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3.0 Introduction
The two series Lanthanides and Actinides constitute ‘f’ block elements.

They are group of 15 elements each. The most common oxidation state for the
lanthanides and some actinides is +3. They are similar to each other in properties.
The filling of 4f orbital is known as lanthanides and filling of 5f orbital is known
as actinides.

The lanthanides were known as rare earths earlier but it was not appropriate
as many of the lanthanides are not particularly rare.

The fourteen elements from actinium are called actinides. The actinides do
not show chemical uniformity as in the case of lanthanides. All the actinides are
radioactive but the most abundant isotopes of Thorium and Uranium have very
long half lives. Except Actinium, Thorium, Protoactinium and Uranium, all the
elements are synthetic elements or man made elements or transuranic elements.
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3.1 Chemistry of ‘f’ Block Elements
Lanthanum, the first member of lanthanides is a true member of Gr III,

with atomic number 57. The forteen members which follow lanthanum e.g. from
atomic number 58 to 71, in which the 4f electrons are succesively added to the
La configuration are the rest. The term lanthanide is taken to include La, as this
element is the prototype for the succeeding fourteen elements.

Actinium is similarly, though being an element of Group III with atomic
number  89 is the first member of actinide series. The fourteen elements which
follow actinium with atomic number 90 to 103 constitute actinide series.

Both lanthanides(Ln) and actinides(An) have variable valencies. The principal
oxidation state of all the elements  is +3. In the case of Ln the other valencies are
+2 and +4. In An there are a number of oxidation states varying from +2 to +7.

The Ln+3  ion show much less tendency to form complexes than ‘d’block
elements, because of their larger size and lower electronegativity which do not
promote covalent bond formation, same is the case of actinide ions.

The colour in La3+ and An3+  ions are due to f–f transitions, which are very
sharp in contrast to d–d transitions. In the case of La+3, crystal field effects are
much less pronounced than spin–orbit coupling but in An+3  ions, the 5f orbitals
show significant crystal field stabilization effects.

The deep seated nature of 4f orbitals in Ln gives rise to less quenching of
orbital contributions to magnetic moments. The values are mostly in agreement
with L–S coupling scheme rather than only  spin  values. The magnetic properties
of An show overall similarity to those of the corresponding Ln ions but are
somewhat lower due  to quenching of orbital contribution by crystal field effects.

The periodic trends of ‘d’ and ‘f’ block elements are different from ‘s’ and
‘p’ block elements. In the sixth period, the 4‘f’ orbitals are very deeply burried
under the core and valence orbitals, Thus there is no double bonding. Again ‘d’
and ‘f’ block elements can form  bonds. Maximum two bonds can be formed per
pair of atoms using dxy and dx y2 2  orbitals.

f block elements show spectra with pale colours due to Laporte’s forbidden
f–f transitions. However, charge transfer spectra of MLCT and LMCT show intense
colours.

Ruby lasers and phosphors are based on ‘f’ block elements. These phosphors
are present in colour televisions. ‘f’ block elements are also substituted
isomorphorously for Ca2+  ions in enzymes.
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3.2 Position in Periodic Table
The fifteen elements of Ln having atomic weights between those of Ba (at.

no. 56) and Hf (at. no. 72) must be placed betwen these two elements.
Barium has the same outer electronic structure as Calcium and Strontium

as well as resemble them in properties. Thus Barium must be placed below
Strontium (Group II). Similarly Hafnium must be placed below Zirconium
(Group IV). This leaves only one place for Ln below Yttrium in Group III.

Since all the fifteen elements of Ln resemble each other in many ways,
they must be placed in the same group. Ln elements resemble Yttrium in a
number of points.

(a) Due to Ln contraction the ionic radius of Y3+ is same as Er3+ (Y3+ =
0.93 Å and Er3+ = 0.96Å)

(b) Yttrium occurs in nature as Ytterbite, Xenotime etc which are also
the ores of heavier lanthanides.

Thus all the Lanthanide elements should be accomodated together. This is
done by placing La below Y and the remaining fourteen Ln have been placed
seperately in the f block, in the lower part of the modern periodic table.

Lanthanides are known as first inner transition metal series. They are first
series of ‘f’ block elements.

The position of An in the periodic table can be under two heads.
(a) Prior to the discovery of the transuranic elements (before 1940)—The

knowledge of Ln series helped the scientists to predict another series of elements
resulting from the filling up of electrons to (n–2)f shell (in 5f shell). Before the
discovery of transuranic elements, the naturally occuring Ac (At. no. 89), Th (At.
no. 90), Pa (at no. 91) and U (at. no. 92) were placed in GrIII, IV, V and VI of the
periodic table as they had +3, +4, +5 and +6 oxidation states and resembled La,
Hf, Ta and W, the earlier elements in their properties. The undiscovered transuranic
elements were expected to occupy the corresponding positions in the periodic
table.

(b) After the discovery of transuranic elements Np (at. no. 93) and Pu
(at. no. 94) which were discovered in 1940 and 1941, they did not resemble
Rhenium and Osmium but resembled U in many ways. Thus Seaborg in 1944
suggested the idea of second series of inner transition elements, similar to Ln.
Thus these elements of at. no. 89 to 103 were known as actinides and was given
a place in the f block.

The periodic table with ‘f’ block is shown below.
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3.3 Oxidation States and their Stability
 The oxidation states of Ln are based on their electronic configuration.

