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Transition Elements 

Electron configurations 

The energy levels of different orbitals are changed depending upon the population of other 

levels in multi-electron atoms. Since, the penetration power of the orbitals run as s > p > d > 

f, the ns orbitals are experienced highest effective nuclear charge than the np or nd orbitals. 

That’s why, in between 4s and 3d orbital, 4s orbital have lower energy than 3d orbital. 

Therefore, last electrons in K and Ca enter the 4s orbital after Ar.  

   In case of first transition elements, electron starts to fill 3d orbital giving ground state 

configuration 3d
1
4s

2
 for scandium. Thus from Sc to Cu, two electrons is in the 4s orbital and 

an incomplete 3d level. Similarly, in second and third transition series electrons start to fill 

the 4d and 5d level after the corresponding ns level has been filled with two electrons.  

    With filling of electron in 3d orbital, its energy is lowered down to 4s orbital. Hence, the 

ground state configuration of M
n+

 ion is [Ar]3d
m-(n-2)

4s
0
 rather than [Ar]3d

m-n
4s

2
. For 

example, configuration of 23V is [Ar]3d
3
4s

2
 so, configuration of V

2+
 will be [Ar]3d

3
4s

0
 rather 

than [Ar]3d
1
4s

2
).  

  The stability of an electronic configuration is determined by the net effect of the forces of 

nuclear-electronic, shielding of one electron by the others, inter-electronic repulsions and the 

exchange energy force. The interplay of these forces and their sensitivity largely depends on 

the nuclear charge and the number of electrons present. That’s why it is not possible to 

predict electron configuration solely by the order of orbital energies. The ultimate 

configuration will have always lower total energy for the whole configuration. 

    For most of the d-block elements, due to inter electron interaction the ground state 

configuration become (n-1)d
n
ns

2
, that is ns orbital remains fully occupied despite of 

individual (n-1)d orbitals have lower energy. At the same ground the energy difference 

between (n-1)d and ns orbitals are less when n = 5 or 6 than when n = 4. Consequently, the 

ground state configuration of the 4d and 5d transition elements differ from the corresponding 

3d element. But, cation of (M
n+

) all d-block elements exhibit d
n
 configurations because in 

ions, the energy of (n-1)d orbitals fall well below that of ns orbitals. The electron 

configurations of the transition elements are given below: The few exceptions of general 

trends of configuration are highlighting here.  

 

     Gr. 3 Gr. 4 Gr. 5 Gr. 6 Gr. 7 Gr. 8 Gr. 9 Gr. 10 Gr. 11 Gr. 12 

3d 21Sc 

3d
1
4s

2
 

22Ti 

3d
2
4s

2
 

23V 

3d
3
4s

2
 

24Cr 

3d
5
4s

1
 

25Mn 

3d
5
4s

2
 

26Fe 

3d
6
4s

2
 

27Co 

3d
7
4s

2
 

28Ni 

3d
8
4s

2
 

29Cu 

3d
10

4s
1
 

30Zn 

3d
10

4s
2
 

4d 39Y 

4d
1
5s

2
 

Zr 

4d
2
5s

2
 

Nb 

4d
4
5s

1
 

Mo 

4d
5
5s

1
 

Tc 

4d
5
5s

2
 

Ru 

4d
7
5s

1
 

Rh 

4d
8
5s

1
 

Pd 

4d
10

5s
0
 

Ag 

4d
10

5s
1
 

Cd 

4d
10

5s
2
 

5d 57La 

5d
1
6s

2
 

72Hf 

5d
2
6s

2
 

73Ta 

5d
3
6s

2
 

W 

5d
4
6s

2
 

Re 

5d
5
6s

2
 

Os 

5d
6
6s

2
 

Ir 

5d
7
6s

2
 

Pt 

5d
9
6s

1
 

79Au 

5d
10

6s
1
 

80Hg 

5d
10

6s
2
 

 

          The exception in configurations which can be explained by considering (a) the energy 

gap between the ns and (n-1)d orbitals (b) pairing energy for the electrons in s-orbital (c) 

inter-electronic repulsions and the exchange energy force. 
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(i) In case of Gr. 6 (Cr) and Gr. 11 (Cu), transfer of electron from s orbital to d orbital due to 

attainment of half filled (d
5
) and full filled (d

10
) configuration leading to extra stabilization by 

way of greater exchange energy. From same ground, Pd adopted the configuration 4d
10

5s
0
. 

