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Chapter 5: Coordination complexes of the d-block metals 

 

Solution 5.1 

a) Ni has Z= 28. After argon the next 2 electrons occupy the 4s orbitals and 

the last 8 electrons occupy the 3d orbital: 

 

[Ar]4s
2
3d

8
 . 

In Ni
2+ 

( g) 2 electrons have been lost from the ground state configuration 

which leaves:  [Ar]3d
8
.  

 

 

b) Mn has Z= 25. After argon the next 2 electrons occupy the 4s orbitals 

and the last 5 electrons occupy the 3d orbital: 

 

[Ar]4s
2
3d

5
 .  

 

In Mn
7+ 

(g) All 7 valence electrons have been lost from the ground state 

configuration which leaves:  [Ar]3d
0
.  

 

 

c) W has Z= 74 and is in the third row of the d block. After xenon (Z = 54) 

the next 2 electrons occupy the 6s orbitals at Cs and Ba. Following 

barium electrons start filling the 4f orbitals to give us the lanthanide 

elements. There are 14 lanthanides (La (Z = 57) to Yb (Z = 70)) which 

represents a further 14 electrons. The remaining 4 electrons then fill the 

5d orbitals to give us the electron configuration: [Xe]4f
14

6s
2
5d

4
. Note 

that W does not adopt a half filled shell configuration.  

In W
3+ 

(g) 3 electrons have been lost from the ground state 

configuration which leaves:  [Xe]4f
14

5d
3
.  

 

Solution 5.2 

a) [Mn(OH2)6]
2+

 

 

This is a dipositive cation of manganese. The water molecule is 

uncharged and so the manganese ion has a charge of +2 making its 

 

Check the total number of electrons is 

28 

Check! Ni is in Group 10 so it has 10 

valence electrons. Losing 2 valence 

electrons leaves 8 electrons which are 

in the 3d orbital. 

Check the total number of electrons is 

25 

Check! Mn is in Group 7 so it has 7 

valence electrons. These electrons 

must all be lost to give an Mn
7+

 ion. 

This ion is unlikely to exist because 

of the extremely high concentration 

of charge and the small radius. 

However, Mn (VII) is found in many 

complex ions such as in potassium 

manganate (VII) KMnO4  Such  high 

oxidation states are generally found 

when the metal is combined with a 

strongly oxidising element such as 

oxygen or fluorine. 

Check the total number of electrons is 

74, i.e. 54 + 20 

Check! W is in Group 6 so it has 6 

valence electrons. Losing 3 valence 

electrons leaves three electrons which 

occupy the 5d orbital. 
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oxidation state +2. 

 

Manganese is in Group 7. A manganese ion has lost 2 electrons and this 

leaves 5 valence electrons in the 3d orbitals. Its electron configuration is 

therefore: [Ar]3d
5
. 

 

b) [NiCl4]
2-

 

 

This is a complex anion of nickel with a double negative charge. Each 

chloride ion has a charge of -1, making a total negative charge of -4. For 

the anion to have a double negative charge the nickel must be in the +2 

oxidation state.  

 

Nickel is in Group 10 with 10 valence electrons. Loss of 2 electrons to 

give Ni
2+

 with an outer electronic configuration of: [Ar]3d
8
. 

 

c) [Cr(ox)3]
3-

 

 

ox is the abbreviation for the oxalato ligand, [C2O4]
2-

. It is a bidentate 

ligand that binds through two oxygen atoms. As there are three oxalato 

ligands, the total charge is 6-. The charge on the chromium atom must 

therefore be +3. 

 

(x + (-6)) = -3  so x = +3. 

 

Chromium is in Group 6 with 6 valence electrons. Cr
3+

 has lost 3 

electrons and so the electron configuration is: [Ar]3d
3
. 

 

d) [Cr(CO)6] 

 

CO is an uncharged monodentate ligand that binds through the C atom. 

The oxidation state of chromium is therefore 0. This means the metal has 

not lost any electrons. Chromium is in Group 6, and so the electron 

configuration of Cr (0) is [Ar]3d
6
.  

 

Solution 5.3 

a) NH4[Cr(NH3)2(NCS)4].H2O 

 

The central chromium atom is surrounded by 6 unidentate ligands 

and so the coordination number is 6 and the geometry is likely to be 

Mathematically we can call the oxidation 

state of nickel x so: (x + (-4)) = -2, 

therefore x = +2 

See the solution to Ni(CO)4 in Worked 

Example 5.3A. 

The H2O molecule is shown outside 

of the square brackets which means it 

is not coordinated to the metal and is 

present as a molecule of water of 

crystallisation. 



