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12 An introduction to the chemistry of transition elements

This topic illustrates the physical and chemical properties of the transition elements.

12.1 General physical properties of the first set of transition elements, titanium to copper

12.2
General characteristic chemical properties of the first set of transition elements, 

titanium to copper

12.3 Colour of complexes

12.4 Stereoisomerism in transition element complexes

12.5 Stability constants, Kstab
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12 An introduction to the chemistry of transition elements

The physical and chemical properties of the transition elements are introduced in this topic.  

Learning outcomes 
Candidates should be able to: 

12.1  General physical 
properties of 
the first set 
of transition 
elements, titanium 
to copper

a) explain what is meant by a transition element, in terms of d-block 
elements forming one or more stable ions with incomplete d 
orbitals

b) sketch the shape of a d orbital

c) state the electronic configuration of each of the first row transition 
elements and of their ions

d) contrast, qualitatively, the melting points and densities of the 
transition elements with those of calcium as a typical s-block 
element

e) describe the tendency of transition elements to have variable 
oxidation states

f) predict from a given electronic configuration, the likely oxidation 
states of a transition element 

12.2  General 
characteristic 
chemical properties 
of the first set 
of transition 
elements, titanium 
to copper 

a) describe and explain the reactions of transition elements with 
ligands to form complexes, including the complexes of copper(II) 
and cobalt(II) ions with water and ammonia molecules and 
hydroxide and chloride ions

b) (i)  define the term ligand as a species that contains a lone pair of 
electrons that forms a dative bond to a central metal atom/ion 
including monodentate, bidentate and polydentate ligands

(ii)  define the term complex as a molecule or ion formed by a 
central metal atom/ion surrounded by one or more ligands

(iii)  describe transition metal complexes as linear, octahedral, 
tetrahedral or square planar

(iv)  state what is meant by co-ordination number and predict the 
formula and charge of a complex ion, given the metal ion, its 
charge, the ligand and its co-ordination number

c) explain qualitatively that ligand exchange may occur, including the 
complexes of copper(II) ions with water and ammonia molecules 
and hydroxide and chloride ions

d) describe and explain the use of Fe3+/Fe2+, MnO4
–/Mn2+ and  

Cr2O7
2–/Cr3+ as examples of redox systems (see also Section 6.3)

e) predict, using E⦵ values, the likelihood of redox reactions 

Syllabus content
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12.3  Colour of 
complexes 

a) describe the splitting of degenerate d orbitals into two energy 
levels in octahedral and tetrahedral complexes

b) explain the origin of colour in transition element complexes 
resulting from the absorption of light energy as an electron moves 
between two non-degenerate d orbitals

c) describe, in qualitative terms, the effects of different ligands on 
absorption, and hence colour, using the complexes of copper(II) 
ions with water and ammonia molecules and hydroxide and 
chloride ions as examples

d) apply the above ideas of ligands and complexes to other metals, 
given information 

12.4  Stereoisomerism in 
transition element 
complexes

a) describe the types of stereoisomerism shown by complexes, 
including those associated with bidentate ligands: 

(i) cis-trans isomerism, e.g. cis- and trans-platin Pt(NH3)2Cl2 
(ii) optical isomerism, e.g. [Ni(NH2CH2CH2NH2)3]

2+

b) describe the use of cisplatin as an anticancer drug and its action by 
binding to DNA in cancer cells, preventing cell division 

12.5  Stability constants, 
Kstab

a) describe and explain ligand exchanges in terms of competing 
equilibria (also see Section 7)

b) state that the stability constant, Kstab, of a complex ion is the 
equilibrium constant for the formation of the complex ion in a 
solvent from its constituent ions or molecules

c) deduce expressions for the stability constant of a ligand 
substitution 

d) explain ligand exchange in terms of stability constants, Kstab, and 
understand that a large Kstab is due to the formation of a stable 
complex ion 

Syllabus content
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D BLOCK ELEMENTS

The elements from scandium to zinc inclusive comprise the 3d block.  

They are called d-block elements because the sub-shell being filled across this series 

is the 3d sub-shell.  

The electronic configurations range from [Ar]4s23d1 for scandium to [Ar]4s23d10 for zinc. 

 1&+)

=A Phosphorus(V) chloride reacts very vigorously with water, with the 
production of heat and fumes of hydrogen chloride gas. Phosphoric(V) 
acid and hydrochloric acid are formed:

PCl5(l) + 4H2O(l)  n  H3PO4(aq)  +     5HCl(aq)
 phosphoric(V)  hydrochloric acid
 acid

Chlorine dissolves in water and reacts to a certain extent. The relevant 
reactions are:

 excess water
Cl2(g) ~~~n Cl2(aq)

Cl2(aq) + H2O(l)        HCl(aq)       +  HOCl(aq)
 hydrochloric acid chloric(I) 
  acid

The solution is acidic mainly as a result of the production of hydrochloric 
acid. Chloric(I) acid is a very weak acid (pKa = 7.43).
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They are called d-block elements because the subshell being fi lled 
across this series is the 3d subshell. The electronic confi gurations range 
from [Ar]4s23d1 for scandium to [Ar]4s23d10 for zinc.

There are also two other rows of d-block elements.

Examiner’s tip
Remember that Cr and 
Cu have slightly diff erent 
electronic confi gurations.

:miZch^dc

Cl2 dissolves better in alkaline solution, 
as the equilibrium is shifted to the 
right.

 9 Arrange the following in order of increasing 
melting point (lowest fi rst):

  a Cl2 SiCl4 PCl5 NaCl
  b PCl3 SiCl4 MgCl2 AlCl3
 10 State whether each of the following is true or 

false.
  a  Liquid sodium chloride conducts electricity 

but liquid phosphorus(III) chloride does not.

  b SiCl4 and NaCl both have giant structures.
  c  SiCl4 and PCl5 are both liquids at room 

temperature and pressure.
  d  PCl3 and PCl5 both react with water to form 

H3PO4.
  e  MgCl2 reacts with water to form a neutral 

solution, but SiCl4 reacts to form an acidic 
solution.

IZhi�ndjghZa[

)#+� I]Z�igVch^i^dc�ZaZbZcih

I]Z�igVch^i^dc�ZaZbZcih��Y�WadX`�
The fi rst row d-block elements are:

AZVgc^c\�dW_ZXi^kZh

r� Describe the characteristic 
properties of transition metals

r� Explain why transition metals 
have variable oxidation states

r� Explain the formation and 
describe the shape of complex ions

r� Explain why transition metal 
complex ions are coloured

r� Describe some uses of transition 
metals and their compounds as 
catalysts

TRANSITION ELEMENTS

Transition elements are d-block elements forming one or more stable ions with 

incomplete d orbitals.  

According to this definition, scandium and zinc are not counted as transition elements, 

as the only ion formed by Sc is the 3+ ion, with electronic configuration 1s22s22p63s23p6 

(no d electrons), and that formed by Zn is the 2+ ion, with electronic configuration 

1s22s22p63s23p63d10 (full d sub-shell). Scandium and zinc do not exhibit some of the 

characteristic properties of transition metals (e.g. they do not form coloured compounds). 

 2

INORGANIC CHEMISTRY

412

Ions that have no t2g electrons, for example Sc(H2O)6
3+, are colourless because 

there are no t2g electrons to promote. Similarly d10 ions, for example Zn(H2O)6
2+, are 

also colourless because there is no empty space in the eg level to receive an extra 
electron (see Figure 24.15).

It is fairly easy to explain the colours of the Cu2+ complexes. This is because there 
is only a single space in the eg orbitals to receive an excited electron, and as a result 
there is only one absorption band. The absorption is a band rather than a sharp line 
(as happens with atomic spectra in the gas phase) because the two energy levels are 
spread out under the infl uence of the adjacent ligands. The colour of the complex 
then depends on where the maximum of this absorption is in the visible spectrum.

O For the simple Cu2+ ion (anhydrous CuSO4), the ligands create such a very weak 
fi eld that the two energy levels are nearly the same; absorption is then in the 
infrared and this means that the substance is colourless.

O For the [Cu(H2O)6]
2+ ion, absorption is partially in the red end of the spectrum and 

the complex appears pale blue.
O For the [Cu(NH3)4(H2O)2]

2+ ion, the absorption is in the green part of the spectrum 
and the colour is a more intense purple.

This change in the position of the absorption band is caused by the increase in 
the electrostatic fi eld created by the ligands, which results in a larger splitting in the 
energy levels (∆E in Figure 24.7) and a higher frequency of absorption (see Figure 24.16).

H2O NH3 H2NCH2CH2NH2
800 620 530
pale blue deep blue purple

  24.6   Catalytic properties
The transition metals often act as catalysts. In the Haber process (see section 10.5) 
and the Contact process (see section 10.6), the catalysts are in the solid state. 
Transition metals can also act as catalysts in solution. A good example is the oxidation 
of iodide ions by peroxodisulfate(VI) ions:

2I−(aq) + S2O8
2−(aq) → 2SO4

2−(aq) + I2(aq)

This reaction is normally quite slow, most likely because the negatively charged ions 
repel each other. However, it is catalysed by the addition of a number of d-block 
metal ions, for example Fe2+(aq). A possible mechanism is:

2Fe2+(aq) + S2O8
2−(aq) → 2Fe3+(aq) + 2SO4

2−(aq)
2Fe3+(aq) + 2I−(aq) → 2Fe2+(aq) + I2(aq)

25_12 Cam/Chem AS&A2
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3d

Sc3+

Zn2+

4sFigure 24.15 The electronic structures of the 
Sc(H2O)63+ and Zn(H2O)62+ ions

Figure 24.16 Colours of some Cu2+ 
compounds. As the ligand fi eld becomes 
stronger, the splitting between the d orbitals 
increases and the absorption moves from the 
infrared into the visible region of the spectrum.

ligand 
absorption maximum/nm 

colour

181333_24_A_Chem_BP_397-414.indd   412 10/10/14   8:56 PM

Sc   1s2 2s2 2p6 3s2 3p6 3d1 4s2

Sc3+   1s2 2s2 2p6 3s2 3p6

Zn   1s2 2s2 2p6 3s2 3p6 3d10 4s2

Zn2+   1s2 2s2 2p6 3s2 3p6 3d10
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ELECTRONIC CONFIGURATION

As the proton number increases by one unit, an extra electron is usually 

added to the 3d sub-shell. There are two exceptions to this general trend:  

• chromium is [Ar] 3d5 4s1, and not [Ar] 3d4 4s2  

• copper is [Ar] 3d10 4s1, and not [Ar] 3d9 4s2.  

This is because the 3d5 (with a half-filled sub-shell) and 3d10 (with a full sub-

shell) are energetically preferred configurations, avoiding the inter-electron 

repulsion in the 4s orbital that occurs with the 4s2 configuration.  

Both these configurations have a symmetrical 3d cloud of electrons that 

screens the nucleus more effectively than other configurations. 

 3

PHYSICAL PROPERTIES

 4

ELEMENT Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn

1st I.E. / kJ mol−1 590 632 661 648 653 716 762 757 736 745 908

Atomic radius / nm 0.197 0.144 0.132 0.122 0.117 0.117 0.116 0.116 0.115 0.117 0.125

Ionic radius / nm 0.099 0.081 0.090 0.090 0.085 0.080 0.076 0.078 0.078 0.069 0.074

density / g cm-3 1.55 3 4.5 6 7.2 7.4 7.9 8.9 8.9 8.9 7
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MELTING POINTS

The melting and boiling points of the 3d-block metals are generally much 

higher than those of the s- and p-block metals.  

This is because not only the 4s electrons but also the 3d electrons are 

involved in the metallic bonding.  