(ii) In 4d series, from niobium, presence of electron in d orbitals appears to be preferred than 

being shared in s orbitals. Between the available s and d orbitals, the electron can either go 

for sharing in s-orbital or excited to d-orbital. Obviously, the choice depends on the repulsive 

energy arises on sharing in s–orbital and the energy gap between the s and d-orbitals. 

   In the 4d series, s and d-orbital have the almost same energy, because of which electrons 

prefer to occupy the d-orbital. So from niobium, s-orbital has mostly only one electron.  

(iii) The 5d series metals has more paired s configuration even at the expense of half-filled 

orbitals (Tungsten-6s
2
5d

4
). This is happen due to lanthanide contraction as the series comes 

after filling up of 4f orbitals. The energy gap between the 6s and 5d orbitals is increased due 

to reduced in size that results pairing energy is less than the excitation. Excitation of the 

electron does not take place even in tungsten, in spite of the half-filled stabilization. 
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Oxidation state 

     Gr. 3 Gr. 4 Gr. 5 Gr. 6 Gr. 7 Gr. 8 Gr. 9 Gr. 10 Gr. 11 

3d Sc 

3 

Ti 

(2),  

3,  

4 

V 

2,  

3,  

4,  

5 

Cr 

2,  

3,  

(4), 

(5), 

    6 

Mn 

2,  

(3),  

4,  

(5), 

(6), 

 7 

Fe 

2,  

3,  

(4), 

(5),  

(6) 

Co 

2,  

3, 

 (4), 

(5) 

Ni 

2,  

(3),  

(4) 

Cu 

1,  

2,  

(3) 

4d Y 

3 

Zr 

(3),  

4 

Nb 

(2), 

(3), 

(4),  

5 

Mo 

2,  

3,  

4,  

5,  

6 

Tc 

4,  

(5),  

7 

Ru 

2,  

3, 

4,  

(5),  

6,  

(7),  

(8) 

Rh 

2,  

3,  

4,  

(5),  

(6) 

Pd 

2,  

(3),  

4,  

(6) 

Ag 

1,  

(2), 

(3),  

(4) 

5d La 

3 

Hf 

(3),  

4 

Ta 

(2), 

(3), 

(4),  

5 

W 

2,  

(3),  

4,  

5,  

6 

Re 

(1), 

(2),  

3,  

4, 

 5,  

(6),  

7 

Os 

2,  

3,  

4,  

6,  

8 

Ir 

2,  

3,  

4,  

(5),  

(6) 

Pt 

2,  

(3),  

4,  

(5),  

(6) 

Au 

1,  

3,  

5 

*Most stable oxidation states are shown in bold and unstable states are shown in parentheses. 

 

� All s-electrons and some or all the d-electrons take part in the valency resulting 

variable oxidation states of the transition elements.  

� The stability of any oxidation state depends upon combining atom, solvent, nature of 

ligand etc. 

� The highest oxidation state of transition metal is eight, shown by Ru and Os.  

� Size and the relative stabilities of different oxidation states of the element in any 

group are generally differ between first (3d) and heavier members (4d, 5d).   

� Due to lanthanide contraction the size of 4d and 5d elements in a particular group are 

comparable. As a result, chemical properties of 4d and 5d elements in any group are similar.  

But, the similarity disappears on proceeding towards right along the period. This is because, 

size factor is not only governing factor to determine the properties, other factor such as 

ionisation energy, crystal field stabilization of d-orbitals and their spacial extension seems to 

control the chemical behaviour of the element. Thus, last two elements of Gr. 4 and 5 have 

similar properties but in platinum metals and, Ag and Au have more dissimilarities than 

similarities.   
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� In any period, the number of different oxidation states first increases, becomes 

maximum at the middle of the series and then decreases.  

(i) The minimum and lower oxidation states at the two extreme ends due to either few 

electrons to lose or share or due to many d electrons only fewer orbitals open to sharing 

electrons with ligands for higher valency.  

(ii) The stability of high oxidation states toward the end of the transition series is decreased as 

the filling of d-orbital results steady increase in effective nuclear charge. The energy of d-

orbital is lowered down and thus d-electron is more reluctant to participate in bonding. For 

example, zinc shows only +2 state. Ni(II) and Cu(II) are stable but Ni(III), Cu(III) are 

oxidizing.  

(iii) On the other hand, for lighter elements all ns and (n-1)d electrons take part in valency as 

effective nuclear charge is not high for lighter elements. So, it is easy to utilize all ns and (n-

1)d-electrons to form complexes. For example, +3 state for Sc and +4 state for Ti. 

