COMPLEX METAL IONS - LIGAND
EXCHANGE REACTIONS

This page describes some common ligand exchange
(substitution) reactions involving complex metal ions. It assumes
that you are familiar with basic ideas about complex ions.

Note: |f you aren't happy about complex ions, then explore
the complex ion menu before you go on, or refer back to it if
you come across things that you don't understand.

Examples of ligand exchange reactions
A ligand exchange reaction is exactly what it says - a reaction in

which one ligand in a complex ion is replaced by a different one.
The following examples are taken from UK A' level syllabuses.

Replacing water with chloride ions

Replacing the water in the hexaaguacobali(ll) ion

If you add concentrated hydrochloric acid to a solution
containing hexaaquacobalt(ll) ions (for example, cobalt(ll)
chloride solution), the solution turns from its original pink colour

to a dark rich blue. The six water molecules are replaced by four
chloride ions.

conc HC!

[ Co(Hz0)g 12+ [CoCl4 1>
The reaction taking place is reversible.

[CoiH20)5]%* + 4CF ————= [CoCl4+]* + 6Hz0

Concentrated hydrochloric acid is used as the source of chloride
ions because it provides a very high concentration compared to
what is possible with, say, sodium chloride solution.

Concentrated hydrochloric acid has a chloride ion concentration

of approximately 10 mol dm™3.

The high chloride ion concentration pushes the position of the
equilibrium to the right according to Le Chatelier's Principle.

Note: You really need to know about Le Chatelier's Principle,
particularly with regard to the effect of changes in
concentration on the position of equilibrium. Follow this link if
you aren't sure.

Use the BACK bution on your browser to return quickly to this
page.

Notice the change in the co-ordination of the cobalt. Chloride
ions are bigger than water molecules, and there isn't room to fit
six of them around the central cobalt ion.

This reaction can be easily reversed by adding water to the
solution. Adding water to the right-hand side of the equilibrium
has the effect of moving the position of equilibrium to the left.
The pink colour of the hexaaquacobalt(ll) ion is produced again
(only paler, of course, because it is more dilute).

water
—_—

[CaCly 1 [Co(Ha0)5 12+

Adiding water ips the positon
of equiibrium 1o the left

e N

[Co(H20)5]2* + d4CFF ———= [CoCl4]* + BH20
Replacing the water in the hexaaquacopper(il) ion

In terms of the chemistry, this is exactly the same as the last
example - all that differs are the colours. Unfortunately, these



aren't quite so straightforward. The colour of the
tetrachlorocuprate(ll) ion is almost always seen mixed with that
of the original hexaaqua ion.

What you normally see is:

conc HCI

[ Cu(Hz0)5 12+ [CuCly |2

+
[ Cu(H20)5 12

The reaction taking place is reversible, and you get a mixture of
colours due to both of the complex ions.

[CuHz0)g 12+ + 4CF ————"= [CuClk]¥ + BH:0

You may find the colour of the tetrachlorocuprate(ll) ion variously
described as olive-green or yellow.

Help! If you dissolve copper(ll} oxide in concentrated
hydrochloric acid (to make copper(ll) chloride which will then
go on to form the tetrachlorocuprate(ll) ion), you get a dark
yellowish brown solution. This probably better reflects the
colour of the ion.

What are you going to call the colour in an exam? Don't worry
about it particularly. Your examiners will almost certainly allow
any valid colour. If in doubt look at mark schemes and
support material produced by your examiners. If you are a UK
Allevel student and haven't got these, find out how to get
them by visiting the syllabuses page.

Use the BACK button (or the History file or the Go menu -
depending on how waylaid you getl) to return to this page
later.

Adding water to the green solution, replaces the chioride ions as
ligands by water molecules again, and the solution returns to
blue.

water

Replacing water molecules by ammonia

Water molecules and ammonia molecules are very similar in
size, and so there is no change in co-ordination this time.
Unfortunately, the reactions aren't quite so straightforward to
describe.

Ammonia solution can react with hexaaqua metal ions in two
quite distinct ways, because it can act as a base as well as a
ligand.

If you add a small amount of ammonia solution you get
precipitates of the metal hydroxide - the ammonia is acting as a
base. In some cases, these precipitates redissolve when you
add more ammonia to give solutions in which a ligand exchange
reaction has occurred.

In the diagrams below, both steps are shown, but we are only
going to consider the chemistry of the overall ligand exchange
reaction. The precipitates dissolve because of a complicated
series of equilibrium shifts, and we shan't worry about that for
the moment.

Note: You will find full details of the reactions involved in the
formation of the precipitates described on a separate page
about the reaction of ammonia with metal agua ions.

That page also describes the guite complex reasons why the
precipitate dissolves again.

Replacing the water in the hexaaquacopper(ll) ion

This is a slightly untypical case, because only four of the six
water molecules get replaced to give the

tetraamminediaquacopper(ll) ion, [Cu(NH3)4(H20)2]2+.