The conductivities of the 3d-block metals are similar to those of calcium; 

the conductivity of copper is particularly high. 

 5

RADII AND DENSITIES

The atomic radii of transitional elements are relatively small and are 

roughly equal i.e. do not decrease as much as in other elements along a 

period. 

Atomic radii are roughly equal because the electrons are entering the 

penultimate shell, which increases the shielding effect roughly 

counterbalancing the increasing nuclear charge thereby making the 

effective nuclear charge almost the same.  

Densities of the transition metals are higher than that of calcium as they 

have the smallest atomic radii and the highest relative atomic masses. 

 6
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RADII AND DENSITIES

 7
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Examiner’s tip
The last four properties 
are most important for 
examinations.

The 4s electrons are always 
removed before the 3d electrons 
when an ion is formed.

=A

Because of their similarity it is possible to draw up a list of 
characteristic properties of transition elements:
r� 5SBOTJUJPO�FMFNFOUT�BSF�BMM�UZQJDBM�NFUBMT�J�F��UIFZ�IBWF�IJHI�NFMUJOH�

points and densities.
r� 5SBOTJUJPO�FMFNFOUT�DBO�FYIJCJU�NPSF�UIBO�POF�PYJEBUJPO�OVNCFS�JO�

compounds/complexes.
r� 5SBOTJUJPO�FMFNFOUT�GPSN�DPNQMFY�JPOT�
r� 5SBOTJUJPO�FMFNFOUT�VTVBMMZ�GPSN�DPMPVSFE�DPNQPVOET�DPNQMFYFT�
r� 5SBOTJUJPO�FMFNFOUT�BOE�UIFJS�DPNQPVOET�DPNQMFYFT�DBO�BDU�BT�DBUBMZTUT�

in many reactions.

>dc^hVi^dc�d[�igVch^i^dc�ZaZbZcih
Transition elements form positive ions. The electronic confi gurations of 
some transition metal ions are shown in Table 4.8.

:aZbZci :aZXigdc^X�XdcÒ�\jgVi^dc >dc :aZXigdc^X�XdcÒ�\jgVi^dc

8g P6gR)h&(Y* 8g' P6gR(Y)

8g( P6gR(Y(

Bc P6gR)h'(Y* Bc' P6gR(Y*

;Z P6gR)h'(Y+ ;Z' P6gR(Y+

;Z( P6gR(Y*

8d P6gR)h'(Y, 8d' P6gR(Y,

8j P6gR)h&(Y&% 8j P6gR(Y&%

8j' P6gR(Y.

IVWaZ�)#-� :aZXigdc^X�XdcÒ�\jgVi^dch�d[�igVch^i^dc�bZiVah�VcY�i]Z^g�^dch#

IONISATION ENERGIES

The first ionisation energy increase only slightly across the d block. 

The first ionisation energies involve the removal of a 4s electron. This is 

outside the 3d sub-shell and is partially screened/shielded by it.  

As the nuclear charge increases across the block, the additional d 

electrons shield the effect of the increasing nuclear charge so that the 4s 

electron experiences only a small extra attraction (because the increasing 

nuclear charge is almost counterbalanced by the increasing screening 

effect).

 8
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IONISATION ENERGIES

 9

&+*)��I=:�E:G>D9>8�I67A:

=A

;Z 8d C^ 8j OcBc

IgVch^i^dc�ZaZbZcih

8gKI^HX

The transition elements can be defi ned as diff erent from the d-block 
elements, and the defi nition we will use here is:

a transition element is an element that forms at least one stable 
oxidation state (other than 0) with a partially fi lled d subshell

According to this defi nition, scandium and zinc are not counted as 
transition elements, as the only ion formed by Sc is the 3+ ion, with 
electronic confi guration 1s22s22p63s23p6 (no d electrons), and that formed 
by Zn is the 2+ ion, with electronic confi guration 1s22s22p63s23p63d10 
(full d subshell).

Scandium and zinc do not exhibit some of the characteristic properties 
of transition metals detailed below (e.g. they do not form coloured 
compounds).

EgdeZgi^Zh�d[�i]Z�igVch^i^dc�ZaZbZcih
We have already studied the variation in properties of a set of eight 
elements across the periodic table when we looked at the properties 
of period 3 elements. The transition elements also form a set of eight 
elements across the periodic table, but these are much more similar to 
each other than the elements across period 3. For instance, they are all 
metals rather than showing a change from metal to non-metal.

The variation in fi rst ionisation energy and atomic radius of the 
transition elements and period 3 elements are compared in Figures 4.23 
and 4.24. It can be seen that the variation of ionisation energy and atomic 
radius across the series of the transition elements is much smaller than 
across period 3.

These are often called transition 
metals rather than transition 
elements.

%

'%%

)%%

+%%

-%%

&%%%

&'%%

&)%%

&+%%

;^
gh
i�
^d
c^
hV
i^d

c�
Zc
Zg
\n

�$
�`
?�b

da
�Ä&

I^

CV

B\

K

8g
H^

Bc ;Z

E

H

8d C^
8j

6g

8>

6>

EZg^dY�(�$�igVch^i^dc�ZaZbZcih

EZg^dY�(

@Zn

IgVch^i^dc�ZaZbZcih

;^\jgZ�)#'(� 6�XdbeVg^hdc�d[�i]Z�kVg^Vi^dc�d[�Ò�ghi�^dc^hVi^dc�ZcZg\n�VXgdhh�eZg^dY�(�
l^i]�i]Vi�VXgdhh�i]Z�igVch^i^dc�bZiVa�hZg^Zh#

4s vs 3d

The 4s sub-shell is filled before the 3d sub-shell because it is lower in energy, even 

though the 4s sub-shell is part of a shell whose average distance is further away 

from the nucleus. The difference in energy between 4s and 3d is very small, 

however, which means that both s and d electrons may be involved in bonding.  

The order of energy levels 4s < 3d holds only as far as calcium. With the increasing 

nuclear charge from 21 in scandium to 30 in zinc, the energy levels of both the 4s 

and 3d orbitals decrease, but the 3d level decreases faster than the 4s.  

At scandium their energy levels are almost the same, but subsequently the order 

changes so that 3d is slightly lower than 4s. When an ion is formed, the 4s 

electrons are removed before the 3d electrons.

 10
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4s vs 3d

Up to calcium, the energy of the 4s orbital is lower than that of the 3d, even though, 

on average, the electron is further away from the nucleus. This is because the 4s 

electron spends some time very near to the nucleus, where it experiences the full 

attraction of the unscreened nuclear charge.  

After calcium, the 4s electrons are screened from the effect of the increasing nuclear 

charge by the addition of the 3d electrons, which are nearer to the nucleus. The 

energy of the 4s electrons therefore decreases only slightly on crossing the 3d block.  

The 3d electrons, however, are not screened to the same extent and so experience a 

greater effective nuclear charge, becoming progressively more tightly held by the 

nucleus.

 11

IONS

Therefore, on forming ions, 4s electrons are removed before the 3d.

 12

401

 24 The 3d block

the second period (see Figure 2.33, page 41). The drop from manganese to iron is 
a refl ection of the fact that two electrons in the same orbital repel each other (see 
Figure 24.4).

3d and 4s energy levels
The relative energies of the 3d and 4s orbitals change on crossing the block (see 
Figure 24.1). Up to calcium, the energy of the 4s orbital is lower than that of the 
3d, even though, on average, the electron is further away from the nucleus. This 
is because the 4s electron spends some time very near to the nucleus, where it 
experiences the full attraction of the unscreened nuclear charge. A 4s electron is said 
to be more penetrating than a 3d electron.

After calcium, the 4s electrons are screened from the effect of the increasing 
nuclear charge by the addition of the 3d electrons, which are nearer to the nucleus. 
The energy of the 4s electrons therefore decreases only slightly on crossing the 3d 
block. This small decrease in energy explains the small increase in fi rst and second 
ionisation energies on crossing the 3d block from scandium to zinc. The 3d electrons, 
however, are not screened to the same extent and so experience a greater effective 
nuclear charge, becoming progressively more tightly held by the nucleus. The energy 
of the 3d electrons therefore decreases signifi cantly on crossing the 3d block, as is 
shown by the sharper rise in the third ionisation energies (see Figure 24.3). (From 
scandium to zinc, the second ionisation energies increase by 40%, whereas the third 
ionisation energies increase by 60%.)

Worked example 1
Using [Ar] to represent the argon core, give the electronic configurations of the following 
species.
a Cr  b Cu2+  c V2+

Answer
a [Ar] 3d5 4s1  b [Ar] 3d9  c [Ar] 3d3

Now try this

1 Using [Ar] to represent the argon core, give the electronic confi gurations of the 
following species.
a Cu  b Co2+  c Ti3+

2 Briefl y explain the following.
a The second ionisation energy of copper is higher than the second ionisation energy 

of zinc.
b It is diffi cult to oxidise Mn2+(aq) to Mn3+(aq).
c On passing from scandium to titanium, the increase in the third ionisation energy is 

much larger than the increase in the fi rst ionisation energy.

25_04 Cam/Chem AS&A2
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Mn  [Ar]

Mn2+  [Ar]

Mn3+  [Ar]

4s3d

Fe  [Ar]

Fe2+  [Ar]

Fe3+  [Ar]

Figure 24.4 The electronic confi gurations of 
manganese and iron. The formation of the Fe3+ 
ion involves the removal of an electron from 
a doubly occupied 3d orbital; this electron is 
more easily removed because it is repelled by 
the other electron in the orbital.

181333_24_A_Chem_BP_397-414.indd   401 10/10/14   8:56 PM
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ELECTRONIC CONFIGURATIONS OF IONS

Electronic configurations of some transition metal ions are shown in below:

 13

&++

'%%

&-%

&+%

&)%

&'%

&%%

-%

6i
db

^X
�gV

Y^
jh

�$
�e
b

I^

CV

B\

K 8g
H^

Bc ;Z

E H

8d C^ 8j

8>

6>

EZg^dY�(�$�igVch^i^dc�ZaZbZcih

EZg^dY�(

@Zn

IgVch^i^dc�ZaZbZcih

;^\jgZ�)#')� 6�XdbeVg^hdc�d[�i]Z�kVg^Vi^dc�d[�Vidb^X�gVY^jh�VXgdhh�eZg^dY�(�l^i]�i]Vi�
VXgdhh�i]Z�igVch^i^dc�bZiVa�hZg^Zh#

Examiner’s tip
The last four properties 
are most important for 
examinations.

The 4s electrons are always 
removed before the 3d electrons 
when an ion is formed.

=A

Because of their similarity it is possible to draw up a list of 
characteristic properties of transition elements:
r� 5SBOTJUJPO�FMFNFOUT�BSF�BMM�UZQJDBM�NFUBMT�J�F��UIFZ�IBWF�IJHI�NFMUJOH�

points and densities.
r� 5SBOTJUJPO�FMFNFOUT�DBO�FYIJCJU�NPSF�UIBO�POF�PYJEBUJPO�OVNCFS�JO�

compounds/complexes.
r� 5SBOTJUJPO�FMFNFOUT�GPSN�DPNQMFY�JPOT�
r� 5SBOTJUJPO�FMFNFOUT�VTVBMMZ�GPSN�DPMPVSFE�DPNQPVOET�DPNQMFYFT�
r� 5SBOTJUJPO�FMFNFOUT�BOE�UIFJS�DPNQPVOET�DPNQMFYFT�DBO�BDU�BT�DBUBMZTUT�

in many reactions.

>dc^hVi^dc�d[�igVch^i^dc�ZaZbZcih
Transition elements form positive ions. The electronic confi gurations of 
some transition metal ions are shown in Table 4.8.