� The maximum oxidation states of reasonable stability occur equal to sum of s and d 

electron upto d
5
, (Ti

IV
O2, V

V
O2

+
, Cr

VI
O4

2-
, Mn

VIII
O4

-
) but once the d

5
 configuration is 

crossed, the stability of the higher oxidation state is decreased abruptly. It is observed in 

iron(II,III), cobalt(II, III), nickel(II) and copper(II) groups except, Os(VIII) and Ru(VIII).  

� The heavier elements have a tendency to attain higher oxidation states because of 

larger size, lower binding energy towards outer electron and lower energy difference of ns 

and (n-1)d orbitals, more d-electron can participate in bonding in case of the heavier 

elements.  

� The +2 oxidation state is known for all elements of the first transition series except 

scandium. Cadmium shows only +2 oxidation state and Hg
II
, Pd

II
 and Pt

II
 are other important 

dipositive species. Chromium(III) is most stable but Mo(III) and W(III) are strongly 

reducing. Cr(VI) is strong oxidizing but Mo(VI) and W(VI) are quite stable. [ReO4]
-
 is not a 

strong oxidizing agent like [MnO4]
-
. Similarly, iron shows the common oxidation state +2 

and +3 while ruthenium and osmium readily form compounds of +4, +6 and +8 oxidation 

states. Although Co
II
 and Co

III
 are known, rhodium and iridium are essentially shown +3 

oxidation state. Further, Pd
IV

, Pt
IV

, Au
III

 are relatively stable from the lighter congeners. 

� With the increase of the oxidation state of the metal ion acidity of the metal oxides 

increases because of higher affinity to accept the electron. Elements in their lower oxidation 

states will be ionic and basic (TiO, VO, CrO, MnO, TiCl2 and VCl2). Elements exists in-

between states are amphoteric (Ti2O3, V2O3, Mn2O3, Cr2O3, TiCl3, VCl3) and higher oxidation 

states are covalent and acidic (TiO2, V2O5, CrO3, MnO3, Mn2O7, VCl4 and VOCl3). 

� The oxidizing power increases in the series Sc(III) < Ti(IV) < V(V) < Cr(VI) < 

Mn(VIII). Conversely, reducing power increases as Cr(II) ˂ V(II) ˂ Ti(II). This is happen 

because in case of first transition series, the stability of higher oxidation state decreases 

gradually.  

� Higher oxidation state of the metal is stabilized by small, hard ligands with σ-donor 

properties like fluoride and oxide. For example, highest oxidation state of V, Cr, Mn (VO4
3-

, 

CrO4
2-

, MnO4
-
), oxidation state higher than +3 in iron, cobalt (FeO4

2-
, Ba2CoO4, Cs2CoF6), 

oxidation state higher than +2 in nickel, copper (NiO(OH) or Ni2O3.2H2O, K2NiF6, CsCuF4, 

KCuO2). 
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� Lower oxidation states of the metals are stabilized by (i) large saturated ligands like 

iodide and sulphide which are good reducing agent and (ii) ligands with π-acceptor capacity 

like CO, NO
+
, PR3, dipyridyl, o-phenanthroline. In these complexes ligand to metal σ-

donation is reinforced by metal to ligand π back donation to the π* MO or vacant d-orbital to 

stabilizing the complex. 

(i) The neutral CO molecule forms complexes with metals in zero state e.g. Cr(CO)6, 

Fe(CO)5, Ni(CO)4. Even negative oxidation state (-I) is also found as in Na[Co(CO)4], 

Na[Mn(CO)5].  

(ii) Metal nitrosyl (NO
+
) complex: [Mn

-III
(CO)(NO

+
)3], [Fe

-II
(CO)2(NO

+
)2], [Co

-I
(CO)3(NO

+
)] 

� Oxides of the metals from titanium to cobalt in their highest oxidation states form 

oxo-anions salts with alkali because of high acidic character the metal ions in higher 

oxidation state have high affinity to accepts oxide ions. TiO2 forms titanates (TiO4
4-

), V2O5 

forms vanadates (VO4
3-

) and CrO3 forms chromates (CrO4
2-

). On the other side, the oxides of 

metals in their +2 oxidation state are only basic and dissolve in acids to form aqua ions.  

 

Atomic and ionic radii: 

Generally, down in any group the radius is increased as electron is placed to the new shell 

having higher principal quantum. This is happen prominently for ‘s’ and ‘p’ block elements. 

