2 s2 p3 d0 f0 

34 Selenium Se 2, 8, 18, 6 [Ar]         d2 d2 d2 d2 d2 s2 p4 d0 f0 

35 Bromine Br 2, 8, 18, 7 [Ar]         d2 d2 d2 d2 d2 s2 p5 d0 f0 

36 Krypton Kr 2, 8, 18, 8 [Ar]         d2 d2 d2 d2 d2 s2 p6 d0 f0 

The “0” in “d0” and “f0” are there merely to indicate that there are no electrons in the d and the f sub-shells. 

Stability is achieved as soon as all the orbitals in the ‘s’ and ‘p’ sub-shells in an outermost shell are full. This is the “Noble Gas” configuration. 

The order of filling the sub-shells is 1s then 2s then 2p then 3s then 3p and then 4s and then only 3d and then 4p and then 5s ..... and so on. 

Please note that whatever the sub-shell ( ie s/p/d/or f) each orbital in any of those sub-shells can have a maximum of 2 electrons in it. 

Please note that both Chromium and Copper drop one electron from the 4s sub-shell and add TWO electrons to the 3d sub-shell. 

NB [Ne] is an accepted abbreviation for “1s2, 2s2 2p6”,  [Ar] for “1s2, 2s2 2p6, 3s2 3p6”,  [Kr] for “1s2,  2s2 2p6,  3s2 3p6 3d10, 4s2 4p6” .... and so on. 

For ‘A’ and ‘AS’ Level, you are not required to know about the configurations of the elements beyond Krypton. 
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A) The definition of a Transition Metal 
 (For ‘A’ Level purposes we will  consider only the first line of the ‘d block’ elements in the Periodic Table.) 
 
The Transition Metals are metals and the BBC “Bitesize” website says this of them  

they form coloured compounds / they are good conductors of heat and electricity / they can be hammered or 
bent into shape easily (i.e. they are malleable) / they are less reactive than alkali metals such as Sodium / they 
have high melting points, (but Mercury is a liquid at room temperature) / they are usually hard and tough / 
and they have high densities  –  but that is all GCSE stuff, so now let us look at the ‘A’ Level stuff. 

 
Even though there is a temptation to think of the Transition Metals as being the ‘d’ block elements; nevertheless, 
technically, a Transition Metal “is a ‘d’ block element that forms at least one ion with an incomplete ‘d’ 
sub-shell”. Scandium and Zinc are thus not Transition Metals because Scandium has only one ion (Sc3+) and 
the ‘d’ orbitals in it are completely empty, and Zinc has only one ion (Zn2+) and the ‘d’ orbitals in it are 
completely full. The reason for the wording of the definition will become clear when we start to talk about the 
colour of Transition Metal complex ion solutions/and ‘degeneracy’/and ‘d-d splitting’1.  Sc3+ and Zn2+ are 
colourless. The ions of the other ‘d’ block elements have colours (and some of them have many different 
coloured ions).  
 
An element must have an ‘incomplete’ d sub-shell in order to participate in “d-d transitions” where an electron 
jumps from one bit of a d sub-shell to another bit of the d sub-shell, and as it does so it absorbs electro-magnetic 
radiation in the visible spectrum and therefore the ion has a colour complimentary to the absorbed emr (and this 
will be explained in detail later on).  
 
Interestingly, as well as Sc3+ and Zn2+, Cu+ ions (and only the Cu1+ ions for Copper) have completely full ‘d’ sub-
shells and thus their (coordination) complexes have no colour, and the Ti4+ ions (and only the Ti4+ ions for 
Titanium) have completely empty ‘d’ sub-shells and thus their (coordination) complexes also have no colour.  
 
 
 
B) The Nature of Coordination Complexes or Coordination Compounds 
 
Before discussing Coordination Complexes, I need to remind you of what a dative bond is. A bond in a molecule 
normally involves each atom in a pair of bonded of atoms putting one (or more) electrons into a pool, and these 
pooled electrons are then shared by the bonded pair of atoms. However, it is sometimes the case that one atom 
contributes BOTH the electrons in a pair of bonding electrons and the two electrons are then shared equally by 
the bonded pair of atoms. When this happens, the bond is called a dative bond or a coordinate bond.  
 
OK, now for complexes. Wikipedia sums up complexes thus 
 

In Chemistry, a coordination complex consists of a central atom or ion, which is usually metallic and is 
called the coordination centre, and a surrounding array of bound molecules or ions, that are in turn known 
as ligands or complexing agents. A complex may not have an overall charge, but if the complex has an 
overall charge, then it will be a complex ion. A coordination complex whose centre is a metal atom is 
called a metal complex.  
 

Right from the outset I want you to appreciate that Transition Metals are not the only species that can form 
Complexes. ANY species that has an empty orbital in its outermost shell can form a Complex.  
 
The ligands in the Complex are formed via one of the lone pairs of electrons on each “O” atom. 