:aZbZci :aZXigdc^X�XdcÒ�\jgVi^dc >dc :aZXigdc^X�XdcÒ�\jgVi^dc

8g P6gR)h&(Y* 8g' P6gR(Y)

8g( P6gR(Y(

Bc P6gR)h'(Y* Bc' P6gR(Y*

;Z P6gR)h'(Y+ ;Z' P6gR(Y+

;Z( P6gR(Y*

8d P6gR)h'(Y, 8d' P6gR(Y,

8j P6gR)h&(Y&% 8j P6gR(Y&%

8j' P6gR(Y.

IVWaZ�)#-� :aZXigdc^X�XdcÒ�\jgVi^dch�d[�igVch^i^dc�bZiVah�VcY�i]Z^g�^dch#

&+,)��I=:�E:G>D9>8�I67A:

KVg^VWaZ�dm^YVi^dc�cjbWZgh
The positive oxidation numbers (oxidation states) exhibited by the 
transition elements are shown in Figure 4.25.

The greatest number of diff erent oxidation numbers and the highest 
oxidation numbers are found in the middle of the series. From Ti to 
Mn there is an increase in the total number of electrons in the 4s and 
3d subshells, so the maximum oxidation number increases. Mn has the 
electronic confi guration [Ar]4s23d5 and therefore a maximum oxidation 
state of +7. Fe has eight electrons in the 4s and 3d subshells and would 
be expected to have a maximum oxidation state of +8, but the ionisation 
energy increases from left to right across the transition elements series and 
it becomes more diffi  cult to reach the highest oxidation numbers towards 
the right-hand side of the series. The chemistry of copper and nickel is, 
for the same reason, dominated by the lower oxidation numbers.

All transition metals show oxidation number +2. In most 
cases this is because they have two electrons in the 4s subshell, 
and removal of these generates an oxidation number of +2.

Examiner’s tip
The oxidation numbers 
highlighted in Figure 4.25 
are mentioned specifi cally 
on the syllabus – you should 
remember these.

Bc

,8g ;Z

++K +

***I^ * 8d C^ 8j

)))) ) ) ) )

(((( ( ( ( (

'''' ' ' ' '

&&&& & & & &

%%%% % % % %

;^\jgZ�)#'*� Dm^YVi^dc�cjbWZgh�d[�igVch^i^dc�bZiVah�^c�XdbedjcYh#�Cdi�Vaa�dm^YVi^dc�
cjbWZgh�VgZ�Xdbbdc#

Oxidation number and oxidation 
state are the same thing.

=A

L]n�bdgZ�i]Vc�dcZ�dm^YVi^dc�cjbWZg4
The 4s and 3d subshells are close in energy, and there are no big jumps 
in the successive ionisation energies when the 4s and 3d electrons are 
removed; therefore the number of electrons lost will depend on a variety 
of factors, such as lattice enthalpy, ionisation energy and hydration 
enthalpy. Electrons are not removed to generate the nearest noble gas 
electronic confi guration. The graph in Figure 4.26 (overleaf ) shows a 
comparison of the fi rst seven ionisation energies of Mg and Mn. It can 
be seen that there is a very large jump between the second and third 
ionisation energies of Mg, but there are no such jumps for Mn.

Oxidation numbers are discussed 
further on pages 376–378.

VARIABLE OXIDATION STATES 

The positive oxidation numbers (oxidation states) exhibited by the transition 

elements are shown below.

 14
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SKILL CHECK

Q. State the electronic configurations of the following atoms or ions:  

i Cr3+ 

ii Co  

iii Fe3+  

iv Ni2+  

v Cu+  

 15

D ORBITALS

The five d orbitals in an isolated transition metal atom or ion are described as 

degenerate, meaning they are all at the same energy level.

 16

370 23  Transition elements

in the two d x y2 2‒
 and dz2 orbitals shown in Figure 23.10 

more than those in the other three d orbitals. Th is is 
because these d orbitals line up with the co-ordinate 
bonds in the complex’s octahedral shape and so they 
are closer to the bonding electrons in the octahedral 
arrangement, increasing repulsion between electrons. 
Th erefore the orbitals are split, with these two d orbitals 
at a slightly higher energy level than the dyz, dxz and dxy 
orbitals (Figure 23.11).

A Cu2+ ion has an electronic confi guration of 
[Ar] 3d9. Figure 23.11 shows how the nine d electrons 
are distributed between the non-degenerate orbitals 
formed in a complex with ligands. Th e diff erence in 
the energy between the non-degenerate d orbitals is 

the spectrum is absorbed by transition metal ions. To 
answer this question we must look in more detail at the d 
orbitals in the ions.

Th e fi ve d orbitals in an isolated transition metal atom 
or ion are described as degenerate, meaning they are all 
at the same energy level (Figure 23.10).

In the presence of ligands a transition metal ion is not 
isolated. Th e co-ordinate bonding from the ligands causes 
the fi ve d orbitals in the transition metal ion to split into 
two sets of non-degenerate orbitals at slightly diff erent 
energy levels (Figure 23.11). In a complex with six 
ligands, the ligands are arranged in an octahedral shape 
around the central metal ion. Th e lone pairs donated by 
the ligands into the transition metal ion repel electrons 

Figure 23.10 The degenerate d orbitals in a 
transition metal atom.

Figure 23.11 The splitting of the 3d orbitals in a Cu(H2O)6
2+ complex ion.

z

y

x

dyz

z

y
x

dxz

z

y
x

dxy

z

y
x

x

dz2

z

y

dx2–y2

Cu2+(...3d9)

3d

dx2–y 2

dyz dxz dxy

dz 2

splitting the 
d orbitals to give 
non-degenerate
orbitals

degenerate
3d orbitals

energy absorbed
from visible spectrum
that corresponds 
to ∆E

excited electron
absorbs energy
∆E

The energy absorbed can be
worked out by the equation:

∆E = hν

where ν is the frequency
of light absorbed and
h is planck’s constant

∆E
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COMPLEX IONS

The 3d metal ions are relatively small and have a high charge density. They therefore 

attract groups containing lone pairs of electrons. These groups are known as ligands. 

Ligands are bases. For common ligands an approximate order of attraction is as 

follows:  

H2O < halide ions < NH3 < CN−  

The ligand bonds to the metal ion to form a complex ion. Six, four or two ligands 

combine with one metal ion, so the formation of a complex ion may be represented as 

the donation of six or four or two pairs of electrons to the metal ion.  

A dative covalent bond (co-ordinate bond) is formed between each ligand and the 

metal ion. 

 17

&+-

A ligand must possess a lone pair 
of electrons.
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CjbWZg�d[�^dc^hVi^dc�ZcZg\n
-

;^\jgZ�)#'+� 8dbeVg^hdc�d[�hjXXZhh^kZ�^dc^hVi^dc�ZcZg\^Zh�d[�B\�VcY�Bc#

8dbeaZm�^dch
A complex ion consists of a central transition metal ion surrounded by 
ligands.

Ligands are negative ions or neutral molecules that use lone pairs 
of electrons to bond to a transition metal ion to form a complex 
ion. Dative covalent bonds (coordinate links) are formed between 
the ligand and the transition metal ion.

The structure of [Fe(H2O)6]2+ is shown in Figure 4.27. H2O is the ligand 
in this complex ion. The shape of this complex ion is octahedral and it is 
called the hexaaquairon(II) ion. Other ways of drawing this complex ion 
are shown in Figure 4.28.

A ligand is a Lewis base.
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All transition elements, with the exception of Ti, form an octahedral 
complex ion with the formula [M(H2O)6]2+ in solution.

I]Z�dm^YVi^dc�cjbWZg�d[�V�igVch^i^dc�bZiVa�^c�V�XdbeaZm�^dc
The oxidation number of a transition metal in a complex ion may be 
worked out from the charges on the ligands. Ligands may be either neutral 
or negatively charged.

In [Fe(H2O)6]2+ all the ligands are neutral. The overall charge on the 
ion is just due to the Fe, so the oxidation number of Fe must be +2.

CZjigVa�a^\VcYh &��a^\VcYh

='D 8a�

C=( 8C�

8D 7g�

=A

:miZch^dc

There is a strong case for considering 
the bonding in a transition metal 
complex ion as having a signifi cant 
ionic component. Crystal fi eld theory 
and ligand fi eld theory consider the 
bonding from a more ionic point of 
view.

COMPLEX IONS

Ligands are negative ions or neutral molecules that use lone pairs of electrons to bond 

to a transition metal ion to form a complex ion. Dative covalent bonds (coordinate 

links) are formed between the ligand and the transition metal ion. 

The structure of [Fe(H2O)6]2+ is shown below. H2O is the ligand in this complex ion. The 

shape of this complex ion is octahedral and it is called the hexaaquairon (II) ion.

 18
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COMPLEX IONS

The oxidation number of a transition metal in a complex ion may be 

worked out from the charges on the ligands. Ligands may be either neutral 

or negatively charged.  

In [Fe(H2O)6]2+ all the ligands are neutral. The overall charge on the ion is 

just due to the Fe, so the oxidation number of Fe must be 2+.  

In [Ni(CN)4]2— all the ligands have a 1− charge, so the total charge on all 

four ligands is 4−. The overall charge on the ion is 2−; therefore, the 

oxidation state of Ni must be +2 to cancel out 2− from the 4− charge. 

 19

COMPLEX IONS

If a simple formula does not make it clear which groups are attached to the 

metal ion, it is common practice to enclose the complex ion in square 

brackets.  

An example of this is Cr(H2O)6Cl3, which does not make it clear which ligands 

are attached to the chromium ion.  

• It could, for example, be [Cr(H2O)6]Cl3 (which has no chlorine ligands but 

has three free chloride ions) or  

• [Cr(H2O)5Cl]Cl2.H2O (which has one chlorine ligand and two free chloride 

ions). 

 20
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SHAPES OF COMPLEX IONS

Transition metal complexes do not obey always valence shell electron pair 

repulsion (VSEPR) theory rules, so although six coordinate complexes are 

virtually always octahedral, four coordinate complexes may be tetrahedral 

or square planar.  

The number of atoms surrounding a central atom is called the co-

ordination number. Thus a complex such as [Cr(H2O)6]3+ has a co-

ordination number of 6. 

 21

SHAPES OF COMPLEX IONS

If the complex contains two ligands (co-ordination number 2), it is linear; 

examples are the CuCl2− and [Ag(NH3)2]+ ions. With four ligands, VSEPR 

arguments predict that the complex is tetrahedral and this is usually the 

case; examples are the CoCl4 and [Zn(NH3)4]2+ ions.  

However, there are complexes with four ligands that are square planar, 

which shows that factors other than electron repulsion must be taken into 

account. 

 22
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SHAPES OF COMPLEX IONS

 23

INORGANIC CHEMISTRY

404

The shapes of complex ions
The number of atoms surrounding a central atom is called the co-ordination number. 
Thus a complex such as [Cr(H2O)6]

3+ has a co-ordination number of 6. A complex of 
formula ML6

3+ has six pairs of electrons and its shape using VSEPR arguments (see 
section 3.9) is a regular octahedron (see Figure 24.6).

If the complex contains two ligands (co-ordination number 2), it is linear; examples 
are the CuCl2

− and [Ag(NH3)2]
+ ions. With four ligands, VSEPR arguments predict that 

the complex is tetrahedral and this is usually the case; examples are the CoCl 4
2− and 

[Zn(NH3)4]
2+ ions. However, there are complexes with four ligands that are square 

planar, which shows that factors other than electron repulsion must be taken into 
account. An example of a square planar complex is cisplatin, which is discussed on 
page 410.