Almond, Spillman & Page: Workbooks in Chemitry: Inorganic Chemistry 
Solutions to questions in the text 

 

© Oxford University Press, 2017.3 

 

octahedral.  

 

b) VOCl3 

 

The vanadium atom is bonded to one oxygen ligand and three 

chloride ligands. The coordination number is four and the complex is 

likely to be tetrahedral. 

 

c) [Ni(EDTA)]
2-

 

 

EDTA is a hexadentate ligand whose full name is ethylenediamine 

tetraacetate. It has 4 donor oxygen atoms and two donor nitrogen 

atoms. (See workbook Fig. 5.2) 

 

The coordination number of the nickel is 6 and the geometry is likely 

to be octahedral. 

 

d) [Cr(en)2F2]
+
 

 

en is a bidentate ligand with two nitrogen donor atoms. There is 

therefore a total of 6 donor atoms around the metal and so the 

coordination number is six and the geometry octahedral. 

 

 

Solution 5.4 

 

a) [Cr(SCN)(NH3)5]
2+

 

 

Here we have a chromium centre which must be in the +3 oxidation 

state as the SCN
-
 ion has a charge of -1. The SCN

-
 ligand is attached 

via the S atom. Thus the name given to this ligand is ‘thiocyanato’. 

The other groups are ammonia molecules which have the name 

‘ammine’. Thus the ammonia ligands will be named before the 

isothiocyanato ligands in the complex. 

 

The name of the molecule is therefore: 

Pentaamminethiocyanatochromium (III) ion 

 

b) [Co(NO2)2(NH3)4]
+
 

 

This ion is similar in that it is an octahedral complex of cobalt with 
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four ammonia ligands and two NO2
-
 ligands. The oxidation state of 

the metal is therefore +3. There are various possible names for the 

NO2
-
 ligand. As written the complex suggests the ligand is bound 

through the N atom.  

 

The correct name therefore would be ‘nitrito-N’ or more correctly 

‘nitrito-N’. If the complex was written as [Co(ONO)2(NH3)4]
+
 it 

implies the ligand is bound through an oxygen atom in which case 

the name for the ligand would be ‘nitrito-O’ or ‘nitrito-O’. The 

alternative names of ‘nitro’ (for NO2) and ‘nitrito’ (for ONO) are 

frequently found for the NO2
-
 group. However, whichever name is 

used the ammine groups precede the nitrito groups in the name 

which becomes: tetraamminedinitrito-N-cobalt(III) ion 

 

c) [Mn(H2O)2(ox)2]
2-

 

 

This again is an octahedral anionic complex of manganese. In 

anionic complexes the metal takes the suffix ‘-ate’ so it will be 

termed ‘manganate’. As well as the two water ligands we also have 

two oxalate or ethanedioate ions (C2O4
2-

). These are commonly 

named ‘oxalato’ ligands. The ‘aqua’ ligand will precede ‘oxalato’ in 

the name of the complex. The oxalate is bidentate and has a charge 

of -2 so the manganese ion must be in the oxidation state +2.  

 

Thus the name of the complex is: 

diaquadioxalatomanganate(II) ion 

 

d) Fe(CO)3(PPh3)2 

 

This is a neutral complex and the iron atom must be in the zero 

oxidation state. We have three carbonyl ligands and two 

triphenylphosphine ligands – both neutral. As carbonyl comes 

before triphenylphosphine alphabetically those ligands are listed 

first. The other point of note here is that the PPh3 ligands have the 

prefix ‘tri’. This means that we use the term ‘bis’ to indicate there 

are two of them in the coordination sphere of the iron rather than 

‘di’. It is normal to put the ligand in curved brackets in this case. 

 

So the name becomes: tricarbonylbis(triphenylphosphine)iron (0)  

 

 

Note that although some metals, such as 

iron, take the Latin name in anionic 

complexes this is not the case when they 

are in neutral or cationic ones where they 

keep the English name. 
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Solution 5.5 

 

a) diaquadibromidodi(methylamine)chromium(III) nitrate 

In this complex the metal atom is at the centre of the cation which is 

surrounded by two water molecules, two bromide ligands and two 

methylamine ligands. The only anionic ligand is therefore the 

bromide which follows the symbol for the metal in the formula. Of 

the two remaining neutral ligands the water ligand is listed first as 

its symbol alphabetically comes before that of methylamine. The 

chromium is in the +3 oxidation state and there are two negatively 

charged ligands so the overall charge on the complex-ion is +1.  