 
When the outermost electron(s) are removed from a metal atom, then a metal cation, M+, is formed. A positively 
charged cation with an empty orbital in its outermost sub-shell (e.g. the ‘d’ sub-shell) will be in a position to 
form a bond with a nucleophile  –  which in this instance will be a species that has a pair of unbonded (or a “lone 
pair” of) electrons. 
                                                   
1 The differing electrostatic repulsion forces (in Transition Metal complexes) of ligand electrons and the electrons in the ‘d’ 
sub-shells of the central Transition metal atoms are explained by something called “Crystal Field Theory”. ‘d-d splitting’ is 
caused because some of the electrons in the ligand will be closer to the ‘d’ electrons in the Transition Metal, and the electron-
electron repulsion will cause the d-electrons closer to the ligands to have a higher energy than those further away  –  and this 
results in the d-orbitals splitting in energy because the dxy, dxz and dyz orbitals will be lower in energy than the dz2 and dx2-y2 
because the former group is farther away from the ligands than the latter and therefore experience less repulsion. There are 
other forms of ‘d-d splitting’, but I will not be going into the details of this rather complicated topic. 
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Use a highlighter to highlight the bits in this Lesson that you think are important! 
 
Metal ions have many empty ‘d’ orbitals and thus Transition Metals are particularly good at making 
complexes, and ALL complexes have a central metal ion right at the heart of the complex.  
 
AlCl3(aq) is a very simple substance? NO, STRUCTURALLY IT IS NOT SIMPLE. This is what it actually is 
in structural terms, and I have deliberately chosen a non-Transition Metal Coordination Compound to underline 
the fact that complexes do not have to involve a Transition  Metal.  
Coordination compound/complex:  is the whole entity         AlCl3(aq)         or        [AlCl3.6H2O]        . 
Ligands:  are the 6 molecules of Water that are attached/tied/liganded to the Al ion (Al3+) by way of dative 
bonds. They are called ‘ligands’. (By definition, the dative bonds are formed by way of donated lone pairs of 
electrons.) The number of ligands can vary, but 2, 4 or 6 are the most common. The ligands do not have to be 
water. They can be NH3 molecules/anions such as Cl– ions /etc. Many species can form ligands. 
Coordination number:  is the number of ligands in the complex. The two complexes on this page have 6 
ligands, while the Pt(NH3)4 complex on the next page has 4 ligands. 
Counter-ions:  The associated anions  –  here the Chloride (Cl–) counter-ions in AlCl3 which are not shown in 
the diagram below.  
Coordination sphere:  is the bit shown against the blue background below. 
 

               
Source: Florida State University 

 
The main sorts of bonding that we have discussed in the last two years have been molecular, ionic and metallic 
bonding  –  but in Complexes we will talk exclusively about Coordinate Dative or Covalent Dative Bonds. A 
“nucleophile” can be a species that has a lone/an unbonded pair of electrons and an “electrophile” can be a 
species that has an empty orbital, and if a nucleophile were to donate both electrons of a lone pair of electrons to 
the electrophile (two electrons being necessary to form a bond)  –  then such a bond is called a “dative” or a 
“dative covalent” or a “co-ordinate” bond.  
 
The central species in a Complex may or may not have a charge. 
 
Any nucleophile (i.e. any lone pair donor) will be in a position to donate its lone pair of electrons to the cation, 
and good examples of such species are Water and Ammonia, and shown here is a Transition Metal Complex of 
Cobalt and Ammonia called “Hexa-amine Cobalt(III) Chloride”, [Co(NH3)6](Cl3), or [Co(NH3)6]3+(Cl1–)3. Here, 
[Co(NH3)6]3+ is the Complex Sphere and [Co(NH3)6](Cl3) is the Coordination Compound / Coordination 
Complex. 

 
When the above ionic unit is dissolved in water, the species in brackets i.e. [Co (NH3)6] 3+  becomes surrounded 
by water molecules and the three Cl– ions are each also surrounded by water molecules. 

 
The Coordination Number represents the number of ligands directly attached to the central species. In the 
complex above, the coordination number is thus “6”, and “6” is the most common Transition Metal Complex 
Coordination number (and although coordination numbers from 1 to 16 are possible, those less than 3 and those 
more than 8 are very rare). 
 
OK, now you know what a coordination complex is, and there are a couple more shown overleaf. 

NB  The three associated Cl– 
counter-ions have not been 
shown in this particular 
diagram, but the counter-ions 
are shown in the diagram 
below. 
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Source: Michigan State University 
 

As can be seen above, it is not the case that there has to be six ligands. There can be differing numbers of 
ligands, and in those below, the green and blue coloured text indicates two different possible shapes for each of 
those complexes. 
 

 
 

Source: Chemistry LibreTexts 
 

NB The rules that I gave you for Valence Shell Electron Pair Repulsion (VSEPR) Theory in your first year do 
NOT work for Transition Metal Complexes. There are just too many electron pairs involved for those 
simple rules that I gave you to apply. 

 
• The following are some examples of complexes with differing Coordination Numbers and some of the 

possible shapes that can be found for each of the coordination numbers (but the shapes quoted are by no 
means the only shapes for such species) 

 
(Don’t worry about the names)  POSSIBLE SHAPES  
Coordination Number of 2: e.g. Silver(I) diaamine [Ag(NH3)2]+   Linear (one NH3 on each side of Ag) 
Coordination Number of 3: e.g. Tricyanocuprate, [Cu(CN)3]2-   Trigonal Planar/Trigonal Pyramid/T shape 
Coordination Number of 4: e.g. cisplatin, cis-PtCl2(NH3)2  Square Planar/Tetrahedral 
Coordination Number of 5: e.g. pentacyanonickelate, [Ni(CN)5]3- Square Pyramid and Trigonal Bipyramid 
 
 

The donor atom in NH3 is 
the Nitrogen atom. 

The shape of [Co(NH3)6]3+ is 
that of a square bipyramid. 