Bonding in complex ions
In aqueous solution, Cu2+ ions hydrate to give the Cu(H2O)6

2+ ion. Each water 
molecule is bonded to the central Cu2+ ion by a dative covalent bond. In order to 
form this ion, there need to be six empty orbitals to receive the six lone pairs from 
the six water molecules. There are also nine 3d electrons in the free Cu2+ ion that 
need fi ve orbitals to accommodate them. Thus at least 11 orbitals are required in all. 
These are obtained by hybridising the six ligand lone-pair orbitals, together with the 
one 3s, the three 3p and the fi ve 3d orbitals of the metal ion. 

The energies and geometries of all of the resulting orbitals need not concern 
us, except for one important outcome: under the infl uence of the ligand lone 
pairs, the fi ve 3d orbitals split into two groups with different energies. In the 
simple Cu2+ ion, the fi ve 3d orbitals all have the same energy (they are said to be 
degenerate), but in the presence of six ligands spaced octahedrally, the orbitals 
divide into two groups − a group of two, called the eg, and a group of three, 
called the t2g (see Figure 24.7). The lobes of the three t2g orbitals are directed 
in between the six ligands (see Figure 24.8), and their energy is only slightly 
increased when the complex is formed. The two eg orbitals, however, have lobes 
which point in the direction of the six ligands; this means that any electrons in 
these orbitals will experience inter-electron repulsion with the ligand lone pairs 
when the complex is formed, and so their energy is higher than that of electrons 
in the t2g orbitals.
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Figure 24.6 The shapes of complex ions 
with six ligands, with four ligands and with 
two ligands
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Transition metal complexes do not obey valence shell electron 
pair repulsion (VSEPR) theory rules, so although six coordinate 
complexes are virtually always octahedral, four coordinate 
complexes may be tetrahedral or square planar.

=AIn [Ni(CN)4]2− all the ligands have a 1− charge, so the total charge on 
all four ligands is 4−. The overall charge on the ion is 2−; therefore, the 
oxidation state of Ni must be +2  to cancel out 2− from the 4− charge.

H]VeZh�d[�XdbeaZm�^dch
The shapes of some complex ions are shown in Table 4.9 .

8dbeaZm�^dc

;dgbjaV P;Z�='D�+R( P;Z�8C�+R(�

H]VeZ dXiV]ZYgVa dXiV]ZYgVa

Dm^YVi^dc�cjbWZg�d[�bZiVa  (  (

CVbZ ]ZmVVfjV^gdc�>>>��^dc ]ZmVXnVcd[ZggViZ�>>>��^dc

8dbeaZm�^dc

;dgbjaV P8j8a)R'� PC^�8C�)R'�

H]VeZ iZigV]ZYgVa hfjVgZ�eaVcVg

Dm^YVi^dc�cjbWZg�d[�bZiVa  '  '

CVbZ iZigVX]adgdXjegViZ�>>��^dc iZigVXnVcdc^X`ZaaViZ�>>��^dc

8dbeaZm�^dc

;dgbjaV P6\�C=(�'R 

H]VeZ a^cZVg

Dm^YVi^dc�cjbWZg�d[�bZiVa  &

CVbZ Y^Vbb^cZh^akZg�>��^dc

IVWaZ�)#.� I]Z�h]VeZh�d[�hdbZ�XdbeaZm�^dch#

D
=

( 

;Z

=

D D

D D

D
==

=
==

=

=
==

=
8

C

C

C

C

(Ä

;Z
8

8

8

C

C
8

8

8>
'Ä

8j�

8>

8> 8>
8

C

C C

C

'Ä

C^

8

8 8
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Some scientists believe 
that the bonding 
between a transition 

metal and a ligand is purely 
ionic. All scientists have the 
same experimental data available 
to them – to what extent is 
scientifi c knowledge objective 
and to what extent is it a matter 
of interpretation and belief?
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Transition metal complexes do not obey valence shell electron 
pair repulsion (VSEPR) theory rules, so although six coordinate 
complexes are virtually always octahedral, four coordinate 
complexes may be tetrahedral or square planar.

=AIn [Ni(CN)4]2− all the ligands have a 1− charge, so the total charge on 
all four ligands is 4−. The overall charge on the ion is 2−; therefore, the 
oxidation state of Ni must be +2  to cancel out 2− from the 4− charge.

H]VeZh�d[�XdbeaZm�^dch
The shapes of some complex ions are shown in Table 4.9 .
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Some scientists believe 
that the bonding 
between a transition 

metal and a ligand is purely 
ionic. All scientists have the 
same experimental data available 
to them – to what extent is 
scientifi c knowledge objective 
and to what extent is it a matter 
of interpretation and belief?
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Transition metal complexes do not obey valence shell electron 
pair repulsion (VSEPR) theory rules, so although six coordinate 
complexes are virtually always octahedral, four coordinate 
complexes may be tetrahedral or square planar.

=AIn [Ni(CN)4]2− all the ligands have a 1− charge, so the total charge on 
all four ligands is 4−. The overall charge on the ion is 2−; therefore, the 
oxidation state of Ni must be +2  to cancel out 2− from the 4− charge.

H]VeZh�d[�XdbeaZm�^dch
The shapes of some complex ions are shown in Table 4.9 .
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Some scientists believe 
that the bonding 
between a transition 

metal and a ligand is purely 
ionic. All scientists have the 
same experimental data available 
to them – to what extent is 
scientifi c knowledge objective 
and to what extent is it a matter 
of interpretation and belief?
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16.9 The shapes of complex ions
The shapes of complex ions depend on the number of ligands around the
central metal ion. There is no simple, definitive rule for predicting the shapes
of complexes from their formulae, but:

● in complexes with a co-ordination number of six, the ligands usually
occupy octahedral positions so that the six electron pairs around the
central atom are repelled as far as possible.

● in complexes with a co-ordination number of four, the ligands usually
occupy tetrahedral positions, although there are a few complexes with
fourfold co-ordination, such as [Pt(NH3)2Cl2], with a square planar
structure.

● in complexes with a co-ordination number of two, the ligands usually form
a linear structure with the central metal ion.

These structures are all illustrated in Figure 16.17.

Types of ligand
Most ligands use only one lone pair of electrons to form a co-ordinate bond
with the central metal ion. These ligands are described as monodentate
because they have only ‘one tooth’ to hold onto the central cation (dens is
Latin for tooth). Examples of monodentate ligands include H2O, NH3, Cl−,
OH− and CN−.

Some ligands have more than one lone pair of electrons which can form 
co-ordinate bonds with the same metal ion. Bidentate (‘two-toothed’) ligands,
for example, form two dative covalent bonds with metal ions in complexes.
Bidentate ligands include 1,2-diaminoethane, H2NCH2CH2NH2, the
ethanedioate ion, C2O4

2−, and amino acids.

233

Figure 16.17!
The shapes of complex ions. 
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Complexes with a 
co-ordination number of 
6 are usually octahedral

Complexes with a 
co-ordination number of 
4 are usually tetrahedral

A few complexes with 
a co-ordination number 
of 4 are planar

Complexes with a 
co-ordination number 
of 2 are usually linear

The shapes of complex ions

SHAPES OF COMPLEX IONS

 27

LIGANDS
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Figure 24.5 shows the shape of complexes with four ligands.

2–
NC

NC

a b

CN

Ni

CN

2–

Co

Cl

Cl
Cl

Cl

[Ni(CN)4]2– [CoCl4]2–

Figure 24.5 The complex ion formed between a transition 
metal ion and a larger ligand can only fit four ligands around 
the central ion. These are arranged in either a square planar 
shape (as in a [Ni(CN)4]2–) or a tetrahedral shape (as in 
b [CoCl4]2–).

All ligands can donate an electron pair to a central 
transition metal ion. The co-ordination number of a 
complex is the number of co-ordinate (dative) bonds to the 
central metal ion. Some ligands can form two co-ordinate 
bonds from each ion or molecule to the transition metal 
ion. These are called bidentate ligands, as shown in Figure 
24.6. Most ligands, such as water and ammonia, form just 
one co-ordinate bond and are called monodentate ligands.

A few transition metal ions, e.g. copper(I), silver(I), 
gold(I), form linear complexes with ligands. The  
co-ordination number in these complexes is 2  
(Figure 24.7). Table 24.4 shows some common ligands.

2+

Co

[Co(en)3]2+

H2N

H2N

H2C

H2C

NH2

NH2

NH2

NH2

CH2

CH2

CH2

CH2

Figure 24.6 [Co(en)3]2+ is an example of a complex ion 
containing the bidentate ligand NH2CH2CH2NH2 (abbreviated 
to ‘en’).

Note in Table 24.4 that the charge on a complex is simply 
the sum of the charges on the central metal ion and on 
each ligand in the complex. Some complexes will carry no 
charge, e.g. Cu(OH)2(H2O)4.

H
H N Ag
H

H
H

+

N
H

Figure 24.7 The diamminesilver(I) cation has a linear 
structure.

Name of ligand Formula Example of 
complex

Co-ordination 
number

Shape of complex

water H2O [Fe(H2O)6]2+ 6 octahedral (see Figure 24.4)

ammonia NH3 [Co(NH3)6]3+ 6 octahedral

chloride ion Cl– [CuCl4]2– 4 tetrahedral (see Figure 24.5b)

cyanide ion CN– [Ni(CN)4]2– 4 square planar  
(see Figure 24.5a)

hydroxide ion OH– [Cr(OH)6]3– 6 octahedral

thiocyanate ion SCN– [FeSCN]2+ or  
[Fe(SCN)(H2O)5]2+ 6 octahedral

ethanedioate ion (abbreviated as 
‘ox’ in the formulae of complexes)

–OOC  COO– [Mn(ox)3]3– 6 octahedral

1,2-diaminoethane  
(abbreviated as ‘en’ in the formulae 
of complexes)

NH2CH2CH2NH2 [Co(en)3]3+ 6 octahedral (see Figure 24.6)

Table 24.4 Some common ligands and their complexes.
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BIDENTATE LIGANDS 

Ligands such as H2O and CN− are attached by one coordinate bond to the metal ion. If 

the ligand contains two groups that have a lone pair of electrons, it may form two bonds 

to the metal atom, forming a ring.  

Such a ligand is called a chelate, a name derived from the Greek word for a crab’s claw. 

Stable complexes result if five- or six- membered rings are produced by the chelate and 

the metal ion. 
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Worked example
Name the following complex ions.

a Fe(CN)63−

b [Cu(NH3)4(H2O)2]2+

c [Fe(H2O)5OH]2+

Answer
a hexacyanoferrate(III) ion
b tetraamminediaquacopper(II) ion
c pentaaquahydroxoiron(III) ion

Now try this
Name the following complex ions.

a Cr(NH3)63+

b CuCl 42−

c Zn(OH)42−

d [CrCl 2(H2O)4]+

Chelates
Bidentate ligands
Ligands such as H2O and CN− are attached by one coordinate bond to the metal ion. 
If the ligand contains two groups that have a lone pair of electrons, it may form two 
bonds to the metal atom, forming a ring. Such a ligand is called a chelate, a name 
derived from the Greek word for a crab’s claw. Stable complexes result if fi ve- or six-
membered rings are produced by the chelate and the metal ion.

Two ligands that readily form chelates are 1,2-diaminoethane, H2NCH2CH2NH2, and 
the ethanedioate ion, −O2CCO2

−. These form fi ve-membered rings (see Figure 24.11) 
and are called bidentate ligands because they join by two bonds.