But, in case of ‘d’ block element the vertical variation is not so prominent because of poor 

shielding of the 4f orbital causing lanthanide contraction in the 5d elements. As a result, the 

4d and 5d elements in a particular group in the d-block have almost identical radii.   

Atomic radii   Ionic radii 

Ti 132  V 122  Cr 117  Ti
4+

 68 

Zr 145  Nb 134  Mo 129  Zr
4+

 74 

Hf 144  Ta 134  W 130  Hf
4+

 75 

Radii are in pm unit 

 

Such comparability in size results similar characteristic between the 4d and 5d elements in a 

vertical group. For example, ionisation potential, solvation energies, redox behaviour, lattice 

energy etc. For this similarity, their overall chemical behaviour is also similar. Thus, each 

group has two parts, chemistry of 3d element and chemistry of heavier (4d, 5d) elements. The 

main differences between these two parts are the size and relative stabilities of the different 

oxidation states.  

   The poor shielding by successive d-electrons is resulted a gradual decrease of size along the 

each transition series. The last member in each series i.e. Cu, Ag, Au has somehow larger 

radius than the expected value. The atoms are smaller than the Group-1 and 2 elements since 

the electrons are added to the penultimate shell. The overall decrease in size between the 

successive elements along the transition series is often small. That’s why in many instances 

the chemical properties are similar e.g., the chemistry of V
3+

 and Ti
3+

. The chemistry of 

Fe(II), Co(II) and Ni(II) are also similar in many cases.   

 

Metallic properties: 

The transition elements are typical metals having high tensile strength, ductile, malleable, 

thermal and electrical conductor and lustre.  
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Redox Chemistry 

� Metal ions present in lower oxidation states expected to be reducing and in higher 

oxidation states expected to be oxidizing in nature but it is not true always. The stability of 

different oxidation states can be accounted by considering the electron configuration of the 

metal ions. The relative stability of different oxidation states of the transition metals are 

known from the relevant electrode potential data.  
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d
0
 configuration: Metal ions having d

0
 configuration are not reducing as there is no electron 

to lose. They have little tendency to behave as oxidizing agent except [CrO4]
2-

, CrO3Cl]
-
, 

CrO2Cl2, [MnO4]
-
. [VO4]

3-
 is mild oxidizing, converts to vanadium(IV) which is most stable 

oxidation state. 

d
1
 configuration: Ti(III) is reducing in nature as Ti(IV) is most stable oxidation state. VO

2+
 

is stable in aqueous solution. Cr
V
, Mn

VI
 is disproportionate to the more stable state as 

follows.  

                    3 [CrO4]
3-

 + 10H
+
 → 2 [HCrO4]

-
 + Cr

3+
 + 4 H2O 

                    3 [MnO4]
2-

 + 4H
+
 → 2 [MnO4]

-
 + MnO2 + 2 H2O 

d
2
 configuration: Ti(II), V(III) is reducing because +IV state is most stable where as Fe(VI) 

very strongly oxidizing as it is easily reduced to Fe(III) or Fe(II). 

d
3
 configuration: V(II) is reducing and Mn(IV) is oxidizing. Cr

3+
 is stable in aqueous 

solution. Mn
IV

O2 is stable because it’s insolubility. 

d
4
 configuration: Cr(II) is reducing. Mn(III) is oxidizing and is subject to disproportionation. 

Complex of Mn
III

 are relatively unstable with the exception of [Mn(CN)6]
3-

. 

d
5
 configuration: Mn

2+
, Fe

3+
 is quite stable. Fe

3+
 may be reduced to Fe

2+
 with suitable 

reducing agents.  

d
6
 configuration: Fe(II) is quite stable. Co(III) is extremely stable in presence of strong field 

ligand but strong oxidizing agent in absence of strong field ligands. Ni(IV) is strongly 

oxidizing as Ni(II) is most stable. 

d
7
 configuration: Co(II) is stable but in presence of strong field ligand it is easily oxidized to 

Co(III) complexes as it form low spin complex having large CFSE. Ni(III) is strongly 

oxidizing.  

d
8
 configuration: Ni(II) is stable. Cu(III) is oxidizing as Cu(II) is most stable.  

d
9
 configuration: Cu(II) is stable.  

d
10

 configuration: Cu(I) is reducing. Zn(II) is stable.  
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� The plots of nE

0
 vs. N for all elements from Ti to Co show a sharp downward slope at 

the beginning, reaching minima at +2 and +3 oxidation states and then rise steadily. Hence, 

higher and lower oxidation states are expected to convert to these (+2 and +3) oxidation 

states on reaction. 