 

There is therefore just one counter nitrate ion. So the formula 

becomes: 

[CrBr2(H2O)2(NH2CH3)2]NO3 

 

b) tricarbonylmonochloridoglycinatoruthenium(II) 

 

This is a neutral complex with three CO ligands, one Cl
-
 ligand and 

a glycinate ion surrounding the central metal atom. The glycinate 

ion is a bidentate ligand and has a single negative charge. The 

chloride ion is also anionic but alphabetically earlier than glycinate.  

 

The formula for the complex is therefore: 

[RuCl(NH2CH2COO)(CO)3] 

 

Alternatively the abbreviation gly can be used for the glycinate ion 

in which case the formula becomes: 

[RuCl(gly)(CO)3] 

 

c) dichloridobis(ethane-1,2-diamine)cobalt (III) chloride 

 

This is also an octahedral complex of cobalt as the ethane-1,2-

diamine ligand (often named ethylenediamine) is bidentate and 

complexes to the metal centre through two N atoms. Its abbreviation 

is en. The two Cl
-
 ions are the only anionic ligands and so they 

precede the ethane-1,2-diamine ligand. The cobalt ion has an 

oxidation state of +3 and as there are two chloride ligands the 

overall charge on the complex ion is +1. There is therefore one Cl
-
 

counter ion and the formula is given by: 

 

When written in this form it is 

assumed that the bidentate en ligand 

coordinates through both N atoms. 

However, it is possible for it to act as 

a monodentate ligand, in which case 

the ligand is depicted as (en-N) in the 

formula 
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[CoCl2(en)2]Cl 

 

 

Solution 5.6 

a) Coordination isomers involve the exchange of ligands in the 

coordination spheres of each metal. A coordination isomer of 

[Fe(CN)2(bipy)2][Co(bipy)(CN)4] would be [Co(bipy)3][Fe(CN)6].  

 

There are other possibilities such as:  

[Fe(CN)4(bipy)] [Co(CN)2(bipy)2] and [Fe(bipy)3][Co(CN)6]. 

 

b) A possible ionisation isomer of [PtBr(NH3)3]NO2 would be 

[Pt(NO2) (NH3)3]Br 

 

c) A possible linkage isomer of [CoCl(NO2)(NH3)4]Cl would involve 

the nitro group attaching to the metal through the O atom and so 

would be written as: [CoCl(ONO)(NH3)4]Cl. The name of this 

complex would be tetraamminechloronitrito-N-cobalt (III). 

 

d) Gold(I) is known to be a soft acid and so prefers to bind to soft 

bases. The S atom in SCN
-
 is a softer base than the N atom in NCS

-
 

and so the linkage is likely to be through the S atom to the gold. In 

fact both isomers are known. 

 

Solution 5.7 

 

a) This complex has the general formula MA2B2 where A is a 

unidentate and B a bidentate ligand. The unidentate ligands can be 

arranged either cis to each other or trans as shown in Fig. 5.7a. 

 

Figure S5.7a 
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b) [Pt(SCN)2(PMe3)2] is a square planar complex of Pt (most four 

coordinate complexes of Pt and Pd are square planar) and so can 

exist as the cis or trans isomers as shown in Fig. 5.7b. Note that 

SCN
-
 can also show linkage isomerism and coordinate through S or 

N. 

 

 

 

 

 

Figure S5.7b 

 

 
 

c) [CoF3(H2O)3] has the formula MA3B3 where both A and B are 

unidentate ligands. It can therefore have both fac and mer isomers 

as shown in Fig S5.7c 

 

Figure S5.7c 
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Solution 5.8 

a) [Mn(en)2(H2O)2] has two bidentate ligands and two unidentate 

ligand so does possess  cis and trans enantiomers. The cis isomers 

has enantiomers but the trans does not  

b) [Cr(acac)3] has three bidentate ligands which can be arranged in a 

clockwise and anticlockwise helix – thus giving two enantiomers. 

c) trans-[CoCl2(en)2]Cl does not have enantiomers even though the cis 

form does, as the trans isomer has a mirror image that is 

superimposable as it possesses a centre of symmetry. 

d) [Ni(bipy)3]
2+

 also has three bidentate ligands, as in (b) and so the 

isomer has a non-superimposable mirror image and is chiral. 

 

Solution 5.9 

 

a) [CoF6]
3-

 

The oxidation state of Co must be +3 as there are 6 F
-
 ligands and 

an overall charge of -3 on the complex ion. As Co is in Group 9 this 

means there must be 6 d electrons. 