Chelates form particularly stable complex ions, partly because they form strong 
bonds to the metal ion, but also because there is an additional entropy effect that 
adds to their stability. For example, a chelate is formed in which three ethanedioate 
ions bond to Fe3+. Four species become seven after the reaction, so the formation of 
this chelate is accompanied by an increase in entropy:

Fe(H2O)6
3+ + 3C2O4

2− → Fe(C2O4)3
3− + 6H2O

Another way of visualising the increase in entropy is to consider the effect after one 
end of the chelate has become bonded to the metal ion. Once this end is secured, it 
becomes much more likely that the other end will be in the right position to bond too.

Multidentate ligands – edta
Some chelates form more than two bonds with the metal ion. A particularly important 
one is ethylene diamine tetraacetic acid, abbreviated as edta, which is used in the 
form of its disodium salt, containing (edtaH2)

2−.
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Figure 24.11 Five-membered rings formed 
between 1,2-diaminoethane and the Cu2+ ion, 
and between the ethanedioate ion and the 
Fe3+ ion.
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BIDENTATE LIGANDS 

Two ligands that readily form chelates are 1,2-diaminoethane, H2NCH2CH2NH2, and 

the ethanedioate ion, −O2CCO2−. These form five-membered rings and are called 

bidentate ligands because they join by two bonds.  

Chelates form particularly stable complex ions, partly because they form strong bonds 

to the metal ion, but also because there is an additional entropy effect that adds to 

their stability.  

For example, a chelate is formed in which three ethanedioate ions bond to Fe3+. Four 

species become seven after the reaction, so the formation of this chelate is 

accompanied by an increase in entropy:  

Fe(H2O)63+   +   3C2O42−   ⟶   Fe(C2O4)33−    +    6H2O 
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Stereoisomerism in transition metal 
complexes
In Chapter 14 (pages 195–6) we learnt about two 
types of stereoisomerism: geometric isomerism and 
optical isomerism. The presence of a double bond in 
1,2-dibromoethane means that two geometrical isomers 
(cis-trans isomers) are possible. Geometric isomerism 
is also possible in transition metal complexes, where 

no double bond exists. In this case, the term geometric 
isomerism refers to complexes with the same molecular 
formula but different geometrical arrangements of their 
atoms. Examples are cis- and trans-platin (Figure 24.8).  
In cis-platin, the chlorine atoms are next to each other  
in the square complex but in trans-platin, they are 
opposite. The properties of these geometrical isomers  
are slightly different.

cis-platin trans-platin

Pt

NH3

NH3

NH3

CI

CI

Pt

H3N Cl

Cl

Figure 24.8 The geometrical isomers, cis-platin and  
trans-platin.

Cis-platin has been used as an anti-cancer drug. It acts by 
binding to sections of the DNA in cancer cells, preventing 
cell division.

Stereoisomerism is commonly shown by octahedral 
(six co-ordinate) complexes associated with bidentate 
ligands. An example is the complex containing 
nickel as the transition metal and 1,2-diaminoethane 
(NH2CH2CH2NH2) as the bidentate ligand (Figure 
24.9). The two isomers are stereoisomers because the two 
different molecules are mirror images of each other and 
cannot be superimposed.

4 a  What is the oxidation number of the transition 
metal in each of the following complexes?

  i [Co(NH3)6 ]3+

  ii [Ni(CN)4]2–

  iii [Cr(OH)6 ]3–

  iv [Co(en)3]3+

  v Cu(OH)2(H2O)4

 b  EDTA4– ions can act as ligands. A single EDTA4– 
ion can form six co-ordinate bonds to a central 
transition metal ion to form an octahedral 
complex. It is called a hexadentate ligand. Give the 
formula of such a complex formed between Ni2+  
and EDTA4–.

 c Which ligands in Table 24.4 are bidentate?

QUESTION

Ni

en en

en

2+ 2+

en

en
b

en

Ni

2+ 2+a

Ni

H2N NH2

NH2

NH2

NH2

H2N

H2C

H2C

H2C

CH2

H2C
CH2

CH2

CH2
Ni

NH2

NH2

H2N

H2N

H2N

H2N

CH2

CH2

CH2
CH2

Figure 24.9 The two non-superimposable optical isomers of Ni(NH2CH2CH2NH2)3
2+ : a the full structure; b a simplified structure 

with ‘en’ representing a molecule of 1,2-diaminoethane.
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different molecules are mirror images of each other and 
cannot be superimposed.

4 a  What is the oxidation number of the transition 
metal in each of the following complexes?

  i [Co(NH3)6 ]3+
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  iii [Cr(OH)6 ]3–

  iv [Co(en)3]3+

  v Cu(OH)2(H2O)4
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Figure 24.5 shows the shape of complexes with four ligands.

2–
NC

NC

a b

CN

Ni

CN

2–

Co

Cl

Cl
Cl

Cl

[Ni(CN)4]2– [CoCl4]2–

Figure 24.5 The complex ion formed between a transition 
metal ion and a larger ligand can only fit four ligands around 
the central ion. These are arranged in either a square planar 
shape (as in a [Ni(CN)4]2–) or a tetrahedral shape (as in 
b [CoCl4]2–).

All ligands can donate an electron pair to a central 
transition metal ion. The co-ordination number of a 
complex is the number of co-ordinate (dative) bonds to the 
central metal ion. Some ligands can form two co-ordinate 
bonds from each ion or molecule to the transition metal 
ion. These are called bidentate ligands, as shown in Figure 
24.6. Most ligands, such as water and ammonia, form just 
one co-ordinate bond and are called monodentate ligands.

A few transition metal ions, e.g. copper(I), silver(I), 
gold(I), form linear complexes with ligands. The  
co-ordination number in these complexes is 2  
(Figure 24.7). Table 24.4 shows some common ligands.

2+

Co

[Co(en)3]2+

H2N

H2N

H2C

H2C

NH2

NH2

NH2

NH2

CH2

CH2

CH2

CH2

Figure 24.6 [Co(en)3]2+ is an example of a complex ion 
containing the bidentate ligand NH2CH2CH2NH2 (abbreviated 
to ‘en’).

Note in Table 24.4 that the charge on a complex is simply 
the sum of the charges on the central metal ion and on 
each ligand in the complex. Some complexes will carry no 
charge, e.g. Cu(OH)2(H2O)4.

H
H N Ag
H

H
H

+

N
H

Figure 24.7 The diamminesilver(I) cation has a linear 
structure.

Name of ligand Formula Example of 
complex

Co-ordination 
number

Shape of complex

water H2O [Fe(H2O)6]2+ 6 octahedral (see Figure 24.4)

ammonia NH3 [Co(NH3)6]3+ 6 octahedral

chloride ion Cl– [CuCl4]2– 4 tetrahedral (see Figure 24.5b)

cyanide ion CN– [Ni(CN)4]2– 4 square planar  
(see Figure 24.5a)

hydroxide ion OH– [Cr(OH)6]3– 6 octahedral

thiocyanate ion SCN– [FeSCN]2+ or  
[Fe(SCN)(H2O)5]2+ 6 octahedral

ethanedioate ion (abbreviated as 
‘ox’ in the formulae of complexes)

–OOC  COO– [Mn(ox)3]3– 6 octahedral

1,2-diaminoethane  
(abbreviated as ‘en’ in the formulae 
of complexes)

NH2CH2CH2NH2 [Co(en)3]3+ 6 octahedral (see Figure 24.6)

Table 24.4 Some common ligands and their complexes.
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POLYDENTATE LIGANDS – EDTA 

Some chelates form more than two bonds with the metal ion. A particularly 

important one is ethylene diamine tetraacetic acid, abbreviated as edta. This has six 

pairs of electrons able to bond to a metal ion, and so forms a hexadentate chelate.
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edta

——

— —

The [EDTA]4— ion bound to a 
central metal ion in an octahedral 
coordination complex. 
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SKILL CHECK

What is the oxidation number of the transition metal in each of the 

following complexes?  

i  [Co(NH3)6]3+  

ii  [Ni(CN)4]2–  

iii  [Cr(OH)6]3–  

iv  [Co(en)3]3+  

v  Cu(OH)2(H2O)4 
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STEREOISOMERISM

Complexes can show stereochemistry. A good example of this is the complex 

ion [Co(en)2(NH3)2]2+, where ‘en’ is used as an abbreviation for 1,2-

diaminoethane, H2NCH2CH2NH2.  

This complex can exist in cis and trans forms. The cis form (but not the trans) 

has a chiral centre (the nickel atom) and can be resolved into optical isomers.
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Ni2+ also forms a complex with three 1,2-diaminoethane ligands. This has only the cis 
form as the distance is too large for the ligand to stretch across the trans positions. 
The cis form can also be resolved into optical isomers (see Figure 24.13).

Cis- and trans-platin
An important example of cis/trans isomerism is the drug cisplatin. This has a Pt atom 
joined to two chlorine atoms and two ammonia molecules. It is a square planar 
complex and can, therefore, exist in both cis and trans forms.

Cis-platin (but not trans-platin) is very effective in treating some forms of cancer. One 
of the chlorine atoms in cis-platin is easily hydrolysed to give the [(NH3)2Cl (H2O]+ ion. 
This ion binds to one of the four bases in DNA, usually guanine (see Topic 27, page 
489), to give the [PtCl(guanine-DNA)(NH3)2]

+ ion. This ion can cross-link with another 
DNA chain by displacement of the chlorine from the complex. The cross-linking inhibits 
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CIS TRANS

An important example of cis/trans isomerism is the drug cisplatin. This has a Pt atom 

joined to two chlorine atoms and two ammonia molecules, Pt(NH3)2Cl2 

It is a square planar complex and can, therefore, exist in both cis and trans forms.  

In cis-platin, the chlorine atoms are next to each other in the square complex but in 

trans-platin, they are opposite. The properties of these geometrical isomers are slightly 

different. 
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Stereoisomerism in transition metal 
complexes
In Chapter 14 (pages 195–6) we learnt about two 
types of stereoisomerism: geometric isomerism and 
optical isomerism. The presence of a double bond in 
1,2-dibromoethane means that two geometrical isomers 
(cis-trans isomers) are possible. Geometric isomerism 
is also possible in transition metal complexes, where 

no double bond exists. In this case, the term geometric 
isomerism refers to complexes with the same molecular 
formula but different geometrical arrangements of their 
atoms. Examples are cis- and trans-platin (Figure 24.8).  
In cis-platin, the chlorine atoms are next to each other  
in the square complex but in trans-platin, they are 
opposite. The properties of these geometrical isomers  
are slightly different.
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Pt

H3N Cl

Cl

Figure 24.8 The geometrical isomers, cis-platin and  
trans-platin.

Cis-platin has been used as an anti-cancer drug. It acts by 
binding to sections of the DNA in cancer cells, preventing 
cell division.

Stereoisomerism is commonly shown by octahedral 
(six co-ordinate) complexes associated with bidentate 
ligands. An example is the complex containing 
nickel as the transition metal and 1,2-diaminoethane 
(NH2CH2CH2NH2) as the bidentate ligand (Figure 
24.9). The two isomers are stereoisomers because the two 
different molecules are mirror images of each other and 
cannot be superimposed.

4 a  What is the oxidation number of the transition 
metal in each of the following complexes?

  i [Co(NH3)6 ]3+

  ii [Ni(CN)4]2–

  iii [Cr(OH)6 ]3–

  iv [Co(en)3]3+

  v Cu(OH)2(H2O)4

 b  EDTA4– ions can act as ligands. A single EDTA4– 
ion can form six co-ordinate bonds to a central 
transition metal ion to form an octahedral 
complex. It is called a hexadentate ligand. Give the 
formula of such a complex formed between Ni2+  
and EDTA4–.

 c Which ligands in Table 24.4 are bidentate?
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Figure 24.9 The two non-superimposable optical isomers of Ni(NH2CH2CH2NH2)3
2+ : a the full structure; b a simplified structure 

with ‘en’ representing a molecule of 1,2-diaminoethane.
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CIS-PLATIN AND CANCER

Cis-platin (but not trans-platin) is very effective in treating some forms of 

cancer.  