2+



L owe ]

the diaguacopper(ll) ion

Notice that the four ammonias all lie in one plane, with the water
molecules above and below.

What you see in a test tube is:

small amaunt an eXCess
Df ammaonia Df ammaonia

[ Cu(H20)5 12+ Dgﬂﬁp‘;‘gﬁnﬂf [ Cu(MH3)4(Hz0)z 12
hydroxide

The main equilibrium involved in the ligand exchange reaction
is:

[Cu(Ha0)g 12+ + 4NH3 ————== [Cu(NH3)4(H20)2]** + 4H,0

The colour of the deep blue complex is so strong that this
reaction is used as a sensitive test for copper(ll) ions in solution.
Even if you try to reverse the change by adding large amounts
of water to the equilibrium, the strength of the deep blue (even
highly diluted) always masks the pale blue of the aqua ion.

Replacing the water in the hexaaguacobali(ll) ion

This time, all the water molecules get replaced.

small amount an exeess
01 ammaonia 01 ammonia

[Co(H20)5 12 e iaﬁgﬁ) at [ Co(NHg)g 12*
hydroxide

[Co(H20)812* + BNH; ————== [Co(NH3)§]** + BHz0

The straw coloured solution formed changes colour very rapidly
on standing to a deep reddish brown. The hexaamminecobalt(ll)
ions are oxidised by the air to hexaamminecobalt(lll) ions.
However, that is a quite separate reaction, and isn't a part of the
ligand exchange reaction.

Replacing the water in the hexaaquachromium(ill) ion

Again, all the water molecules get replaced by ammonias. The
difference this time is that the reaction isn't so complete. The
precipitate has to be left to stand in the presence of excess
concentrated ammonia solution for some time in order to get the
ammine complex.

Even so, you still get left with some unreacted precipitate.

an excess
small amount T
DT ammaria ‘Eﬂ 1o stand

[ CriHa0)g 13+ predpitate of [ Cr(lH3)g 13+ over
?y’ggi:;”é”" chromium(I hydro xide

precipitate

[Cr(H20)s ¥ [ CrNH3)5 1% + 6H20

+BNH ———=

Two more replacements of the water in the
hexaaquachromium(lll) ion

The colour of the hexaaquachromium(lll) ion has been shown as
a "difficult to describe" violet-blue-grey in all the diagrams above.
In practice, when it is produced during a reaction in a test tube, it
is often green.

A typical example of this is the use of acidified potassium
dichromate(VI) as an oxidising agent. Whenever this is used, the
orange solution turns green and we nearly always describe the
green ion as being Cr3+(aq) - implying the
hexaaquachromium(lll) ion. That's actually an over-
simplification.

What happens is that one or more of the ligand water molecules
get replaced by a negative ion in the solution - typically sulphate
or chloride.

Replacement of the water by sulphate ions



You can do this simply by warming some chromium(lll) sulphate
solution.

wam
—_—

[Cr(H20)5 13+ [Cr(H20)5(504) I*

One of the water molecules is replaced by a sulphate ion. Notice
the change in the charge on the ion. Two of the positive charges
are cancelled by the presence of the two negative charges on
the sulphate ion.

Replacement of the water by chloride ions

In the presence of chloride ions (for example with chromium(lll)
chloride), the most commonly observed colour is green. This
happens when two of the water molecules are replaced by
chloride ions to give the tetraaquadichlorochromium(lll) ion -
[Cr(H20)4Cla]*.

Once again, notice that replacing water molecules by chloride
ions changes the charge on the ion.

Note: Technically, the chloride ion ligand should be written in
the formula before the neutral water molecules, but you will
find both versions. The one | have chosen to use is probably
the more commonly found, and has the advantage that it is
consistent with the order the ligands appear in the name.

A ligand exchange reaction in the test for iron(lll) ions

This provides an extremely sensitive test for iron(lll) ions in
solution.

If you add thiocyanate ions, SCN", (from, say, sodium or
potassium or ammonium thiocyanate solution) to a solution
containing iron(lll) ions, you get an intense blood red solution

containing the ion IFB(SCN)(HQO)5]2+.

SCMjay

solution containing [ Fe(SCM)(Hz0)5 |2+
[Fe(Ha015 13

A note on the colours: | haven't been able to suggest
properly the intense rich red of the thiocyano complex.
Imagine blood!

The colour of the original solution isn't the colour of the
[Fe(Ha0)g]3* ion. This is actually very pale violet, but is rarely
seen in solution. That complex reacts with water to some
extent to produce other more strongly coloured yellow and
orange complexes. This is explained in more detail on the
page about the acidity of the aqua ions.

Questions to test your understanding

If this is the first set of questions you have done, please read the
introductory page before you start. You will need to use the BACK BUTTON
on your browser to come back here afterwards.

questions on the ligand exchange reactions

answers

Where would you like to go now?
To the complex ion menu. ..
To the Inorganic Chemistry menu . . .

To Main Menu . . .
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