Elements with Outer electronic Oxidation states
atomic number configuration

57La 4f05d16s2 +3
58Ce 4f15d16s2 +3, +4
59Pr 4f35d06s2 +3
60Nd 4f45d06s2 +3
61Pm 4f55d06s2 +3
62Sm 4f65d06s2 +2, +3
63Eu 4f75d06s2 +2, +3
64Gd 4f75d16s2 +3
65Tb 4f95d06s2 +3
66Dy 4f105d06s2 +3
67Ho 4f115d06s2 +3
68Er 4f125d06s2 +3
69Tm 4f135d06s2 +2, +3
70Yb 4f145d06s2 +2, +3
71Lu 4f145d16s2 +3

The principal oxidation state of all the Ln elements is +3. Cesium shows +4
oxidation state, which is stable in solutions as well. +2 oxidation state is stable
in Eu and Yb due to 4f7 (half filled) and 4f14 (filled) electronic configuration. Sm
and Tm also show +2 oxidation state in some cases.

The common +3 oxidation state for all Ln appears to be a consequence of
greater stabilization of 4f orbitals in comparison to 5d or 6s with increasing ionic
charge. The order of penetration of orbitals into the inner electron core decreases
as 4f>5d>6s. As successive ionization increases the net charge on the Lanthanide
cation, the 4f electrons are affected most, i.e, their energy is lowered to the
greatest extent. In Ln3+ ion, the 4f electrons are thus stabilised to a greater
extent than the 5d or 6s electrons, so these latter electrons usually ionise in
most cases.

The formation and stabilization of any ion in a particular oxidation state
may be depicted in a relevant Born–Haber cycle of several enthalpy terms like
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sublimation, ionization, hydration of the ion etc. The oxidation states of Ln are
thus collective effects of several factors.

The oxidation states of actinides are also based basically on its electronic
configuration.

Elements with Outer electronic Oxidation states
atomic number configuration

89Ac 6d17s2 +3
90Th 6d27s2 +3, +4
91Pa 5f26d17s2 +3, +4, +5
92U 5f36d17s2 +3, +4, +5, +6
93Np 5f56d07s2 +3, +4, +5, +6, +7
94Pu 5f66d07s2 +3, +4, +5, +6, +7
95Am 5f76d07s2 +3, +4, +5, +6
96Cm 5f76d17s2 +3, +4
97Bk 5f96d07s2 +3, +4
98Cf 5f106d07s2 +3, +4
99Es 5f116d07s2 +3, +4
100Fm 5f126d07s2 +3, +4
101Md 5f136d07s2 +2, +3
102No 5f146d07s2 +2, +3
103Lr 5f146d17s2  +3

Unlike the lanthanides, actinides offer a number of oxidation states, at
least two oxidation states being found for most actinides. This may be due to
many reasons as given below.

(a) This is due to the proximity in successive ionization energies, but for
higher oxidation states where covalent bonding is most likely, other factors
needs consideration.

(b) The 5f orbitals have a longer spatial extension than the 4f orbitals
and can participate better in covalent bonding.

(c) The energy differences between 5f, 6d and 7s orbitals may often be
overcome by chemical binding energies, justfying their involvement in higher
oxidation states.
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There are several features of oxidation states in actinides.
(1) For elements up to U, the stable oxidation state involve all the

valence electrons.
(2) Np also shows oxidation state of +7 involving all the valence electrons,

but its stable state is +5.
(3) Pu and Am also shows oxidation of +7 and +6, but the stable

oxidation state of Pu is +4 and that Am is +3.
(4) Rest of the actinides have their stable oxidation state as +3.
(5) The importance of half filled 5f orbital in Am, Cm and Bk is there as

in the case of lanthanides.
The overall pattern resemble  ‘d’ block elements where the valence electrons

are fully utilized in the most stable oxidation states until middle of the series,
after which it becomes stabilised in nature. Thus +3 oxidation state becomes
stabilised only in the later actinides.
3.4 Lanthanide and Actinide Contraction

The decrease in atomic and ionic radii in lanthanides is called d Lanthanide
contraction. This steady decrease in size is regular in ions but not so regular in
the case of atoms.
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As showm in the graph drawn betwen atomic number and atomic radii of
the lanthanides, two clear peaks, one at Eu and the other at Yb which possess
very high values of atomic radii as seen. The reason being 4f7 and 4f14 electronic
configurations. As other lanthanides contribute three electrons for metallic
bonding, Eu and Yb contribute only two electrons due to the stability because of
half filled 4f7 and filled 4f14 orbitals. The graph discussed above can be divided
into two potions and the dividing line passes through Gd.

The graph drawn between ionic radii and atomic number of lanthanides is
more regular as shown.

The cause of Ln contraction is due to the following reasons.
(a) The additional electron in the lanthanide enter the 4f shell and not

the valence shell.
(b) The shielding effect of electrons decreases in the order s>p>d>f. The

minimum effect is in the case of ‘f’ orbital because of its diffused shape.
(c) As we move from Lanthanum to Lutecium, the nuclear charge goes

on increasing but there is no corresponding increase in the shielding effect of 4f
electrons. This result in the fact that the outermost shell experience increasing
nuclear attraction from the growing nucleus resulting in the decrease of atomic
and ionic radii.

(d) The relativistic effect also contributes to the lanthanide contraction.
Calculation for the relativistic variation of the mass of an electron shows that for
elements around at number 70 the relativistic mass of an electron is nearly 20%
greater than its rest mass. This in turn causes contraction in the size of the
orbitals.

There are many consequences of lanthanide contraction.
(1) Similarities in the properties of lanthanides.
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The properties of an ion depend on its size and its charge. The charge of
all the lanthanide ions is the same as +3. The size of the lanthanide ions are
almost same as shown below due to lanthanide contraction.