“Octahedral” is more 
commonly known as 
“square bipyramidal”. 
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Coordination Number of 6 
“6” is the most common Coordination Number for a Transition Metal Complex, and the Complex usually has the 
same Octahedral form as “Hexaamine Cobalt (III) Chloride”, [Co(NH3)6].Cl3 . The shape here is a square 
bipyramid, and you can see that clearly in the left hand diagram. The two diagrams are exactly the same species. 
 

 
                                        Coordination Sphere                      Coordination Complex 
 
However, there are other shapes for Complexes with the Coordination Number “6” e.g. Hexagonal Planar and 
Trigonal Prismatic (but you do not need to know about these). 
 
In the complex above, NH3 is the ligand but it is not at all necessary for all the ligands to be of the same species. 
For example, [Co(NH3)6]3+ is a part of the ionic unit [Co(NH3)6]Cl3 hexaamminecobalt(III) chloride  –  but 
instead of there being six NH3 species attached to the central metal species, one of the Chloride species could be 
directly attached to the central Cobalt species to give  pentaammine-chlorocobalt(III) chloride, [Co(NH3)5 Cl]Cl2, 
or there may four NH3 species and two Cl– ions attached to the central metal species  to give [Co(NH3)4 Cl2]Cl 
tetraammine-dichlorocobalt (III) chloride. The central Co3+ ion remains the same. The tetra complex has a cis 
and a trans version (and please note that there are 2 Cl– species inside the co-ordination sphere and one Chloride 
ion outside it (but not shown in the diagrams below). 

 
 

Species inside the co-ordination sphere by Chemtube, Liverpool University Chemistry Dept. 
 
Moreover, it is not necessary for a ligand to be neutral (as is the case with NH3 above, or as is the case with 
H2O). The ligand might be an ion as with Cl– above. A ligand can therefore be either neutral or a charged (ionic) 
species.  
 
The ionic radius of metal cations may not be very large (they are typically 0.05 to 0.2 nm), but that is quite large 
enough for most of them to accept 2, 4, 6 (and sometimes even more) dative bonds  –  and the cation together 
with the species that have formed dative bonds with it can form one big ion and this ion is called a 
COMPLEX ION e.g. the complex ion [CuCl4]2– is one atom of copper to which four Chloride ions have each 
formed a dative bond viz. 

Cu2+    +     4Cl–     ––>     [CuCl4]2– 
 
The Copper ion is able to accommodate only four Cl– ions because they are big ions and they all repel 
each other, and in past exams they have asked a question about accommodation size.  
 
NB1   In [CuCl4]2–, four chloride ions each of which has a negative charge have formed dative bonds with a 

Copper cation with a “2+” charge, therefore the resulting entity now has a “2-” (“2+” + 4 x “1-” = “2-”) 
charge. Complex ions can thus have a charge, or they can be neutrally charged e.g. a “2+” cation such as 
Cu2+ may bond with two “1-” ions such as OH– to form the neutrally charged ion Cu(OH)2, and Cu(OH)2 
is actually the complex [Cu(H2O)4(OH)2].   H2O has no charge, and the charge on one Cu2+ ion cancels 
out the charge  on two OH– species, so the whole complex is neutrally charged. 

 
You probably need to go over that again to understand that, but  
now you know quite a lot about Complexes (but, as yet, not nearly enough for the exams).  
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B 2)  Like dissolves like, but unlike will not dissolve unlike 
 
A polarised solvent will dissolve a polar solute, and a non-polar solvent will dissolve a non-polar solute, 
but unlike will not dissolve unlike! 
 
“Like dissolves like”: A neutrally charged complex will NOT be readily dissolved by water molecules 
(because water molecules are highly polar and a neutrally charged complex is not polar) therefore neutrally 
charged complexes are NOT readily soluble in water. 
 
Water is by far the most common ligand, and ALL AQUATED IONS have one or more water ligands  –  and 
that is precisely what an aquated ion is viz. an aquated ion is a metal cation surrounded by water ligands e.g. 
   
     Co2+(aq)  =  [Co(H2O)6]2+ 
 
Here, 4 water molecules have bonded to a Co2+ ion in a square planar shape, and there are 2 further water 
molecules bonded at right angles to that plane. [Cu(H2O)6]2+ thus forms an octahedral (square bipyramid) shape 
 

 
Source: Chemhume 

 
 

B 3) “Dentate” or “Denticity” 
 
A ligand is created via a dative bond (i.e. a coordinate covalent bond) with the central species of a complex, and 
to do so it uses a lone pair of electrons. However, it is easily possible for a donor species to have more than one 
lone pair of electrons, and to use more than one of those lone pairs of electrons to bond with the central species. 
A Water molecule does not use both its lone pairs to form ligands, but 1,2-ethylenediamine (known as  “en” or 
EDA), H2N.H2C-CH2.NH2, does do so. You are required to know about species that bind with more than one 
ligand i.e. polydentate ligands, and this abstract from a 2015 OCR exam Marking Scheme shows this. This is 
what the instructions to the examiners said. 
 

                        
Source: 2015 OCR Marking Scheme 

 
 
Up to now, we have considered NH3 as a ligand. NH3 has only one lone pair of electrons to form the bond with 
the central species in the complex  –  but ligands that use two lone pairs are termed ‘bidentate’ and those that use 
three lone pairs are called ‘tridentate’. Cobalt Tetracarbonyl Hydride is an organometallic compound2 with the 
formula HCo(CO)4 , and it uses five lone pairs as ligands  –   and there is also a species called EDTA (Ethylene 
Diamine Tetracetic Acid) that uses SIX lone pairs of electrons to bind to the central species viz. one from each of 
the Nitrogen atoms and one from each of the four “O–” species. (In the diagram overleaf “M” is the central metal 
species.) 
 