F
-
 is a weak field ligand and so the complex will be high spin. 

 

Figure S5.9a 
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b) [Cr(NH3)6]
3+

 

As NH3 is uncharged the oxidation state of the Cr must be +3. Cr is 

in Group 6 so the number of d electrons is 3. As there are only 3 d 

electrons the complex has no choice and high or low spin labels are 

not relevant. 

 

Figure S5.9b 

 
 

c) Ni(CO)4 

The CO ligand is a neutral species and is high in the 

spectrochemical series. As CO is neutral the Ni must be in the zero 

oxidation state. Ni is in Group 10 and so the number of d electrons 

in this complex is 10. It is a tetrahedral complex and as there are 10 

d electrons all the d orbitals must be filled.  

 

Figure S5.9c  

 

Solution 5.10 

a) [Cr(en)3]
3+

 

The ligand en is uncharged and a bidentate N donor ligand. From 

this we can say that Cr is in the +3 oxidation state and has 3 d 

electrons. This means that the electrons will occupy the t2g orbitals 

and there is no choice over low or high spin. With all three electrons 

in the lower energy t2g orbitals the CFSE is:  

 

CFSE = 3 x -2/5o = -6/5o. 

Note that in complexes the valence 

electrons are all d electrons and 

there are no electrons in the 4s 

orbitals. 

The ligand en is likely to be mid-

field in the spectrochemical series as 

it is a N donor ligand, like NH3. It is 

sometimes difficult to predict 

whether such complexes will be 

high or low spin and additional 

information is often required 
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b)  [MnBr4]
2-

 

The first thing to note is that the metal is 4 coordinate in this 

complex and therefore tetrahedral. The oxidation state of the metal 

is +2 and so there are 5 d electrons. Tetrahedral complexes are 

always high spin because of the smaller value of t so there will be 

one electron in each of the 5 d orbitals as shown below. 

 

Figure S5.10a 

 
The CFSE is calculated as: 

CFSE = 2 x -3/5t + 3 x +2/5t = 0 

 

The value of zero indicates that there is no additional stabilisation 

experienced by the electrons in this configuration. This can be 

explained because the d orbitals are filled equally and any additional 

stabilisation in the e orbitals is countered by destabilisation in the t2 

orbitals. The same is true for any d
0
 or d

10
 configuration. 

 

c) [Fe(CN)6]
3-

 

In this complex Fe is in the +3 oxidation state and so has 5 d 

electrons. There are therefore two possible arrangements for the 

electrons. The ligand in this case is CN
-
 which is a strong field 

ligand. The complex will therefore be low spin with the 

arrangement shown below. 

Figure S5.10b 
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The CFSE is given by: 

CFSE = 5 x -2/5o + 2PE = -2o + 2PE 

 

d) [Co(NH3)6]
3+

 

The oxidation state of Co here is +3 and so there are 6 d electrons. 

NH3 is a mid-field ligand so it is not obvious whether the complex 

will be low or high spin. However, it is fairly safe to assume all 

Co(III) complexes will be low spin because of the small size of the 

cobalt(III) ion and the large value of the CFSE for low spin d
6
.  

The CFSE is given by: CFSE = 6 x -2/5o + 2PE = -12/5o + 2PE 

 

Solution 5.11 

a) [ScF6]
3-

 

In this ion Sc is +3. It therefore has no d electrons so the answer is 

zero. 

 

b) [Mn(CN)6]
4-

 

Mn = +2 so d
5
. As this is a low spin complex all five electrons will 

be in the t2g orbitals and so there will be 1 unpaired electron.  

 

c)  [FeF6]
4-

 

Fe = +2 so d
6
. F

-
 is a weak field ligand and so the complex will be 

high spin. There will therefore be 4 unpaired electrons. 

 

d) [RuCl6]
3-

 

Ru = +3 and so d
6
. Although Cl

-
 is a weak field ligand Ru is a 

2 pairing energies are required as 

the high spin configuration has no 

unpaired electrons. 

In a high spin d
6
 complex there 

would be one pair of electrons and so 

we need to include only two pairs in 

the CFSE determination. 

Here we can assume the complex is 

low spin as CN- is a strong field 

ligand 
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second row transition element. Heavy transition metals have larger 

o values than 1
st
 row ones and their complexes are usually low 

spin. This is because the d orbitals on 2
nd

 and 3
rd

 row metals are 

more radially expanded and interact more with the ligands thus 

leading to larger splitting energies. [RuCl6]
3-

 is therefore low spin 

and all 6 d electrons are paired. 