Atomic and ionic radii
Element Metal radius Ionic radius

(C.N =6; pm) (M 3+, C.N. = 6; pm)
La 187 (12-coord) 117
Ce 181.8 115
Pr 182.4 113
Nd 181.4 112
Pm 181 111
Sm 180 110
Eu 208 109
Gd 180 108
Tb 177 106
Dy 178 105
Ho 176 104
Er 176 103
Tm 175 102
Yb 193 101
Lu 174 100

Thus the chemical properties of al the lanthanides are very similar. They
can only be seperated by physical methods from one another.
(2.) Anomalous behaviour of post lanthanide elements.

(a) Normally in the same group, the covalent radii increases as the
atomic number increases. This is not true in the post lanthanide elements.

Elements atomic radii
Sc 1.44 Å
Y 1.62Å
La 1.69 Å

The above elements are before lanthanides. The elements after lanthanides
are as shown below.
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Elements  atomic radii
Zr 1.45Å
Hf 1.44Å
Nb 1.34Å
Ta 1.34Å
Ag 1.34Å
Au 1.34Å
Cd 1.48Å
Hg 1.49Å

The above pairs, though they belong to different periods and same group,
the atomic radii practically remains the same. This is because one is before
lanthanides and the other is after lanthanides. The close similarites in properties
in such pairs makes chemical seperation very difficult.

(b) High density of post lanthanide elements: Because of lanthanide
contraction, the atomic sizes becomes very small resulting in the compact
packing of atoms in their metallic crystals. This results in the fact that, though
the densities of the second series of transition elements are only slightly higher
than the first series,  the densities of the third transition series, which are after
lanthanides are almost double to that of the second transition series.

(c) Basic properties of lanthanide oxides (Ln2O3) and lanthanide hydroxides
(Ln(OH)3): The chemical properties of an ion or an atom depends on its size. The
greater is the ionic or atomic radius, greater is the tendency to loose an electron.
This is the measure for its basicity. Thus the basicity decrease as the ionic radius
decreases. The basicity of Ln3+ ion is La3+>Ce3+> Pr3+>Nd3+> Pm3+>Sm3+>
Eu3+>Gd3+>Tb3+>Dy3+>Ho3+>Er3+>Tm3+>Yb3+>Lu3+.

The properties of basicity also affects Lanthanides in the following respects.
(i) Thermal decomposition of oxy salts—More basic oxy salts decompose

less readily i.e. La2O3 decomposes less readily than other oxy salts of
lanthanides.

(ii) Hydrolysis of ions— More basic lanthanide ions hydrolyse less readily.
La3+ + H2O < Lu3+ + H2O

} one pair

} one pair

} one pair

} one pair
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(iii) Solubility of salts—Less basic salts are more soluble e.g Lu salts are
more soluble than other lanthanide salts.

(iv) Formation of complexes—Lutecium salts form more stable complexes
than other lanthanide salts.

(v) Decreasing ease of oxidation of the lanthanides with increasing
atomic number. This is because the oxidation potential for the couple
Ln Ln e  3 3   regularly goes on decreasing.

Lanthanide contraction results in the decrease of size of Ln3+ ions from
La3+ to Lu3+. This increases the covalent character by decreasing the ionic
character between Ln3+ and OH– ions in Lu(OH)3 ions (Fajan’s Rules). Thus
La(OH)3 is the most basic and Lu(OH)3 is the least basic. The Ln2O3 too decreases
its basic strength with the increases of atomic number of Ln atom i.e. La2O3 isleast basic and Lu2O3 is most basic.

(d) Seperation of lanthanides – Due to the similarity in chemical properties,
the lanthanides can be seperated from each other by physical methods e.g. Ion
Exchange method, solvent extraction, fractional crystallization etc.

(e) Due to the similarity in the ionic radii of Y3+ and Er3+, Yttrium occurs
in the ores like Ytterbite, Xenotime etc along with lanthanides. The similarities
in the crystal structure, chemical properties and solubilities of compounds of
Yttrium and corresponding heavier lanthanides makes it very difficult to seperate
Yttrium from lanthanides.

In the case of actinides, in An3+ and An4+ ions there is decrease in ionic
radii resulting in actinide contraction. This is analogous to lanthanide contraction.

The actinide contraction derived from X–ray diffraction data can be compared
with those of lanthanides. The size of the ion depends on the quantum number
of the outermost electrons and the effective nuclear charge. The effective nuclear
charge increases with atomic number.

Lanthanides At. radii Ln3+ radii Actinides At. radii An3+ radii
57La 1.88 1.06 89Ac 1.88 1.11
58Ce 1.82 1.03 90Th 1.80 1.08
59Pr 1.83 1.01 91Pa 1.61 1.05
60Nd 1.82 0.99 92U  1.38 1.03
61Pm 1.81 0.98 93Np 1.30 1.01
62Sm 1.80 1.80 94Pu 1.51 1.00
63Eu 2.04 0.95 95Am 1.73 0.99
64Gd 1.80 0.94 96Cm 0.88



( 82 )

LANTHANIDES AND ACTINIDES

The rest of the actinides are radioactive and the exact datas are not
confirmed.

The actinide contraction is due to the poor sheilding by the 5f orbitals and
consequent rise in effective nuclear charge along the series.

The tripositive actinide ion An3+ is always somewhat larger than the
corresponding Ln3+ as shown in the graph.

The slight detectable discontinuity at the Gd3+ ion does not have a parallel
at the Cm3+ ion.

The jumps in contraction between the consecutive elements in actinides
are greater than in the lanthanides which is prominent in the graph of An4+ and
Ln4+.