In Medicine and in Biomedicine (or if you become a phlebotomist) you will often encounter EDTA. 

                                                   
2 i.e. a mixture of a metal and an organic substance. 
 

As you can see, optical isomers 
can be involved, and you are 
required to know the bidentate 
linkages. 
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C) Why do Transition Metals make good catalysts?  
 
Let us now do some revision and remind ourselves of what a catalyst is.3 
A catalyst is a substance that allows a reaction to take place  
• via a different reaction mechanism (other than the uncatalysed route)  
•  which has a lower activation energy, and  
•  which therefore speeds up the reaction (because more collisions now occur per second),  
•  and although the catalyst may play a part in the reaction, it returns to its original state by the time that the 

reaction has ceased. 
NB Because there is a different reaction mechanism, there is  
1) a different rate determining step   
2) a different rate equation and  
3) a different rate constant.  
 
The reaction will reach equilibrium faster but the catalyst will NOT increase the YIELD at all because the 
reverse reaction is also being catalysed!  
 
The answer to the question “Why do Transition Metals make good catalysts?” lies in a number of factors, but 
Jim Clark says that “Transition metals and their compounds function as catalysts either because of their ability to 
change oxidation states or, in the case of the metals, to adsorb other substances onto their surfaces and activate 
them in the process”, and at ‘A’ Level that is all the explanation that is required. 
 
 
 
 
 
D) The Colour of Transition Metal Complexes when in solution 
 
• It is not reasonable to expect you to remember all the different colours and colour changes for all the 

different Transition Metal complexes, but clearly for some Exam Boards you ARE required to know the 
colours of different complexes. The Model Answer to Question 7(a) from AQA in 2016 shows this, and it 
also shows that you are expected to be able to work out the reaction equation for Cr(OH)3 with a dilute acid 
and with a dilute alkali. Could you therefore please spend a few moments thinking about how you would 
work out the formula of the complex after reacting with an alkali and after reacting with an acid (and I tell 
you about this in some detail in the next few pages). 

 
 
NB  The colour changess that you are required to memorise for the AQA Syllabus are shown on page 12. 

                                                   
3 An autocatalytic reaction is one that is catalysed by one of the products that the reaction creates. 

It is difficult, but please try to  
 visualise this complex as it 
exists in three dimensions. 
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NB You can see many different videos of Transition Metal complexes on youtube, but I would recommend 

Frank Scullion’s videos. Mr Scullion was a Chemistry Master in Coleraine in Northern Ireland for many 
years (and he was an RSC award winner, as the best Chemistry teacher in the UK in 2016). 

 
What human beings see as “colour” is the result of electro-magnetic radiation that impinges on the optic nerves 
in the human eye, and this then sends signals to the human brain where these are interpreted by the brain as 
colour. I have put more detailed material about the phenomenon of perceived “colour” in the Appendix to the 
Chapter in my book. There are two different sorts of perceived colour viz. (a) reflected colour, and (b) the colour 
that is perceived after one part of the emr spectrum has been absorbed and thus excluded from white light. This 
latter is called “complimentary” colour. In Coordination complexes we are concerned with complimentary 
colours. Jim Clark shows some of the Transition Metal Complex colours as  
 

 
 

(and in dilute form Co2+ is a pale pink, and not the dark red shown above). 
 
The thing that you should be aware of is that the colour that is perceived by an observer will be entirely 
dependent on whether or not the electromagnetic radiation (emr) that is received by the observer has been 
reflected in its entirety or has been transmitted after absorption of some wavelength(s) of light. Observed light 
that has had some wavelengths of white light absorbed by a substance will be seen as a mixture of the remaining 
non-absorbed colours e.g. red light may have been absorbed from sunlight in which case the resulting EMRs will 
be seen as cyan (as in Cu2+, second from right below in Dr Sahar’s photograph), or if red light is the only colour 
that has not been absorbed and has been reflected, then the colour that will be seen is red.  

 
 

Source: Dr Sahar Atwa, Louisiana State University  
 

NB The intensity of colour of a solution will vary enormously depending on the dilution involved! The Cobalt 
in the photograph (third from left) is a rather concentrated solution because, in reality, dilute Co2+(aq) has 
a very pale pink (and not a red) colour at all. It is the intense concentration that makes it look red. 

There is more going on in these reactions about the amphoteric 
nature of Cr(OH)3 (read the question) than you may at first realise. 
 
A) Please notice that in the first, the acidified reaction, three H+ ions (i.e. 
protons) have reacted with three OH– anions from the neutral Cr(OH)3 
complex to form three additional Water molecules, and now SIX H2O 
molecules have become ligands in a positively charged (3+) complex .  
                                   3H+  +  3OH–  ––>  3H2O 
 
B) In the second (the alkali) reaction, one H2O molecule breaks down as    
follows                              H2O    H+ + OH– 
and then                       OH– +  (OH–)3 ––>  (OH–)4                   while  
the other water molecule becomes a ligand and a negatively charged 
complex of [Cr(H2O)2(OH)4]– is then formed. (Until then, the Cr3+ ion 
had cancelled out the charge on the three OH– ions.)  
 
As you will very soon see, this formation of water molecules 
(equation A) and breaking up of water molecules (equation B) is a 
feature of “ligand substitution” in coordination complexes. 