� The +1 oxidation state is not common except copper, silver, mercury. Cu(I) is also 

susceptible to disproportionation because of the difference of hydration energy between Cu
+
 

and Cu
2+

 becomes dominant over 2
nd

 ionisation energy. In silver the reverse is true. 

� The potential for higher oxidation states rise steadily after the minima at +2 or +3 that 

means higher oxidation states become increasingly unfavourable. Therefore, elements 

become gradually more oxidizing in higher oxidation states. Permanganate is stronger 

oxidizing than chromate while chromates are stronger oxidizing agents than vanadates.  

� M
2+

/M potential suggest that all the metals except copper would liberate H2 from 

acids.  

� Ti
2+

, V
2+

, Cr
2+

 are expected to liberate H2 from acidic aqueous solutions. Reducing 

power decreases from left to right in the transition series. In voltammetric analysis, Fe
2+

 is a 

common reducing agent. Cr
2+

, V
2+

, Ti
2+

 are stronger reducing agents. The Co
3+

/Co
2+

 couple 

may also liberate H2 from aqueous solution in presence of cyanides which strongly complex 

with Co(III). 

� The heavier elements show greater stability in higher oxidation states and also have a 

tendency to attain higher coordination number. This is because of larger size and lower 

binding energy towards outer electron and lower energy difference of ns and (n-1)d orbitals, 

more d-electron can participate in bonding. That’s why Cr(VI) is strong oxidizing while 

Mo(VI) and W(VI) are quite stable. Similarly, iron shows the common oxidation state +2 and 

+3 while ruthenium and osmium readily form compounds of +4, +6 and +8 oxidation states. 

 

 

 



Dr. Sachinath Bera  

� The stabilization of a higher oxidation state through complexation reveals the 

decrease of reduction potentials. As for example: 

Redox couple E
0
 (volt) 

[Fe(H2O)6]
3+

 + e [Fe(H2O)6]
2+

 0.77 

[FeF6]
3-

 + e [FeF6]
4-

 0.40 

[Fe(CN)6]
3-

 + e [Fe(CN)6]
4-

 0.36 

[Fe(oxinate)3] + e [Fe(oxinate)3]
-
 -0.20 

[Mn(H2O)6]
3+

 + e [Mn(H2O)6]
2+

 1.50 

[Mn(CN)6]
3-

 + e [Mn(CN)6]
4-

 0.22 

[Co(H2O)6]
3+

 + e [Co(H2O)6]
2+

 1.84 

[Co(dipy)3]
3+

 + e [Co(dipy)3]
2+

 0.31 

[Co(en)3]
3+

 + e [Co(en)3]
2+

 0.18 

[Co(CN)6]
3-

 + e [Co(CN)5(H2O)]
3-

 -0.8 

 

� The stabilization of a lower oxidation state through complexation reveals the increase 

of reduction potentials. As for example: 

Redox couple E
0
 (volt) 

[Fe(H2O)6]
3+

 + e [Fe(H2O)6]
2+

 0.77 

[Fe(dipy)3]
3+

 + e [Fe(dipy)3]
2+

 0.96 

[Fe(o-phen)3]
3+

 + e [Fe(o-phen)3]
2+

 1.12 

 

In this cases, dipyridyl and o-phenanthroline form low spin complexes with both Fe(III) and 

Fe(II), but Fe(II) is a good π donor while Fe(III) is expected to be poorer π donor.  

(However, CN
-
, a potential π acid ligand stabilizes Fe(III) rather than Fe(II) resulting 

decrease of reduction potential. It is established that a large negative entropy of hydration of 

[Fe(CN)6]
4-

 ion is responsible for that. The highly charged anion arranged the water molecule 

in more ordered phase in its vicinity.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



 

 



 

 

 

 

 



 

 

 

 

 



 

 

 



 

 

 

 

 

 

 

 



 

 

 



 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 



 

 

 

 

 



 

 

 

 

 

 



 

 

 

 

 

 



 

 

 



 

 

 

 

 



 

 

 

 



 

 

 



 

 

 

 

 



 

 

 

 

 

 

 

 

 



 

 

 



 

 

 

 

 



 

 

 

 



 

 

 

 



 

 

 

 

 

 



 

 

 

 

 

 

 



 

 

 

 

 



 

 

 

 

 



 

 

 

 

 



 

 

 

 



 

 

 

 

 



 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 