The actinide contraction leads to a decrease in the basicity of the elements
with increasing atomic number.

fig.
Crystal radii of du (in
black circles) and An3+
ions (in white circles)

Ionic radii of luAn4+ (in
black circles) and An4+
ions (in white circles)
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3.5 Magnetic Propeties
The paramagnetic property of an ion or an atom is due to the presence of

unpaired electrons in it. The magnetic properties of Lanthanides follow the
above principle but there is a difference from ‘d’ block elements. The magnetic
moments in 'd' block elemets are due to spin and orbital effects, of which the
orbital effects, are usually quenched by the ligand field. This does not happen in
lanthanides as 'f' orbitals are too deep inside the atom for such quenching to
occur.

Since La3+ (4f0, 5d0, 6s0), Ce4+ (4f0, 5d0 6s0) and Lu3+ (4f145d06s0), Yb2+
(4f145d06s0) have no unpaired electrons, they are diamagnetic but all the other
lanthanide are paramagnetic.

As mentioned above, the paramagnetic moments originates from spin and
orgbital moments of the unpaired electrons in the atom or an ion. There are
three possible modes of coupling between these components e.g. spin–spin,
orbital–orbital and spin –orbital. For lanthanides al the three types of coupling
are important, since for most of Ln3+ ions the energy difference between the two
successive J levels of a multiplet (The multplet width is large compared to KT
where K is the Boltzman's constant and T is the absolute temperature), there is
a strong L–S coupling. In these ions, the unpaired electrons in (n – 2) f orbitals
are quite deeply seated and hence are well sheilded by 5p and 5s electrons from
the effect of other atoms in their compounds (Crystal Field Effect). Thus the
effective magnetic moments of Ln3+ ions are

  g J J B M1a f . ..
where J = Total angular momentum, which is obtained by L–S coupling or
Russell – Saunder’s coupling.

g = Lande’s splitting factor or gyromagnetic ratio
g J J s s L L

J J      
1 1 1 1

2 1
a f a f a f

a f
This is about 2.0023

The spin orbit coupling constants are quite large, of the order of 1000
cm–1. This makes the seperation betwen the states with different J values much
larger than KT (–200cm–1 at ordinary temp). This is the reflected in observed
magnetic moments, which are in good agreement with those calculated from J
values but differ widely from spin only  values. J can have values as (L + S)
(L + S–1) ........................... (L–S) J = (L + S) when ‘f’ shell is more than half filled.
J = (L – S) when ‘f’ shell is less than half filled.
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Magnetic moments (B.M.) of Ln3+ ions
Ion Electronic Ground Magnetic Moment (B )

Configuration state g Spin–only g J J( )1 Observed
La3+ 4f0 1S0 0 0.0 0.0 0.0

Ce3+ 4f1 2 5
2

F 6/7 1.7 2.54 2.3–2.5
Pr3+ 4f2 3H4 4/5 2.8 3.58 3.4–3.6

Nd3+ 4f3 4 9
2

I 8/11 3.9 3.62 3.5–3.6
Pm3+ 4f4 5I4 3/5 4.9 2.68 2.7

Sm3+ 4f5 6 5
2

H 2/7 5.9 0.84 1.5–1.6
Eu3+ 4f6 7f0 1 6.9 0.0 3.4–3.6

Gd3+ 4f7 8 7
2

S 2 7.9 7.94 7.8–8.0
Tb3+ 4f8 7f6 3/2` 6.9 9.72 9.4–9.6

Dy3+ 4f9 6
15
2

H 4/3 5.9 10.63 10.4–10.5
Ho3+ 4f10 5I8 5/4 4.9 10.60 10.3–10.5

Er3+ 4f11 4
15
2

I 6/5 3.9 9.57 9.4–9.6
Tm3+ 4f12 3H6 7/6 2.9 7.63 7.1–7.4

Yb3+ 4f13 2
7
2

F 8/7 1.7 4.50 4.4–4.9
Lu3+ 4f14 1S0 1 0.0 0.0 0.0
s s s 4 1( )

or s n n ( )2
J = L – S (<half filled)
J = L + S (>half filled)
  g J J( )1
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As it is clear from the above table, most of the lanthanide ions, there is
good agreement between  the experimental value and calculated value. For Sm3+
and Eu3+ the agreement is poor. As forJ Jo  1 transition in Sm3+  and Eu3+ ,
h KT  there is no simple expression for  , the magnetic moment which gets
contributions from some of the lower excited states of ions as well as from the
ground state. Alternatively it can also be explained as below. The seperation
between the ground state and first excited state (E) for these ions and the
fvalues of spin–orbits coupling constant () are

S  E
Sm3+ 240 cm–1 7

2 840 1 cm
Eu3+ 230 cm–1 =230 cm–1

Comparison with the values of –200 cm–1 for KT at ordinary temperature
leads us to conclude that the first two or three excited state of Sm3+ and Eu+3 will
be populated. Mixing of these states with higher J values causes the observed
magnetic moment to be higher.

Magnetic moments of Ln3+ ions
—Calculated from
g J J( )1 values
........ spin only formula

The two peaks arise from the fact that with orbitals less than half filled, the
components tend to oppose each other while orbitals more than half fille, they
reinforce each other (Hund’s third rule). At f7, there is no orbital  angular

La Ce Pr Nd Pr Sm En Gd Tb Dy He Er Tm Yb Lu
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momentum thus Gd3+ has a lower magnetic moment than Dy3+ and Ho3+ though
it has maximum unpaired electrons. In the case of Eu3+, there are 6 unpaired
electrons, but as the spin and orbital moments are equal and opposite, the net
calculated moment is zero as shown in the graph. At low temperature this has
been proved experimentally but at a higher temperature it shows paramagnetism.
Same is the case in Sm3+ also.