Proton Donation and Proton Removal 
In this question you were required to know the 
reactions of solid Cr(OH)3 with an aqueous acidified 
solution and also with an aqueous alkaline solution. 
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Solutions of transition metals that have an incomplete ‘d’ sub-shell are seen as coloured. Those that have a 
complete ‘d’ sub-shell (Cu+ and Zn2+ ions) or those that have an absolutely empty ‘d’ sub-shell (Sc3+ and Ti4+ 

ions) are colourless. This is due to the absence of the phenomenon known as ‘d-d transitions’ and this will be 
discussed shortly. 
 

NB The cis-isomer of Tetra-amine-dichloro-cobalt(III) chloride4 is purple whereas that of the trans-isomer is green. 
The right hand diagram contains the bidentate “en” (or EDA) i.e. 1,2-ethylenediamine viz. H2N.H2C-CH2.NH2 . The 
NH2 species in each of the two bidentate ethylene-diamine molecules is using the lone pair of electrons on its NH2 
species to “bite” onto the central Cobalt, Co3+,  ion. 

 
             purple cis-isomer               green trans-isomer              cis-Dichlorobis(ethylenediamine)cobalt(III) chloride 

         
 
If a molecule contains a plane of symmetry it cannot be optically active (it is not chiral). In the cis-isomer there 
is a plane of symmetry containing the Cl−Co−Cl atoms, therefore this isomer cannot be optically active. With 
the trans-isomer there are several planes of symmetry, therefore the trans-isomer is optically inactive. 
 
There  can be other sorts of isomers other than optical isomers e.g. where a ligand switches with a counter-ion 
e.g. the Chloride and Sulphate ions in   [CoCl(H2O)5]SO4  can switch places and become  [CoSO4(H2O)5]Cl  , 
but I don’t want to make this topic any more complicated than it already is. 
 
Now, there is quite a lot of memory work involved in the colour transitions of complex ions, and there comes a 
point in ‘A’ Level Chemistry where a student may have to say “I have more important things to memorise than a 
whole load of colour changes. I will therefore learn off by heart one or two of them, and then if the examiners 
ask a question about a different lot of colour changes then that will just be my bad luck. It is far more important 
for me to concentrate on memorising the substitution reactions of Benzene than the colour changes in Nickel (or 
whatever), and the substitution reactions of Benzene are roughly ONE GRILLION TIMES more important 
than the rather unimportant colour changes of Nickel ions (unless you happen to be doing a PhD in steel). 

 
On the whole, Organic Chemistry is a jolly sight more important 
than the colour changes of different complex ions! 
 
I personally would just learn about the colours involved in Copper and Cobalt and wave goodbye to all 
the other colour changes, but as you are doing the AQA Syllabus you have to memorise the facts on page 
12. 
 
I will now show you what happens when you react Copper and Cobalt with Ammonia, with a source of OH– ions 
e.g. NaOH(aq), and also with HCl(aq). That is on page 10, and the explanation for what happens is on page 11. 
 
Then on page 12 (because you are doing the AQA Syllabus), I show you what AQA says, but there is more to 
memorise in AQA’s table than there is in mine. In mine I try to explain what is happening. In AQA’s they want 
you to be parrots and learn things off by heart. 
 
It is up to you now to decide how you want to spend your precious time. 
 
 
Time is the most precious resource you will have in your whole life.  
Use it wisely. 

                                                   
4 The official name does not have hyphens in it. I have inserted the hyphens to make it easier for you to understand the nature 
of the substance involved. 
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Printed/published textbooks do not have the space to give you detailed explanations such as the one below. I can do so, 
because my book is an ebook, and it is my book, therefore I can choose to publish it in the way that I judge it to be most 
helpful to people trying to learn ‘A’ Level Chemistry.  
 

THE ADDITION OF NH3 / NaOH / HCl TO A TRANSITION METAL COMPLEX5 
(You cannot be expected to know about every complex, therefore learn Copper and Cobalt off by heart) 

 
When a Transition Metal {e.g. M2+(s)} ion is dissolved in Water, then it will have the form [M(H2O)6]2+.   For example, 
CoCl2(aq) = [Co(H2O)6]2+(Cl–)2  or Co(NO3)2(aq) = [Co(H2O)6]2+(NO3–)2]    or for Copper    CuSO4 (aq) = [Cu(H2O)6]2+SO42–   . 
Step 1   
If you add e.g. a very small amount of Ammonia to M2+(aq)  =  [M(H2O)6]2+,  then an Ammonia molecule will steal a proton from 
(H2O    H+  +  OH–) in the complex and form a dative bond with the NH3 to create NH4+. The OH– that is left behind now 
forms [M2+(H2O)5(OH–)1]1+  to give   [M2+(H2O)5(OH–)1]1+   , but at this point no ligand substitution has occurred. All 6 water 
molecules are still there, except that one of them has lost its proton. If you started with a “2+” ion then you would now have a 
“1+” coordination sphere, [M2+(H2O)5(OH–)1]1+   –  and even if there is a colour change, the complex will still be soluble in 
water because the sphere has an overall charge. There will thus be no precipitate in this step. 
Step 2 
However, because this is a reversible reaction and the NH3 has taken away the H+, then the dynamic equilibrium keeps moving to 
the right and another water molecule dissociates and you will now have a neutrally charged sphere that is NOT soluble in water 
viz. [M2+(H2O)4(OH–)2]0  ,  AND A PRECIPITATE WILL NOW FORM.   
Step 3 
However, if yet another proton dissociates, then a negatively charged sphere will form and the precipitate will disappear 
because this sphere is soluble. Please note carefully the charge is on the WHOLE SPHERE. It is this that determines whether or 
not there is a precipitate. The addition of a large amount of NH3 therefore causes the reaction to go to its final state. 
 