One of the chlorine ions in cis-platin is easily hydrolysed to give the 

[Pt(NH3)2Cl(H2O)]+ ion. This ion binds to one of the four bases in DNA, 

usually guanine.  

This ion can cross-link with another DNA chain by displacement of the 

chlorine from the complex. The cross-linking inhibits DNA replication, 

particularly in cancer cells that are undergoing rapid cell division, and the 

cell dies. 
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OPTICAL ISOMERISM

Ni2+ forms a complex with three 1,2-diaminoethane ligands and can also 

be resolved into optical isomers.
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Stereoisomerism in transition metal 
complexes
In Chapter 14 (pages 195–6) we learnt about two 
types of stereoisomerism: geometric isomerism and 
optical isomerism. The presence of a double bond in 
1,2-dibromoethane means that two geometrical isomers 
(cis-trans isomers) are possible. Geometric isomerism 
is also possible in transition metal complexes, where 

no double bond exists. In this case, the term geometric 
isomerism refers to complexes with the same molecular 
formula but different geometrical arrangements of their 
atoms. Examples are cis- and trans-platin (Figure 24.8).  
In cis-platin, the chlorine atoms are next to each other  
in the square complex but in trans-platin, they are 
opposite. The properties of these geometrical isomers  
are slightly different.
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trans-platin.

Cis-platin has been used as an anti-cancer drug. It acts by 
binding to sections of the DNA in cancer cells, preventing 
cell division.

Stereoisomerism is commonly shown by octahedral 
(six co-ordinate) complexes associated with bidentate 
ligands. An example is the complex containing 
nickel as the transition metal and 1,2-diaminoethane 
(NH2CH2CH2NH2) as the bidentate ligand (Figure 
24.9). The two isomers are stereoisomers because the two 
different molecules are mirror images of each other and 
cannot be superimposed.
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 b  EDTA4– ions can act as ligands. A single EDTA4– 
ion can form six co-ordinate bonds to a central 
transition metal ion to form an octahedral 
complex. It is called a hexadentate ligand. Give the 
formula of such a complex formed between Ni2+  
and EDTA4–.

 c Which ligands in Table 24.4 are bidentate?
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with ‘en’ representing a molecule of 1,2-diaminoethane.
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SKILL CHECK 

Cobalt forms a complex with the simplified structure:  

i  Give the co-ordination number in this complex.  

 
ii  Draw the stereoisomers of this complex.  

 38

Substitution of ligands
The ligands in a complex can be exchanged, wholly or 
partially, for other ligands. This is a type of substitution 
reaction. It happens if the new complex formed is  
more stable than the original complex. The complexes  
of copper(II) ions can be used to show ligand  
substitution reactions.

Whenever we write Cu2+(aq) we are really referring to 
the complex ion [Cu(H2O)6]2+. This ion gives a solution 
of copper sulfate its blue colour. On adding sodium 
hydroxide solution, we see a light blue precipitate forming. 

Two water ligands are replaced by two hydroxide ligands 
in the reaction:

[Cu(H2O)6]2+(aq)  +  2OH–(aq)
 blue solution

  Cu(OH)2(H2O)4(s)  +  2H2O(l)
 pale blue precipitate

If you now add concentrated ammonia solution, the pale 
blue precipitate dissolves and we get a deep blue solution:

Cu(OH)2(H2O)4(s)  +  4NH3(aq) 
  [Cu(H2O)2(NH3) 4]2+(aq)  +  2H2O(l)   +  2OH–(aq)

 deep blue solution

The first reaction can also be achieved by adding 
concentrated ammonia solution to copper sulfate solution 
drop by drop or by adding a dilute solution of ammonia. 
The pale blue precipitate formed will then dissolve and 
form the deep blue solution when excess ammonia is 
added. The structure of [Cu(H2O)2(NH3)4]2+(aq) is shown 
in Figure 24.10.

Cu

NH3

H2O
H3N

NH3H3N

H2O

2+

Figure 24.10 The structure of [Cu(H2O)2(NH3)4]2+(aq).

Water ligands in [Cu(H2O)6]2+ can also be exchanged for 
chloride ligands if we add concentrated hydrochloric acid 
drop by drop. A yellow solution forms, containing the 
complex ion [CuCl4]2– (Figure 24.11):

5 a  Cobalt forms a complex with the simplified 
structure:

the curve represents      CH2     CH2

CO

H2N

NH2

NH2

H2N

CI

CI

  i Give the co-ordination number in this complex.
  ii Draw the stereoisomer of this complex.
  iii Explain why this is a stereoisomer.

 b  Draw the two geometrical isomers of Ni(CN)2(Cl)2
2–. 

Label the cis-isomer and the trans-isomer. 

QUESTION

[CuCl4]2−

this yellow complex forms
on adding concentrated HCl 

[Cu(H2O)6]2+

the well-known blue Cu2+

complex with water

[Cu(H2O)2(NH3)4]2+

this dark blue complex forms
on adding concentrated NH3

start here

Figure 24.11 The equations for the changes are:  
[Cu(H2O)6]2+  +  4Cl–    [CuCl4]2–  +  6H2O and [Cu(H2O)6]2+  +  4NH3    [Cu(H2O)2(NH3)4]2+  +  4H2O.
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SKILL CHECK

Draw the two geometrical isomers of [Ni(CN)2(Cl)2]2–. Label the cis-isomer 

and the trans-isomer. 

 39

BONDING IN COMPLEXES

In aqueous solution, Cu2+ ions hydrate to give the Cu(H2O)62+ ion. Each 

water molecule is bonded to the central Cu2+ ion by a dative covalent 

bond, resulting in six lone pairs from the six water molecules forming six 

dative bonds.  

Under the influence of the ligand lone pairs, the five 3d orbitals in Cu2+ 

split into two groups with different energies.  

In the simple Cu2+ ion, the five 3d orbitals all have the same energy (they 

are said to be degenerate), but in the presence of six ligands spaced 

octahedrally, the orbitals divide into two groups.

 40

CEDAR COLLEGE                                                                                         TRANSITION ELEMENTS



 228

�

BONDING IN COMPLEXES

 41

ligands, the ligands are arranged in an octahedral shape 
around the central metal ion. Th e lone pairs donated by 
the ligands into the transition metal ion repel electrons in 
the two dx2–y2 and dz2 orbitals shown in Figure 24.13 more 
than those in the other three d orbitals. Th is is because 
these d orbitals line up with the co-ordinate bonds in 
the complex’s octahedral shape and so they are closer to 
the bonding electrons in the octahedral arrangement, 
increasing repulsion between electrons. Th erefore the 
orbitals are split, with these two d orbitals at a slightly 
higher energy level than the dyz, dxz and dxy orbitals 
(Figure 24.14).

A Cu2+ ion has an electronic confi guration of 
[Ar] 3d9. Figure 24.14 shows how the nine d electrons are 
distributed between the non-degenerate orbitals formed 

in a complex with ligands. Th e diff erence in the energy 
between the non-degenerate d orbitals is labelled ΔE. ΔE is 
part of the visible spectrum of light. So, when light shines 
on the solution containing the Cu(H2O)6

2+ complex, 
an electron absorbs this amount of energy. It uses this 
energy to jump into the higher of the two non-degenerate 
energy levels. In copper complexes, the rest of the visible 
spectrum that passes through the solution makes it appear 
blue in colour.

Th e exact energy diff erence (ΔE) between the non-
degenerate d orbitals in a transition metal ion is aff ected 
by many factors. One of these factors is the identity of the 
ligands that surround the transition metal ion. As you 
have seen, a solution containing Cu(H2O)6

2+ is a light blue, 
whereas a solution containing Cu(NH3)2(H2O)2

2+ is a very 

Figure 24.13 The degenerate d orbitals in a transition metal atom.
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h is Planck’s constant

∆E

Figure 24.14 The splitting of the 3d orbitals in a Cu(H2O)6
2+  complex ion.
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SPLITTING IN D SUBSHELL

The lobes of the three orbitals, dxy, dxz and dyz, are directed in between the 

six ligands, and their energy is only slightly increased when the complex is 

formed.  

The two orbitals, dx2—y2 and dz2, however, have lobes which point in the 

direction of the six ligands;  

this means that any electrons in these orbitals will experience inter-

electron repulsion with the ligand lone pairs when the complex is formed, 

and so their energy is higher than that of electrons in the dxy, dxz and dyz 

orbitals.

 42
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405

 24 The 3d block

In tetrahedral complexes, the changes in the energy levels of the eg and t2g orbitals 
is reversed. The t2g orbitals now point towards the ligands. This means that they 
can be used to form strong bonds, but it also means that any electrons that are 
already in the orbitals will be strongly repelled. The eg orbitals now lie between 
the ligands and any electrons in them are relatively unaffected by the formation of 
a complex.

Ligand-exchange reactions
When ammonia is added to a solution containing aqueous Cu2+ ions, four of the 
water molecules are substituted by ammonia, producing the cuprammonium ion. 
This is an example of a ligand-exchange reaction, the substitution of one ligand 
by another:

Cu(H2O)6
2+(aq) + 4NH3(aq) → [Cu(NH3)4(H2O)2]

2+(aq) + 4H2O(l)

This is a reversible reaction and if the purple complex [Cu(NH3)4(H2O)2]
2+(aq)] 

is diluted, the pale blue colour of the [Cu(H2O)6]
2+(aq)] ion is restored. There is 

competition between the H2O and NH3 molecules to attach themselves to the copper 
ion. We have an equilibrium with a constant given by the expression:

[[Cu(NH3)4(H2O)2]
2+][H2O]4

[Cu(H2O)6]
2+[NH3]

4
K =

As [H2O] is in large excess and virtually a constant, we can include it in the 
equilibrium constant and write:

[[Cu(NH3)4(H2O)2]
2+]

[Cu(H2O)6][NH3]
4

Kstab =

where Kstab is known as the stability constant. Strictly speaking, there are stability 
constants for each of the equilibria as H2O molecules are progressively substituted 
by NH3 molecules, but here we will only consider the overall constant. The value of 
Kstab depends on how fi rmly the ligands bind to the metal atom. In general, atoms 
with high electronegativity bond weakly and those with lower electronegativity bind 
more strongly. Thus water (which binds via the very electronegative oxygen atom) 
forms weak bonds while the CN− ion (which binds via the carbon atom that has 
much lower electronegativity) forms strong bonds and will have a large value of Kstab 
(see Table 24.4). A high charge on the metal ion also makes Kstab larger; compare 
[[Fe(CN)6]

3–]
[Fe3+][CN–]6

 and [[Fe(CN)6]
4–]

[Fe2+][CN–]6
.
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SPLITTING IN D SUBSHELL

In tetrahedral complexes, the changes in the energy levels of the dxy, dxz 

and dyz and dx2—y2 and dz2 orbitals is reversed. The dxy, dxz and dyz orbitals 

now point towards the ligands.  

This means that they can be used to form strong bonds, but it also means 

that any electrons that are already in the orbitals will be strongly repelled.  

The dyz and dx2—y2 orbitals now lie between the ligands and any electrons 

in them are relatively unaffected by the formation of a complex. 