The magnetic behaviour of actinides are vey complicated. The values of
magnetic moments found experimentally are usually lower than those calculated
using Rusell – Saunder’s coupling sheme. This may be due to the inadequacy of
Russell Saunder’s coupling scheme for 5f ions and also due to the quenching of
orbital contribution by crystal field effects which involve 5f orbitals to a greater
extent than the 4f orbitals involved in lanthanides.

Comarison of magnetic moments (in B.M.) of isnthanide (shown by black circles)
and actinide ions (shown by white circles.

The graph gives a comparison of magnetic moments in Bohr Magnetons
(B.M.) of lanthanides and actinide ions. The moments of the lanthanide ions
agree closely with theoritical predictions as shown earlier, but those of the
transuranic ions are some what lower than expected. This is because the 5f
electrons of transuranic elements ions are less effectively screened from the
crystal field which quenches the orbital contribution than the 4 f orbital of
lanthanide ions.
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3.6 Spectral Properties
The aqueous solutions of most lanthanide ions are coloured except when

the ions have f0, f1, f7, f13 or f14 configurations.
La3+ f0 Colourless
Ce3+ f1 Colourless
Gd3+ f7 Colourless
Yb3+ f13 Colourless
Lu3+ f14 Colourless

Pr3+ (f2) green Tm3+(f12)
Nd3+(f3) Liliac Er3+(f11)
Pm3+(f4) Yellowish pink Ho3+(f10)
Sm3+(f5) Yellow Dy3+(f9)
Eu3+(f6) Pale pink Tb3+ (f8)

From the above chart it is clear that ions with fn and f14 – n configurations
have similar colours. The colours are produced by the absorption of electromagnetic
radiation in the visible region corresponding to the transition of the ions from
their ground states to excited states. For the lanthanide ions the excited states
are from the same 4f or in other words the colours in Lanthanide ions are due
to Lapore’s forbidden f–f transition like the d–d transition. However the relaxation
available in d–d transitions owing to distortion from crystal fiel d effects is much
less pronounced for the deep seated 4f orbitals. Hence the absorption bands of
Ln3+ are very weak but sharp when compared to those of ‘d’ block elements.
Many of the bands are line like and become even narrower as the temperature
is lowered. These bands are independent of the nature of anions present. The
narrowness of the bands indicate that electronic transitions do not excite much
mol,ecular vibrations when it occurs, ‘f’ electrons interact weakly with the
ligands. Thus, the excited electrons interacts only weakly with the environment,
the non radioactive life time of the excited state is quite long and luminisense
can be expected. Thus these are used as phosphors in T.V. screen.
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Though the basic principles underlying the spectral properties in ‘d’ block
elements and ‘f’block elements are same, there are certain important differences.

(a) The ‘f’ orbitals lie deep inside and as mentioned earlier, are independent
by the nature of ligands and thermal vibrations. Thus the bands from f–f
transitions are sharp but those from d–d transitions are broad due to environmental
effects.

(b) Spin–orbit coupling for the lanthanides are more important than
crystal field effect.

(c) The number of theoritically possible vibrations are large in lanthanides,
giving rise to number of sharp bands as shown below.

(d) Though the crystal field effects in lanthanides are small as compared
to ‘d’ block elements, fine structures are observed as shown in the above graph.
This is due to the effect of some coordinated ligands.

Laport’s permitted bands are due to the transition of 4f—5d. This has been
observed in Ce3+, Tb3+, Sm2+, Eu3+ and Yb2+. These bands are stronger and
broader as the transitions are influenced by the chemical environments.

Charge Transfer Spectra is also observed in certain lanthanide ions.
Lanthanides in higher oxidation state e.g Ce4+ show orange red colour due to
L M  transition (LMCT) Compounds of Eu3+ with reducing anions are yellow
due to electron transfer from metal to ligand (MLCT).

Compounds of lanthanides have a large range of applications due to f–f
electronic transitions. Europium oxide and Europium orthovanadate are used as

Nature of visible and
near uv speetrum of
an Ln3+ ion.
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phosphors in televisions and computer terminal displays. Neodynium (Nd3+),
Samarium (Sm3+) and Holmium (Ho3+) are used in solid state lasers.

The spectra of Actinides are similar to those of lanthanides but are more
complicated because of the following reasons.

(a) Russell–Saunders coupling scheme is inefficient in heavier actinides.
(b) The 5‘f’ electrons have greater penetrating effect and come closer to

the nucleus.
(c) The improper shielding of 5‘f’ electrons from the surrounding chemical

environment leads to ligands effects.
Since 5‘f’, 6‘d’ and 7‘s’ electrons have comparable energies, the electronic

configuration of the element in a given oxidation state in solution depends on
the ligand. This property is known as ligand effect. This is not shown by
lanthanides.

Actinides show Laporte’s forbidden 5 5f f  transition and Laporte’s allowed
5 6f d  transition resulting in absorption spectra besides charge transfer spectra.

The f—f  transitions in actinides are about 10 times more intense and the
ligand field effect is about 2 to 5 times stronger than in other lanthanides. The
elements with same number of ‘f’ electrons is 4f (lanthanides) and 5 ‘f’ (actinides)
have comparable spectra, as shown below.