Complex Co2+   [Co(H2O)6]2+  } is pale pink 

 
Cu2+   [Cu(H2O)6]2+ 

is pale blue 
STEP 1: Addition of a very small 
amount of NH3 will change one 
H2O to an OH– species, and the 
resulting charged sphere of 
[M2+(H2O)5(OH–)]1+  is soluble in 
water. THERE IS NO PPT. 
 

The addition of a very small amount of NH3 (a weak base) 
gives a precipitate for the reason given above. The 
precipitate is dissolved by the water. The aqueous 
solution starts as a pale pink colour and remains a pale 
pink colour.  
 

The addition of a very 
small amount of NH3 gives 
a dark royal blue colour 
and a pale bluey-whitey 
ppt that dissolves. 
 

STEP 2:The addition of a bit more 
NH3 creates  [M2+(H2O)4(OH–)2]0.  
This sphere has no charge, and it is 
therefore INSOLUBLE in water, 
thus THERE IS A PPT. 
 

A blue [Co2+(H2O)4(OH)2–]0   precipitate forms, and the 
precipitate cannot dissolve in water because water is a 
polarised substance but   [Co2+(H2O)4(OH)2–]0    is not, and 
it needs ‘like to dissolve like’. There is a precipitate! 
(No ligand substitution has as yet occurred.) 

The addition of a bit more 
NH3 gives a pale bluey-
whitey precipitate that 
does not dissolve. 

STEP 3: Addition of an excess of 
NH3. Complete ligand substitution 
takes place to form [M(NH3)6]2+  

and the complex is once again 
soluble in water.  
AGAIN THERE IS NO PPT. 
 

NOW at last (complete) ligand substitution occurs. The 
colour of [Co(NH3)6]2+ is pink/light brown, but Oxygen 
from the air will eventually oxidise the central atom and 
thus the Complex gradually turns from pink/light brown 
Co2+ to dark brown Co3+. 

Remains dark royal blue 
but the ppt disappears. 
You now have 
[Cu(NH3)6]2+  . 
 

   
Addition of excess conc. NaOH A dark royal blue [Co2+(H2O)4(OH)2–]0   ppt forms. NaOH 

is a strong base and the reaction goes straight to this its 
final state. 
 

Light blue ppt. forms 

   
Addition of HCl a strong acid 
therefore the reaction goes straight 
to it final state. 

This is a dark royal blue complex with 4 Cl2 ligands. The 
reason that there are only 4 ligands is because they are big 
species and they all repel each other. The addition of 
water causes H2O to  substitute for the Cl– ligands and the 
colour changes to pink.  

Turns light green [CuCl4]2–  
The Cl– complex is yellow, 
and yellow accompanied 
by blue looks “green”. 

 

                                                   
5 Please remember that polarised Water will dissolve a charged ion  –  but it cannot dissolve a neutral complex. 
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Explanation of the changes in the table on page 10 
 
Ligand Substitution: Complex ions with different ligands can have different colours e.g.  
Cu2+(aq) = Cu(H2O)6]2+ has the typical pale blue cyan colour of an aquated copper solution, but if the water 
molecules are replaced by NH3 molecules, then the new complex ion will have a dark blue royal blue colour 
rather than a pale blue colour!6 Cu(OH)2 is [Cu2+(OH–)2(H2O)4] and no ligand substitution has as yet taken place. 
What has happened is that two H+ species have been removed from the complex leaving two OH– species 
attached to the Cobalt species. Please remember that H2O   H+ + OH– .  The ligands are still being formed 
through one of the lone pairs of electrons on each of the O atoms in the Water molecules. Ligand substitution 
takes place only when a different ligand (e.g. NH3 or Cl–) replaces one or more of the Water ligands. In 
going from [Cu(H2O)6]2+ to [Cu2+(OH–)2(H2O)4] there is no ligand substitution, but going from [Cu(H2O)6]2+ to 
[Cu2+(H2O)2(NH3)4] there is ligand substitution.  
[NB  [Cu2+(H2O)2(NH3)4] is often written as  Cu(NH3)4(aq).] 
 
Cu2+ central ions can have 6 NH3 ligands attached to them (and there can be more ligands, but more than 8 is 
rare). However, this NOT the case with a Cl– ligand (and with other big negatively charged anion ligands). The 
reason for this is that a negatively charged anion has had one or more negatively charged electrons added to its 
negatively charged electron cloud. The cloud tries to repel the new electron and this increases the size of the 
anion very considerably7. In consequence, where Cu2+ and other metal central cations in a complex can have 6 
H2O or 6 NH3 ligands, it is not possible to fit 6 Cl–  or any 6 big negatively charged anions (such as Br–/I–/etc) 
as ligands) around a central metal cation. In addition, the Cl– anions all repel each other. The most that Cu2+ 
can take is thus 4 Cl– and 4 Br– anions. (The Iodide, I–, ion is so large that CuI4 is unstable.) 
 