 44
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THE ORIGIN OF COLOUR 

All atoms and molecules absorb in the ultraviolet region of the spectrum because 

this radiation has enough energy to excite their outer electrons. The ultraviolet 

region is outside the visible range of the spectrum, so absorption in the ultraviolet 

leaves a substance colourless.  

Some substances, however, also have outer electron levels that are sufficiently 

close together for visible radiation to have enough energy to bring about 

electronic excitation. Under these circumstances, the substance appears coloured.  

The resulting colour seen is white light minus the colour being absorbed. The 

colour we see is therefore the complementary colour to the colour being 

absorbed.
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THE ORIGIN OF COLOUR 
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 24 The 3d block

DNA replication, particularly in cancer cells that are undergoing rapid cell division, 
and the cell dies. There is no obvious reason why trans-platin is ineffective; one 
theory is that it becomes deactivated before it can attach itself to DNA.

  24.5   Colour in the d block
The origin of colour
All atoms and molecules absorb in the ultraviolet region of the spectrum because this 
radiation has enough energy to excite their outer electrons. The ultraviolet region is 
outside the visible range of the spectrum, so absorption in the ultraviolet leaves a 
substance colourless. Some substances, however, also have outer electron levels that 
are suffi ciently close together for visible radiation to have enough energy to bring about 
electronic excitation. Under these circumstances, the substance appears coloured. The 
resulting colour seen is white light minus the colour being absorbed. The colour we see 
is therefore the complementary colour to the colour being absorbed (see Figure 24.14).

To absorb in the visible region, the substance must have two energy levels that 
are very close together. Close energy levels come about in two ways, namely charge 
transfer and d-to-d transitions.

Charge transfer
If a substance contains bonds which are on the borderline between ionic and 
covalent, it may change from one bonding type to another by absorbing visible 
light. This effect is shown by some solids which are coloured (for example PbO, 
which is orange, and AgI, which is yellow) even though the ions they contain are 
colourless. In the d block, another example is CuO, which is black even though the 
Cu2+ ion is blue.

d-to-d transitions
In the d block, colour usually arises because of d-to-d electronic transitions. The t2g and 
the eg orbitals are close in energy, and electrons in the t2g orbitals may be excited into 
the eg orbitals by the absorption of a photon of visible light. Using the Planck equation,

∆E = hf

the frequency associated with the energy difference between the orbitals (∆E in 
Figure 24.7) corresponds to the frequencies of visible light.

Figure 24.14 The colours observed when 
absorption takes place in the visible region of 
the spectrum
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COLOUR IN COMPLEX IONS

Cu2+ has the nine d electrons distributed between the non-degenerate 

orbitals formed in a complex with ligands. 

The difference in the energy between the non-degenerate d orbitals is ∆E. 

So, when light shines on the solution containing the [Cu(H2O)6]2+ complex, 

an electron absorbs this amount of energy and jumps into the higher of 

the two non-degenerate energy levels.  

In copper complexes, the rest of the visible spectrum that passes through 

the solution makes it appear blue in colour.
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COLOUR IN COMPLEX IONS
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ligands, the ligands are arranged in an octahedral shape 
around the central metal ion. Th e lone pairs donated by 
the ligands into the transition metal ion repel electrons in 
the two dx2–y2 and dz2 orbitals shown in Figure 24.13 more 
than those in the other three d orbitals. Th is is because 
these d orbitals line up with the co-ordinate bonds in 
the complex’s octahedral shape and so they are closer to 
the bonding electrons in the octahedral arrangement, 
increasing repulsion between electrons. Th erefore the 
orbitals are split, with these two d orbitals at a slightly 
higher energy level than the dyz, dxz and dxy orbitals 
(Figure 24.14).

A Cu2+ ion has an electronic confi guration of 
[Ar] 3d9. Figure 24.14 shows how the nine d electrons are 
distributed between the non-degenerate orbitals formed 

in a complex with ligands. Th e diff erence in the energy 
between the non-degenerate d orbitals is labelled ΔE. ΔE is 
part of the visible spectrum of light. So, when light shines 
on the solution containing the Cu(H2O)6

2+ complex, 
an electron absorbs this amount of energy. It uses this 
energy to jump into the higher of the two non-degenerate 
energy levels. In copper complexes, the rest of the visible 
spectrum that passes through the solution makes it appear 
blue in colour.

Th e exact energy diff erence (ΔE) between the non-
degenerate d orbitals in a transition metal ion is aff ected 
by many factors. One of these factors is the identity of the 
ligands that surround the transition metal ion. As you 
have seen, a solution containing Cu(H2O)6

2+ is a light blue, 
whereas a solution containing Cu(NH3)2(H2O)2

2+ is a very 

Figure 24.13 The degenerate d orbitals in a transition metal atom.
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Figure 24.14 The splitting of the 3d orbitals in a Cu(H2O)6
2+  complex ion.
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COLOUR IN COMPLEX IONS

The exact energy difference (∆E), and therefore the colour absorbed and 

seen, between the non-degenerate d orbitals in a transition metal ion is 

affected by many factors.  

1. The identity of the ligands that surround the transition metal ion. 

2. the shape of the complex ion, and 

3. the identity of the central metal cation 

The size of ∆E changes and this results in a slightly different amount of energy 

being absorbed by electrons jumping up to the higher orbitals. Therefore a 

different colour is absorbed from visible light, so a different colour is seen. 
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COLOURLESS

Ions that have no 3d electrons, for example Sc(H2O)63+, are colourless because 

there are no 3d electrons to promote.  

Similarly d10 ions, for example Zn(H2O)62+, are also colourless because there is 

no empty space in the dyz and dx2—y2 orbitals to receive an extra electron.

 50

INORGANIC CHEMISTRY

412

Ions that have no t2g electrons, for example Sc(H2O)6
3+, are colourless because 

there are no t2g electrons to promote. Similarly d10 ions, for example Zn(H2O)6
2+, are 

also colourless because there is no empty space in the eg level to receive an extra 
electron (see Figure 24.15).

It is fairly easy to explain the colours of the Cu2+ complexes. This is because there 
is only a single space in the eg orbitals to receive an excited electron, and as a result 
there is only one absorption band. The absorption is a band rather than a sharp line 
(as happens with atomic spectra in the gas phase) because the two energy levels are 
spread out under the infl uence of the adjacent ligands. The colour of the complex 
then depends on where the maximum of this absorption is in the visible spectrum.

O For the simple Cu2+ ion (anhydrous CuSO4), the ligands create such a very weak 
fi eld that the two energy levels are nearly the same; absorption is then in the 
infrared and this means that the substance is colourless.

O For the [Cu(H2O)6]
2+ ion, absorption is partially in the red end of the spectrum and 

the complex appears pale blue.
O For the [Cu(NH3)4(H2O)2]

2+ ion, the absorption is in the green part of the spectrum 
and the colour is a more intense purple.

This change in the position of the absorption band is caused by the increase in 
the electrostatic fi eld created by the ligands, which results in a larger splitting in the 
energy levels (∆E in Figure 24.7) and a higher frequency of absorption (see Figure 24.16).

H2O NH3 H2NCH2CH2NH2
800 620 530
pale blue deep blue purple

  24.6   Catalytic properties
The transition metals often act as catalysts. In the Haber process (see section 10.5) 
and the Contact process (see section 10.6), the catalysts are in the solid state. 
Transition metals can also act as catalysts in solution. A good example is the oxidation 
of iodide ions by peroxodisulfate(VI) ions:

2I−(aq) + S2O8
2−(aq) → 2SO4

2−(aq) + I2(aq)

This reaction is normally quite slow, most likely because the negatively charged ions 
repel each other. However, it is catalysed by the addition of a number of d-block 
metal ions, for example Fe2+(aq). A possible mechanism is:

2Fe2+(aq) + S2O8
2−(aq) → 2Fe3+(aq) + 2SO4

2−(aq)
2Fe3+(aq) + 2I−(aq) → 2Fe2+(aq) + I2(aq)
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COLOURS OF IONS OF TRANSITION ELEMENTS

 51

ABSORPTION SPECTRA

 52

Splitting of
d orbitals Placing ligands around a central metal ion changes the energies of the d orbitals

Some of the d orbitals gain energy and some lose energy

The amount of splitting depends on the • central ion
• ligand

The difference in energy between the new levels affects how much energy
will be absorbed when an electron is promoted to a higher level.

The amount of energy will govern the colour of light which will be absorbed.
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Absorbed colour λ nm Observed colour λ nm

VIOLET 400 GREEN-YELLOW 560
BLUE 450 YELLOW 600
BLUE-GREEN 490 RED 620
YELLOW-GREEN 570 VIOLET 410
YELLOW 580 DARK BLUE 430
ORANGE 600 BLUE 450
RED 650 GREEN 520

300         400        500        600        700        800 
wavelength (nm)

Ab
so

rb
an

ce

blue     green     yellow     red    
300         400        500        600        700        800 

wavelength (nm)

Ab
so

rb
an

ce

blue     green     yellow     red    

z2, x2-y2

xy, xz, yz

z2, x2-y2

xy, xz, yz

CEDAR COLLEGE                                                                                         TRANSITION ELEMENTS



 234

�

COPPER WITH ALKALIS

When sodium hydroxide solution is added to a solution containing Cu2+(aq) ions, a 

precipitate of copper(II) hydroxide, Cu(OH)2(s), is formed. 

[Cu(H2O)6]2+(aq)   +   2OH−(aq)   ⟶   Cu(OH)2(s)   +   6H2O (l) 

When ammonia is added to a solution containing aqueous Cu2+ ions, four of the 

water molecules are substituted by ammonia. This is an example of a ligand-

exchange reaction, the substitution of one ligand by another:  

[Cu(H2O)6]2+(aq)   +   4NH3 (aq)   ⇌   [Cu(NH3)4(H2O)2]2+ (aq)  +   4H2O (l)

 53

Substitution of ligands
The ligands in a complex can be exchanged, wholly or 
partially, for other ligands. This is a type of substitution 
reaction. It happens if the new complex formed is  
more stable than the original complex. The complexes  
of copper(II) ions can be used to show ligand  
substitution reactions.

Whenever we write Cu2+(aq) we are really referring to 
the complex ion [Cu(H2O)6]2+. This ion gives a solution 
of copper sulfate its blue colour. On adding sodium 
hydroxide solution, we see a light blue precipitate forming. 

Two water ligands are replaced by two hydroxide ligands 
in the reaction:

[Cu(H2O)6]2+(aq)  +  2OH–(aq)
 blue solution

  Cu(OH)2(H2O)4(s)  +  2H2O(l)
 pale blue precipitate

If you now add concentrated ammonia solution, the pale 
blue precipitate dissolves and we get a deep blue solution:

Cu(OH)2(H2O)4(s)  +  4NH3(aq) 
  [Cu(H2O)2(NH3) 4]2+(aq)  +  2H2O(l)   +  2OH–(aq)

 deep blue solution

The first reaction can also be achieved by adding 
concentrated ammonia solution to copper sulfate solution 
drop by drop or by adding a dilute solution of ammonia. 
The pale blue precipitate formed will then dissolve and 
form the deep blue solution when excess ammonia is 
added. The structure of [Cu(H2O)2(NH3)4]2+(aq) is shown 
in Figure 24.10.

Cu

NH3

H2O
H3N

NH3H3N

H2O

2+

Figure 24.10 The structure of [Cu(H2O)2(NH3)4]2+(aq).