Ce3+ and Pa4+  (f1) = Colurless
Nd3+ and U3+ (f3) = Reddish
Cations having 5f0, 5f7 and 5f14 are colourless as in lanthanides. The

absorption spectra of actinides in aqueous solution and in crystals, are in visible,
near UV and near 1R regions.

Charge Transfer (CT) spectra occur more frequently in actinides and the
bands are more intense because of lower energy involved in transitions. Morever
the overlap of 5‘f’ orbitals with the ligand orbitals increases the intensity of
absorption bands.

In short, the absorption spectra of actinides can be divided into two
groups.

(a) Am3+ and heavier actinides which have spectra resembling those of
lanthanides.

(b) Pu3+ and lighter actinides which resemble lanthanides spectra in
some ways but have a tedendency of broadening of absorption peaks which is
seen in transition metal spectra.
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The greater exposure of 5‘f’ orbitals in the lighter actinide elements results
in greater ligand–metal orbital interaction and some broadening results from the
5‘f’ orbitals behave more like transition metals and the spectra of heavier
actinides resemble those of lanthanides.

M3+/M4+ ions Electronic No of unpaired Colour
configuration electrons

Ac3+ 5f06d07s0 0 colourless
U3+ 5f36d07s0 3 Reddish

Np3+ 5f46d07s0 4 Purple
Pu3+ 5f56d07s0 5 Violet
Am3+ 5f66d07s0 6 Pink
Cm3+ 5f76d07s0 7 Colouless
Th4+ 5f06d07s0 0 Colourless
Pa4+ 5f16d07s0 1 Almost colourless
U4+ 5f26d07s0 2 Green

Np4+ 5f36d07s0 3 Yellowish green
Pu4+ 5f46d07s0 4 Orange
Am4+ 5f56d07s0 5 Reddish

3.7 Seperation Techniques in Lanthanides
(a) Ion Exchange
The most rapid and effective procedure for the seperation of lanthanides is

Ion Exchange method. This method is based on the fact that because of poor
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sheilding of 4‘f’ electrons, the size of Ln3+ ions decrease from La3+ to Lu3+
(lanthanide contraction). Because of this, the binding of Ln3+ ions to a complexing
agent gradually and regularly increases with increasing atomic number of lanthanides
resulting in the increase of  formation constant from La3+ to Lu3+. When the
complexes thus formed is eluted with a elutant, the lanthanide ions will be
eluted in a sequence from higher atomic number to lower atomic number (Lu3+
to La3+) as shown in the graph.

There are a number of cation exchange resins like Domex–50, Sodium
polystyrene sulphonate etc where Ln3+ ions are absorbed on the resin bed
replacing the Hydrogen in –SO3H groups (resin–R) or Na+ in Sodium polystyrene
sulphonate.

Ln3+ (aq) + 3H–R(s)  LnR3(s) + 3H+(aq)
Or Ln3+ (aq) + 3Na+(Res)  Ln3+(res) + 3Na+(aq)
The experimental details with the later cation exchange resin is given

below.
A solution of Ln3+ ions is introduced at the top of a cation exchange

column in the sodium polystyrence sulphonate. The Ln3+ ions readily undergo
ion exchange displacing Na+ ions forimg a band of lanthanide ions bound to the
top of the cation exchange column. To move these ions down the column, a
solution of anionic ligand e.g. citrate, tartarate, lactate, etc. is slowly passed
through the column. These anionic chelating ligands form complexes with
lanthanides.

As these complexes possess a lower positive charge than Ln3+ they are less
tightly held by the resin than Ln3+ and are displaced from the ion exchange
material into the surrounding solution.

3Na+(aq) + Ln3+(resin) +  3RCO2–(aq)  3Na+(resin) + Ln(RCO2)3 aq
The Ln3+ cations with smallest radius are most strongly bound to the

anionic ligand, so these ions have the greatest tendency to be eluted first.
The efficiency of the ion exchange method is enhanced by “displacement

chromatography”. In this method the eluted solution is passed through a second
column charged with Cu(II) or Zn(II) on the resin bed. The smaller Cu2+ ion on
the resin bed is displaced by Ln3+ ion which is deposited in a compact bond. The
Ln3+ ions are than eluted from the resin bond.

From the solutions obtained from ion exhange columns, the lanthanides
are precipitated as fluorides or hydroxides or oxalates. The hydraoxides and
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oxalates yield oxides on heating, which is converted to chloride by heating with
NH4Cl or CCl4.

(b) Solvent Extraction Method.
This method is based on the differences in the solubility of lanthanides

salts in water and an immiscible or partially miscible organic solvent. The
organic solvents are called extracting solvents or extractants. This method can be
used as tracer or in macrosales.

In this method, the aqueous solution of lanthanide salts is passed through
the organic solution which extracts the lanthanides from water. Tn–n–butyl
phosphate (TBP) is the most commonly used solvent for extraction of lanthanides
from dilute nitric acid solution. The solubility of Lu(III) elements increases
slightly with increasing atomic number. The efficiency of the process may be
increased by employing continuous counter current procedure which enables
large number of partions suitable for large scale production.

Bis 2 ethyl hexyl phosphinic acid (DEHPA) is now largely used as it has a
higher seperation factor.

The details of the solvent extraction technique is given below.
When TBP is used as extracting solvent and aqueous solution of lanthanide

salts are passed through it, the TBP form complexes with the Lu3+(aq) ions in
presence of NO3– ions.