Frank Scullion’s video about the colour changes that occur in Transition Metal complexes when Aqueous 
Ammonia is added to them is worth watching because it is easy to see colours in videos, but it is much more 
difficult to describe colours in words on a piece of paper. In the video Mr Scullion describes the changes that 
occur when first a small amount and then an excess of aqueous Ammonia is added to Mg2+ / Al3+ / Fe2+ / Fe3+ / 
and Cu2+ aqueous solutions (but, of course, Magnesium and Aluminium are NOT Transition Metals).8 
 
Frank Scullion’s video on the sequence of events when Ammonia (aq) is added to different Transition Metal 
aqueous complexes can be found on https://www.youtube.com/watch?v=KNvPfGBnN94.  
Please remember that a metal M2+ ion is actually a complex viz. [M(H2O)6]2+. 
 
 
 
Required knowledge at ‘A’ Level 
 
At ‘A’ Level, you are required to know about the reactions that involve colour changes in Transition Metal 
Complexes, and also to know about what happens when you add increasing amounts of (for example) Aqueous 
Ammonia to an aqueous solution of a Transition Metal Complex. 
 
Ammonia (NH3) is a colourless gas, and when it is dissolved in Water (NH3 (aq)), Ammonium Hydroxide is 
formed. The reaction is a reversible one that reaches dynamic equilibrium. 
 

NH3 + H2O     NH4OH 
 
However, Water itself dissociates (albeit by a very small amount) into H+(aq) and OH–(aq) ions according to the 
reversible reaction 

H2O     H+  +  OH– 
 
Aqueous Ammonia, (NH3(aq)), thus contains both neutrally charged NH3 species and negatively charged OH– 
ions. A number of textbooks talk about one or two “H+ ions being stripped off water molecules leaving OH– ions 
behind them”, and they label this as deprotonation. However, the above reversible reaction is where the H+ and 
OH– species actually come from.  
 
I prefer to label this process as Proton Donation and Proton Removal (as I did at the top left hand corner of 
page 8.) 

                                                   
6 I talk about the reason for this in the Appendix. 
7 An NH3 ion is something like 100 pm whereas a Cl– ion is almost twice as large (pm = picometres). 
8 I sometimes struggle with American accents and, equally, I sometimes have difficulty with Northern Ireland accents.  
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I have talked a lot about the different colours that can be seen in complexes, but as yet we have not explained 
what colour is nor how these colour changes occur. Colour results from the perception by animals (including 
human beings) of Electromagnetic Radiation (emr). 
 
Let me here just tell you about “complementary colours”. If electro-magnetic radiation (emr) around the “red” 
part of the visible apectrum is absorbed from white light, then the remaining parts of the emr spectrum that are 
seen by the eye make the person see “cyan”, and if the emr around “green” is absorbed then the colour seen is 
“magenta”. 
 
I show Jim Clark’s complementary colour wheel below (but there are literally hundreds of them on the web). 
 

 
 

Source: Jim Clark on chemguide 
 
 
 

A) REACTIONS OF COPPER COMPLEXES: [Cu(H2O)6]2+ has a pale blue/cyan colour 
 
Copper(II) solution, Cu2+(aq), contains the pale blue hexa-aquacopper(II) complex ion, [Cu(H2O)6]2+ and it 
can be obtained by taking a small amount of say CuSO4 crystals and dissolving them in distilled water 
whereupon CuSO4(aq) = [Cu (H2O)6]2+( SO42–) will be obtained. The [Cu(H2O)6]2+ bit is the co-ordination 
sphere. If this were written as “ Cu2+(aq) ”, then the salt could be anything viz. Copper Sulphate , CuSO4(aq)  / 
Copper Nitrate,  Cu(NO3)2 (aq)  / Copper Chloride, CuCl2 (aq) /  etc, and in every one of these substances, the 
“Cu2+(aq)”  is  [Cu(H2O)6]2+ viz. 
 
                                                  Co-ordination Sphere                                  Counter-ion 
 Copper Sulphate(aq) =  Cu[Cu(H2O)6]2+ (SO4)2–   
 Copper Nitrate(aq) = Cu[Cu(H2O)6]2+ (NO3–)2    
 Copper Chloride(aq) = Cu[Cu(H2O)6]2+  (Cl–)2 
 Copper Hydroxide(aq) = Cu[Cu(H2O)6]2+  (OH–)2 
 
Please note that here we are NOT discussing hydrated crystals such as Gypsum (CaSO4.2H2O) or Magnesium 
Sulphate Heptahydrate, MgSO4.7H2O (where six H2O molecules are coordinated in the Mg2+ sphere with the 
seventh H2O molecule being hydrogen-bonded but NOT coordinated to the [Mg(H2O)6]2+. Our discussion in 
this Chapter has been confined entirely to COMPLEXES   –  and mainly to the Coordination Spheres of 
Transition Metal Complexes. 
 
• In this Chapter we have been talking about  
- Ligands:   Water/Ammonia/etc molecules or ions such as Cl– 
- A Central Metal ion: The ligands are coordinated to a central Transition Metal cation such as  
    Cu2+   or   Co2+  and both ligands and the central metal ion form 
- A Co-ordination sphere: inside a coordination complex (which may or may not be charged).  
e.g. “Hexaamine Cobalt (III) Chloride”, [Co(NH3)6](Cl3) as shown below. 

 
 

                                  A Co-ordination sphere    inside a      Coordination complex 
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OK, let us now look at another exam question. 
 
As you can see, the examiners do ask about Copper complex ions. From my experience, across all the different 
exam boards, if they ask about the colour changes that go on in a complex ion when an acid or an alkalis added, 
then Copper and the colour changes with Ammonia is a popular subject. Here the examiners were asking about 
LIGAND SUBSTITUTION in Copper and in Cobalt ions.  