Water ligands in [Cu(H2O)6]2+ can also be exchanged for 
chloride ligands if we add concentrated hydrochloric acid 
drop by drop. A yellow solution forms, containing the 
complex ion [CuCl4]2– (Figure 24.11):

5 a  Cobalt forms a complex with the simplified 
structure:

the curve represents      CH2     CH2

CO

H2N

NH2

NH2

H2N

CI

CI

  i Give the co-ordination number in this complex.
  ii Draw the stereoisomer of this complex.
  iii Explain why this is a stereoisomer.

 b  Draw the two geometrical isomers of Ni(CN)2(Cl)2
2–. 

Label the cis-isomer and the trans-isomer. 

QUESTION

[CuCl4]2−

this yellow complex forms
on adding concentrated HCl 

[Cu(H2O)6]2+

the well-known blue Cu2+

complex with water

[Cu(H2O)2(NH3)4]2+

this dark blue complex forms
on adding concentrated NH3

start here

Figure 24.11 The equations for the changes are:  
[Cu(H2O)6]2+  +  4Cl–    [CuCl4]2–  +  6H2O and [Cu(H2O)6]2+  +  4NH3    [Cu(H2O)2(NH3)4]2+  +  4H2O.
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LIGAND-EXCHANGE REACTIONS

[Cu(H2O)6]2+(aq)   +   4NH3 (aq)   ⇌   [Cu(NH3)4(H2O)2]2+ (aq)  +   4H2O (l) 

This is a reversible reaction and if the dark blue complex [Cu(NH3)4(H2O)2]2+

(aq)] is diluted, the pale blue colour of the [Cu(H2O)6]2+(aq)] ion is restored.  

There is competition between the H2O and NH3 molecules to attach 

themselves to the copper ion.  

We have an equilibrium with a constant given by the expression: 
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In tetrahedral complexes, the changes in the energy levels of the eg and t2g orbitals 
is reversed. The t2g orbitals now point towards the ligands. This means that they 
can be used to form strong bonds, but it also means that any electrons that are 
already in the orbitals will be strongly repelled. The eg orbitals now lie between 
the ligands and any electrons in them are relatively unaffected by the formation of 
a complex.

Ligand-exchange reactions
When ammonia is added to a solution containing aqueous Cu2+ ions, four of the 
water molecules are substituted by ammonia, producing the cuprammonium ion. 
This is an example of a ligand-exchange reaction, the substitution of one ligand 
by another:

Cu(H2O)6
2+(aq) + 4NH3(aq) → [Cu(NH3)4(H2O)2]

2+(aq) + 4H2O(l)

This is a reversible reaction and if the purple complex [Cu(NH3)4(H2O)2]
2+(aq)] 

is diluted, the pale blue colour of the [Cu(H2O)6]
2+(aq)] ion is restored. There is 

competition between the H2O and NH3 molecules to attach themselves to the copper 
ion. We have an equilibrium with a constant given by the expression:

[[Cu(NH3)4(H2O)2]
2+][H2O]4

[Cu(H2O)6]
2+[NH3]

4
K =

As [H2O] is in large excess and virtually a constant, we can include it in the 
equilibrium constant and write:

[[Cu(NH3)4(H2O)2]
2+]

[Cu(H2O)6][NH3]
4

Kstab =

where Kstab is known as the stability constant. Strictly speaking, there are stability 
constants for each of the equilibria as H2O molecules are progressively substituted 
by NH3 molecules, but here we will only consider the overall constant. The value of 
Kstab depends on how fi rmly the ligands bind to the metal atom. In general, atoms 
with high electronegativity bond weakly and those with lower electronegativity bind 
more strongly. Thus water (which binds via the very electronegative oxygen atom) 
forms weak bonds while the CN− ion (which binds via the carbon atom that has 
much lower electronegativity) forms strong bonds and will have a large value of Kstab 
(see Table 24.4). A high charge on the metal ion also makes Kstab larger; compare 
[[Fe(CN)6]

3–]
[Fe3+][CN–]6

 and [[Fe(CN)6]
4–]

[Fe2+][CN–]6
.
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Figure 24.8 The shapes of the three t2g 
and the two eg orbitals. The t2g orbitals point 
in between the ligands; the eg orbitals point 
towards the ligands.
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STABILITY CONSTANT

As [H2O] is in large excess and virtually a constant, we can include it in the 

equilibrium constant and write:  

where Kstab is known as the stability constant. Strictly speaking, there are 

stability constants for each of the equilibria as H2O molecules are 

progressively substituted by NH3 molecules, but here we will only consider the 

overall constant.  

The value of Kstab depends on how firmly the ligands bind to the metal atom.
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In tetrahedral complexes, the changes in the energy levels of the eg and t2g orbitals 
is reversed. The t2g orbitals now point towards the ligands. This means that they 
can be used to form strong bonds, but it also means that any electrons that are 
already in the orbitals will be strongly repelled. The eg orbitals now lie between 
the ligands and any electrons in them are relatively unaffected by the formation of 
a complex.

Ligand-exchange reactions
When ammonia is added to a solution containing aqueous Cu2+ ions, four of the 
water molecules are substituted by ammonia, producing the cuprammonium ion. 
This is an example of a ligand-exchange reaction, the substitution of one ligand 
by another:

Cu(H2O)6
2+(aq) + 4NH3(aq) → [Cu(NH3)4(H2O)2]

2+(aq) + 4H2O(l)

This is a reversible reaction and if the purple complex [Cu(NH3)4(H2O)2]
2+(aq)] 

is diluted, the pale blue colour of the [Cu(H2O)6]
2+(aq)] ion is restored. There is 

competition between the H2O and NH3 molecules to attach themselves to the copper 
ion. We have an equilibrium with a constant given by the expression:

[[Cu(NH3)4(H2O)2]
2+][H2O]4

[Cu(H2O)6]
2+[NH3]

4
K =

As [H2O] is in large excess and virtually a constant, we can include it in the 
equilibrium constant and write:

[[Cu(NH3)4(H2O)2]
2+]

[Cu(H2O)6][NH3]
4

Kstab =

where Kstab is known as the stability constant. Strictly speaking, there are stability 
constants for each of the equilibria as H2O molecules are progressively substituted 
by NH3 molecules, but here we will only consider the overall constant. The value of 
Kstab depends on how fi rmly the ligands bind to the metal atom. In general, atoms 
with high electronegativity bond weakly and those with lower electronegativity bind 
more strongly. Thus water (which binds via the very electronegative oxygen atom) 
forms weak bonds while the CN− ion (which binds via the carbon atom that has 
much lower electronegativity) forms strong bonds and will have a large value of Kstab 
(see Table 24.4). A high charge on the metal ion also makes Kstab larger; compare 
[[Fe(CN)6]

3–]
[Fe3+][CN–]6

 and [[Fe(CN)6]
4–]

[Fe2+][CN–]6
.
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Figure 24.8 The shapes of the three t2g 
and the two eg orbitals. The t2g orbitals point 
in between the ligands; the eg orbitals point 
towards the ligands.
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STABILITY CONSTANT

In general, atoms with high electronegativity bond weakly and those with 

lower electronegativity bind more strongly.  

Thus water (which binds via the very electronegative oxygen atom) forms 

weak bonds while the CN− ion (which binds via the carbon atom that has much 

lower electronegativity) forms strong bonds and will have a large value of Kstab.  

A high charge on the metal ion also makes Kstab larger;  

e.g. compare  
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In tetrahedral complexes, the changes in the energy levels of the eg and t2g orbitals 
is reversed. The t2g orbitals now point towards the ligands. This means that they 
can be used to form strong bonds, but it also means that any electrons that are 
already in the orbitals will be strongly repelled. The eg orbitals now lie between 
the ligands and any electrons in them are relatively unaffected by the formation of 
a complex.

Ligand-exchange reactions
When ammonia is added to a solution containing aqueous Cu2+ ions, four of the 
water molecules are substituted by ammonia, producing the cuprammonium ion. 
This is an example of a ligand-exchange reaction, the substitution of one ligand 
by another:

Cu(H2O)6
2+(aq) + 4NH3(aq) → [Cu(NH3)4(H2O)2]

2+(aq) + 4H2O(l)

This is a reversible reaction and if the purple complex [Cu(NH3)4(H2O)2]
2+(aq)] 

is diluted, the pale blue colour of the [Cu(H2O)6]
2+(aq)] ion is restored. There is 

competition between the H2O and NH3 molecules to attach themselves to the copper 
ion. We have an equilibrium with a constant given by the expression:

[[Cu(NH3)4(H2O)2]
2+][H2O]4

[Cu(H2O)6]
2+[NH3]

4
K =

As [H2O] is in large excess and virtually a constant, we can include it in the 
equilibrium constant and write:

[[Cu(NH3)4(H2O)2]
2+]

[Cu(H2O)6][NH3]
4

Kstab =

where Kstab is known as the stability constant. Strictly speaking, there are stability 
constants for each of the equilibria as H2O molecules are progressively substituted 
by NH3 molecules, but here we will only consider the overall constant. The value of 
Kstab depends on how fi rmly the ligands bind to the metal atom. In general, atoms 
with high electronegativity bond weakly and those with lower electronegativity bind 
more strongly. Thus water (which binds via the very electronegative oxygen atom) 
forms weak bonds while the CN− ion (which binds via the carbon atom that has 
much lower electronegativity) forms strong bonds and will have a large value of Kstab 
(see Table 24.4). A high charge on the metal ion also makes Kstab larger; compare 
[[Fe(CN)6]

3–]
[Fe3+][CN–]6

 and [[Fe(CN)6]
4–]

[Fe2+][CN–]6
.
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and the two eg orbitals. The t2g orbitals point 
in between the ligands; the eg orbitals point 
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STABILITY CONSTANT

Values of Kstab for some complexes. The values are usually so large that 

they are often given in the form log Kstab. 
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A more complicated ligand-exchange reaction occurs when concentrated hydrochloric 
acid is added to aqueous Cu2+ ions. Here, four H2O ligands are replaced by Cl − 
ions, but the remaining two water molecules are expelled, leaving the tetrahedral 
tetrachlorocopper(II) ion (see Figure 24.9):

Cu(H2O)6
2+(aq) + 4Cl −(aq) → [CuCl 4]

2−(aq) + 2H2O(l)

Deprotonation reactions
The water molecules in the hydrated complex ions play an important role. When 
sodium hydroxide solution is added to a solution containing Fe3+(aq) ions, a 
precipitate of iron(III) hydroxide, Fe(OH)3(s), is formed. At fi rst this looks like a 
simple precipitation reaction:

Fe3+(aq) + 3OH−(aq) → Fe(OH)3(s)

This equation suggests that the reaction is similar to the precipitation of, for example, 
barium sulfate when SO4

2−(aq) ions and Ba2+(aq) ions are mixed together:

Ba2+(aq) + SO4
2−(aq) → BaSO4(s)

Figure 24.9 Solutions containing a the 
Cu(H2O)62+ ion and b the [CuCl 4]2− ion

a b

Complex Kstab log Kstab

[CuCl 4]2− 4.2 × 105 5.62

[Cu(NH3)4]2+ 1.3 × 1013 13.1

[Fe(CN)6]3− 10 × 1031 31

[Fe(CN)6]4− 1.0 × 1024 24

[Ag(NH3)2]+ 1.7 × 107 7.23

Table 24.4 Values of Kstab for some 
complexes. The values are usually so large that 
they are often given in the form logKstab.

Now try this

1 A solution of copper sulfate had ammonia added until [NH3] = 0.050 mol dm–3. 
Calculate the ratio of [Cu(NH3)4(H2O)2]2+ to [Cu(H2O)6] under these conditions.

2 (Harder – use the Nernst equation on page 389.)

 E 1cell for Fe3+ + e− W Fe2+ is +0.77 V

Calculate E 1cell for [Fe(CN)6]3− + e− W [Fe(CN6)]4−.
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