Lu3+(aq) + 3NO3–(aq) + 3TBP (org)  Lu(NO3)3 (TBP)3(org)
The distribution ratio is given by

  Total concentration of solute in one solvent
Total concentration of solute in the other solvent

=
C TBP org

C
Ln NO

Ln aq
( )

( )

( ) ( )3 3 3
3 … (1)

For two Lu3+ ions e.g. Ln3+ and Lu'3+, the seperation factor is given by

 =/' = 
C TBP org

C TBP org
C aq
C aq

La NO
Lu NO

Lu
La

( )
( )

( )( )
' ( ) ( )

' ( )
( )

3 3
3 3 3

3
3

 
 … (2)

It has been reported that in TBP system  is 1.5(about)
Equilibrium constant K is given b

K C
C C C

Ln NO TBP org
Ln aq NO aq TBP org


 

( ) ( ) ( )
( ) ( ) ( )

3 3 3
3 3

… (3)
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Combining (1) and (3)
K C NO Caq TBP org
 


3 3 3( ) ( )

or,   . ( ) ( )C CNO aq TBP org3 3 3 … (4)
95% pure lanthanides can be seperated by this method. However this

method cannot compete with Ion Exchange method. This method is mainly used
to seperate Ln3+ from Lu4+ ions,e.g. Ce4+ and Th4+.

3.8 Transuranic Elements
The first four elements of actinide series e.g. 89Ac, 90Th, 91Pa and 92U are

the naturally occuring elements. For a long time 92U was the last elements in the
Periodic Table. After 1940, eleven elements with atomic numbers 93 to 103 were
identified and synthesized. These eleven elements are known as transuranic
elements. There are two main nuclear ractions which are used in the synthesis
of these elements.

(1) Capture of neutrons followed by  emission, which increases the
atomic number by one unit.

(2) Capture of nuclei of light elements ranging from helium to neon,
which increases the number by several units in one step.

Atomic piles provides intense neutron sources and the samples are inserted
into piles for irradiation. This first method results in diminishing return as each
element has to be made form the one before.

239 241 245 247 215 253Pu Pu Cm Cm Cf Cf    
Percentage of original sample   100       30        10        1.5        0.7      0.3

Neutron capture by a nucleus increases the neutron/proton ratio until  it
becomes unstable. Then a neutron is converted into a proton with  emission
and there is increase of atomic number by one

94242 24 94243 10 95243Pu n Pu e Am   
The sythesis of heavier elements is difficult by this method due to the loss

of yield and decrease in the nuclear stability of such elements.
The second method for jumping a number of places in one operation is

more suited for heavier actinides. This is done by bombardment of alpha(a)
particle.
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99253 24 101256 014Es He Md n  
 particle bombardment requires the target to have atomic number of two

less. For heavier actinides bombardment of nuclei heavier than  particle is
required.

96246 612 102254 014Cm C No n  
98252 511 103257 016Cf B Lr n  

In transuranic elements which are also known as man made elements, the
properties resemble those of lanthanides. The +3 oxidation state of transuranic
elements are stable. They also show +2 oxidation state like lanthanides.
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These transuranic elements are mainly named after the discoverer or the
country where it was first discovered.
3.9 Synthesis and Chemistry of Np and Pu

Np and Pu closely resemble Uranium in their ractivity and combine with
most elements. Their hydrides, stoichiometric AnH2,7 and non–stoichiometric
AnH2.7 however resemble lanthanum hydrides more than uranium hydrides.

Like uranium, Np  and Pu also  show four main oxidation states.e.g. III,
IV,V and VI. The VII oxidation state also exists in strongly alkaline medium which
has been isolated as Li5MO6 where M is Np or Pu. On acidification, reduction to
VI stage occurs rapidly. III, IV, V and VI states are present in solution as M3+, M4+,
MO2+ and MO22+ ions as in the case of Uranium and they have a similar tendency
to hydrolysis. However the relative stabilities of different states vary among the
elements. The VI state becomes increasingly unstable and oxidising from uranium
to americum and AmO2+2 solutions are as strongly oxidising as permaganate.
The V state in solution as MO2+ is the most stable state for Np and Pu.

The most stable oxides of Np and Pu are MO2 which  are formed by heating
hydroxies or nitrates of the metals. No unhydrous MO3 are known, but hydrated
NpO3 and PuO3 can be obtained by heating MO2 with Li2O in oxygen at 400°C.

Volatile hexaflourides are formed only by Np and Pu but these compounds
decompose rreadily into fluorine and tetrafluoride.

NpF NpF F6 4 2 
NpF4 and PuF4 are not stable in solution. Only PuCl4 is stable in chlorine

atmosphere.
Oxyhalides are more stable than halides, because of lower coordination

demand. MO2F2 and MOF4 where M=Np and Pu are the stable oxyhalides.
As elements Np and Pu along with americum provide the evidence in their

chemical properties that they are ‘f’ block elements and not a fourth ‘d’ series
while Th and U show similarites to Hf and W, Np and Pu are not analogous to Re
and Os, Np VII is strong oxidising while Re VII is stable. Even VI state of Np and
Pu is relatively unstable.

Through several isotopes of Np and Pu are known only a few have been
obtained in large amounts. Both Np and Pu are available in spent Uranium fuel
rods of reactors. They are seperated by either of the following methods.
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(1) Stabilities of oxidation states—The stablities are in the order
UO22+>NpO22+>PuO22+>AmO22+ and Am3+>Pu3+>Np3+>U3+. They are thus seperated
by suitable oxidising  or reducing agents to obtain a solution, which is then
seperated by precipitation or solvent extraction.

Pu can be oxidised to PuO22+ but Am remains in solution as Am3+. Thus
PuO22+ is removed by solvent extraction.

(2) Extraction in organic solvents—Np3+ and Pu3+ can be extracted into
TBP (tributyl phosphate) in kerosene from 6M nitric acid solutions.