 

 
 
 
 
Isomers  
 
If a complex has more than one sort of ligand, then it becomes possible for there to be isomers of the complex 
(and a question about this appeared in the OCR 2015 exam). The optical isomers below are of three  
1,2-ethylenediamine species (H2N.H2C-CH2.NH2) ‘liganded’ to a Nickel central metal atom. The four ligands in 
the middle are in one plane (square-planar) and each one of the other two are at right angles to that plane (and 
form a square bipyramid shape). 
 

                       Source: 2015 OCR Marking Scheme 
 

The complex below has Cobalt as the central atom, but you can see how the three bidentate “en” species are 
liganded into the complex which has optical isomers. 
 

 
 
There are also colour isomers of Transition Metal complexes (as we saw with the cis-isomer of Tetraamine-
dichloro-cobalt(III) chloride being purple whereas that of the trans-isomer being green)  but this is only one 
sort of isomerism for ligands. There are many other sorts of isomers of complexes. 

 
And please remember that “en” stands for “1,2-ethylenediamine (H2NCH2-CH2.NH2). 

Optical isomers are possible, and 
you ARE required to know about 
bidentate linkages. 
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The colour of coordination complexes 
 
Please do not spend much time on this. At ‘A’ Level, all that you should be required to know is that where 
Transition Metals (TM) are concerned, a TM  element must have an ‘incomplete’ d sub-shell in order to 
participate in “d-d transitions” where an electron jumps from one bit of a d sub-shell to another bit of it and then 
falls back again. It absorbs energy to jump from a lower energy level to a higher energy level. If it absorbs 
energy from the one part of the spectrum then the colour that will be seen by an observer is the complementary 
colour  –  and this is where Jim Clark’s complementary colour wheel comes in.  
 
If the energy absorbed is from the red part of the spectrum, then the colour seen will be cyan. 
If the energy absorbed is from the yellow part of the spectrum, then the colour seen will be dark blue, etc. 
 

 
 
The ‘d’ sub-shell of an atom of a TM element splits into two with one part having  slightly more energy than the 
other, and electrons moving from one part of the ‘d’ sub-shell to the other causes emr transmissions in the 
visible/ colour spectrum. Sc3+ and Zn2+ both have no electrons in their ‘d’ sub-shells, therefore they cannot have 
‘d-d’ transitions, therefore their ions are COLOURLESS. 
 
That is the explanation of the colour seen, but I would not worry about the next bit.  
 
The ‘d’ electrons in an atom are configured in the five ‘d’ orbitals viz.  dxy, dxz, dyz, dx2-y2, and dz2  –  and, as the 
diagram below shows, all of them are thus slightly differently oriented in relation to the nucleus of the central 
metal atom (but the electrons all have the same amount of energy i.e. they are “degenerate”). NB The x and y 
axes are, if you like, in the same plane as this piece of paper, but the z-axis comes out at 90˚ to this piece of 
paper. 

 
Source: http://chem1180.blogspot.co.uk/2010/12/227-crystal-field-theory.html 

 
However, in a transition metal coordination sphere , the outermost electrons in the ligand repel the outermost 
electrons in the central metal atom  –  with the electrons farthest away from the nucleus of the central metal atom 
being repelled more than the ones closer to the nucleus. The electrons in the ‘d’ orbitals are then no longer 
degenerate, and become split into two (or more energy levels) with the electrons closest to the outermost 
electrons of the ligand possessing more energy than the ones closer to the nucleus of the central metal atom 
(because they are encountering more repulsion). This is known as ‘d-d splitting’ (and an octahedrally-shaped 
complex would spilt as follows) 
 

  
Source: Arizona State University    Source: Western Oregon University 
       The diagram contains a typing error: for “x2-y” read “x2-y2”. 
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I have taken the next questions from a past exam paper. These were short questions, but they could ask 
you a full 15 minute question on Transition Metals. 
 

 
The colour of Complexes has nothing to do with p-p splitting, therefore rule out A and C. D is incorrect because the emr 
emitted in falling back from the higher energy ‘d’ orbital is exactly the same quantum of energy as was absorbed when it 
made the transition from the lower energy to the higher energy ‘’ orbital. The answer that is given is technically incorrect. 
An electron in a lower energy ‘d’ orbital absorbs (from sunlight) exactly the amount of energy that it needs to jump or to 
“make the transition” to the higher energy ‘d’ orbital, and it allows the remainder of the emr spectrum to pass through. The 
optic nerves inside an eye pick up all the transmitted emr and the nerves pass a message on to the brain which then perceives 
the colour as cyan (a very pale blue colour). It is not correct to say that it absorbs “all but blue light”.   What has been 
absorbed is the complimentary colour to blue. This is how Jim Clark explains the colour cyan of Cu2+. 
 

 

Cr2O7
2–  +  14H+  +  6Fe2+  ––>  2Cr3+  +  7H2O  +  6Fe3+ 

 
but I am lost to know why the examiners expect you to 
know this equation off by heart. 
 

This is a rubbish question because there is no 
way that an ‘A’ Level student can work out 
the answer, but the answer is “square planar”, 
and it does have isomers (cf. page 9 for 
something similar). 

––> 

––> 
Cr2O72– is orange. 
CrO42– is yellow. 
Cr3+ is a green solid that gives a green solution in water. 
Cr2+ is blue. 
But, why should a student know all these colours? 
 

––> 