 

 

Solution 5.12 

a) [NiBr4]
2-

 

This complex ion has Ni in the +2 oxidation state and so is d
8
. 

The Br
-
 ligand is a weak field ligand and Ni a first row 

transition metal. Therefore the complex is likely to be 

tetrahedral. 

b) [PtCl4]
2-

 

This complex has Pt in the +2 oxidation state and so is d
8
. 

Although the Cl
-
 ligand is a weak field ligand Pt is a third row 

transition metal and so produces a large splitting of the d 

orbitals. As the metal is d
8
 it is likely to be square planar. 

HINT: Most 2
nd

 and 3
rd

 row d
8
 metal complexes are likely to be 

square planar unless there are large steric restrictions. 

c) [Ni(CO)4]  diamagnetic 

In this complex Ni is in the zero oxidation state and so is d
10

. 

The information that it is diamagnetic doesn’t help as with 10 d 

electrons all 5 d orbitals must be filled whether the complex is 

tetrahedral or square planar. Because all 5 d orbitals are filled 

there is no associated CFSE. The complex is actually 

tetrahedral. 

 

Solution 5.13 

a) MnF3 contains Mn
3+

 ions which are d
4
. It will therefore exhibit 

Jahn-Teller distortion as the eg orbitals are unequally occupied. 

 

b) K2CuF4 contains Cu
2+

 ions that are d
9
. It is therefore subject to Jahn-
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Teller distortion. 

 

 

c) [Ni(H2O)6]
2+

 contains Ni
2+

 ions that are d
8
. The eg orbitals both hold 

one unpaired electron and there are no degenerate arrangements of 

electrons so this ion does not exhibit Jahn-Teller distortion. 

 

d) KCrF3 contains Cr
2+

 ions that are high spin d
4
. It is therefore subject 

to Jahn-Teller distortion.  

 

Solution 5.14 

The violet colour of [V(H2O)6]
2+

 suggests it is absorbing yellow/green light 

whereas the yellow colour of [V(H2O)6]
3+

 suggests it is absorbing higher 

energy/shorter wavelength blue/violet light. This is consistent with 

[V(H2O)6]
3+

 having a higher oxidation state and smaller ionic radius and 

therefore larger splitting energy. It therefore transmits the lower 

energy/longer wavelength yellow light. 

Octahedral V
2+

 is d
3
 or t2g

3
eg

0
. Promotion of an electron to a higher energy 

orbital gives an excited state of t2g
2
eg

1
. As there is no change of parity (i.e. d 

→ d or g →g) the transition is Laporte forbidden.  

However, because the eg orbital is empty in the ground state then there is no 

change of spin when forming the excited state and so the transition is spin 

allowed. 

V
3+

 is d
2
 or or t2g

2
eg

0
.  Promotion of an electron to a higher energy orbital 

gives an excited state of t2g
1
eg

1
. As there is no change of parity (i.e. d → d or 

g →g) the transition is Laporte forbidden.  

However, because the eg orbital is empty in the ground state then there is no 

change of spin when forming the excited state and so the transition is spin 

allowed as with V
2+

. 

 

Solution 5.15 

All these complexes contain low spin Co (III)  with a ground state electron 

configuration of  t2g
6
eg

0
 . As we exchange H2O for Cl

-
 the colour changes 

from bright red to purple suggesting the energy of the light transmitted is 

higher but the energy of the light absorbed (and therefore the d orbital 
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splitting energy) is lower. This suggests Cl
-
 is a weaker field ligand than 

H2O. 

As we exchange H2O for NO2
-
 the colour changes from bright red to orange 

suggesting the energy of the light absorbed (and therefore the d orbital 

splitting) gets greater and so the NO2
-
 ligand can be assumed to be a stronger 

field ligand than H2O. The order in the spectrochemical series is therefore; 

Cl
-
 < H2O < NO2

-
  

 

Solution 5.16 

Both NbCl5 and TaCl5 have the Group 5 metal atoms in the +5 oxidation 

state and are therefore d
0
. The colour must be due to charge transfer complex 

formation.  

As the metal ion is d
0
 the transition must be from ligand to metal and so from 

the Cl
-
 ligand to the empty metal d orbitals.  

Niobium, being a second row transition element, is more readily reduced 

than tantalum. The lower energy transition takes place with the more readily 

reduced metal ion. Therefore with NbCl5 the transition is in the visible 

region yielding a yellow complex and with TaCl5 the transition has shifted to 

higher energies in the uv giving a white complex (all visible wavelengths 

transmitted). 

 

 

 

 

 