(3) Precipitation reactions—Only Np3+, Pu3+, Np4+ and Pu4+ give insoluble
phosphates and flourides from acid solutions.

(4) Ion exchange method—Small amounts of Np and Pu can be seperate
by cationic and anionic ion exchange procedures.

Np and Pu were originally discovered by the bombardmennt of slow neutrons
on Uranium as below.

92
238

0
1

92
239

0
0

93
239

1
0

94
239

1
0

U n U Y

Np

Pu

  
B


B










In India, Np and Pu are produced in “Project Phoenix”, which is a plant set
up in Trombay in Maharastra. In this plant nuclear waste is processed for the
recovery of U, Np and Pu.

Both Np and Pu are used as given below.
(a) Pu239 and Np239 are used for fuelling atomic reactors. The heat

produced as a result of radioactive decay is used in generating electricity.
(b) It is used as an ingredient in atomic explosive weapons.
(c) Finally divided Pu is used as a starting material for the synthesis of

many important compounds of the metal.
3.10Summary

The ‘f’ block elements form two distinct series resulting in filling up of 4‘f’
and 5‘f’ orbitals. The first series is called lanthanides and the second series is
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actinides. These are kept in the bottom of the periodic table as a seperate block,
known as ‘f’block.

Lanthanides resemble each other very closely. The stable oxidation state is
+3 as a consequence of greater stabilization of 4‘f’ orbitals in comparison to 5d
and 6s. Ce and Pr show +4 oxidation state while Ir, Sm, Tm and Yb show +2
oxidation state.

All the actinides elements are radioactive. Except Ac, Th, Pa and U, all the
elements are known as Transuranic elements or man made elements or synthetic
elements. Actinides differ from each other in properties. The actinides show
oxidation states from +2 to +7.

The deep seated 4f orbitals in lanthanides gives rise to less quenching of
orbital contributions to magnetic moments, the vlaues mostly agree with L–S
coupling scheme rather than spin only values.

The magnetic properties of actinide ions show an overall similarity to those
of the corresponding lanthanide ions but are somewhat lower due to quenching
of orbital contribution by crystal field affects.

The Ln3+ ions are coloured in aqueous solutions except for f0, f1, f7 and f14
configurations. The colours are less intense but harp due to Laparte’s forbidden
f–f transitions spin orbit coupling is more important than crystal field effects in
Lu3+ ions. The spectra consists of large number of peaks compared to ‘d’ series
elements.

The spectra in actinides are due to f–f transitions ae weaker than f–f
transitions in  lanthanides. The 5‘f’ orbital show significant crystal field stabilization
effects. The bands are broader, more intense and more dependent on ligands
than lanthanides.

The mineral, monozite sand, for lanthanides is  digested by concentrated
NaOH and disssolved in dilute HCl. This is then subjected to Ion Exchange or
Solvent Extraction Method. In the ion exchange method, Ln3+ are first arrested
on a resin bed and then eluted with a complexing agent. The heaviest lanthanide
form strongest complex and eluted first. In the solvent extraction method, the Ln
are extracted from nitric acid solution by generally using TBP, whereby the
solubilities increase with the increasing atomic number.

The elements from atomic number 93 onwards are known as transuranic
elements or the man made elemets or synthetic elements. They are obtained as
decay products of U235 or by (n,) reaction onU238. The later actinides are
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produced by heavy ion bombardment on lighter actinides. These are arrested on
an ion exchange resin and selectively eluted. The heavier actinides are eluted
first.
3.11 Questions for Exercise

1. (a) What are the main differences in the spectral and magnetic
behaviour of lanthanides and actinides.

(b) Explain the differences between ‘d’ block elements and ‘f’
block elements.

2. (a) What is lanthanide contraction ? Compare it with actinide
contraction.

(b) What are the consequences of lanthanide contraction ?
3. (a) Justify th eposition of the lanthanides in the periodic table ?

(b) Write a notion on ‘f’ block elements. How do they differ from ‘d’
block elements.

4. (a) Lanthanides show the common oxidation state of +3. Comment.
(b) Which lanthanides show different oxidation sates and why ?

Give electronic configurations of these elements.
5. (a) Give the principles on the separation of lanthanides by

(i) Ion Exchange method
(ii) Solvent Extraction method

6. (a) What are man made elements ? Why are they called so ?
(b) Give an account of different oxidation states of actinides ?
(c) How the oxidation states of lanthanides and actinides differ,

and why ?
7. (a) Give an account of the chemistry of Neptunium and Plutonium ?

(b) How are they synthesized ?
8. Why is the chemistry of lanthanides so identical ? Describe ion

exchange method for separation of lanthonides from one another.
Why is the colours of its compounds are similar ?
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9. (a) Describe the ways in which the actindes resemble their
counterpart in lanthanides.

(b) In what ways the actinides resemble normal transition elements ?
(c) How is plutonium (Pu239) obtained from spent Uranium fuel

rods of atomic reactors ?
10. Write short notes —

(a) Lanthanides and Actinide contraction
(b) Magnetic and spectral properties of Lanthanides and Actinides.

3.12Suggested Readings
1. Inorganic Chemistry by Shriver and Atkins.
2. Modern Inorganic Chemistry by Mackay and Mackay.
3. Inorganic Chemistry by Huhey, Keiter and Keiter.
4. Advanced Inorganic Chemistry by Cotton and Wilkinson.
5. General Inorganic Chemistry by Sarkar.
6. Selected Topics in Inorganic Chemistry by Tuli, Madan and Mallik.
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