
These are the shapes of the seven f-orbitals (for a complex/molecule of cubic 
symmetry). As with the p and d-orbitals, the f-orbitals are averages (linear 
combinations) of the degenerate hydrogen-atom l = 3 orbitals that give spherical 
symmetry for a free atom.



f-block elements
The f-block elements are all metals and can be divided into general groups, the lanthanides and 
the actinides. The lanthanides are also known as rare earth metals or rare earths. Actually, they 
are not especially rare, except for promethium (Pm) which has a very short half-life and is 
produced artificially, but occurs naturally in trace amounts in uranium (U) ores. Each rare earth 
tends to occur in small amounts in a variety of mixed ores, and are hard to separate from one-
another, and so hard to obtain in quantity. Lanthanum (La), cerium (Ce) and neodymium are 
actually more abundant in the Earth’s crust than lead (Pb). The actinides are heavy, radiocative
isotopes and not abundant in the Earth’s crust, though are expected to be more common in the 
Earth’s core, where their radioactivity contributes to geothermal heat.

The lanthanides (4f) include the 15 elements from lanthanum (La) to lutetium (Lu) or, according 
to some schemes, the 14 elements from cerium (Ce) to Lu. The full 15 are aslo referred to as the 
lanthanoids. The term ‘rare earth’ originally referred to some naturally occurring but unfamiliar 
oxides and the actinide thorium (Th) and the d-block metal zirconium (Zr) used to be considered 
as rare earth metals. Scandium (Sc) and yttrium (Y) from the d-block may also be included in a 
discussion of lanthanides as their chemistry is similar.

The actinides (5f) include either the 15 elements from actinium (Ac) to lawrencium (Lr) or the 14 
elements from thorium (Th) to Lr. The full 15 are also referred to as the actinoids. New 
‘elements’ that are being synthesised, such as Rutherfordium (Rf) and beyond can be 
considered as extensions to the actinides. However, the current drive to extend the periodic table 
is perhaps misleading, since these new ‘elements’ are so unstable that they can not really be 
considered elements at all, since they form no compounds that persist for any meaningful length 
of time, though they are of great interest to our theoretical understanding they perhaps should 
not be given element-sounding names. Actinium is very rare and although uranium was the last 
of the super-heavy elements to be discovered initially in nature, neptunium and plutonium being 
manufactured before being found in nature, neptunium and plutonium do occur naturally in trace 
amounts in uranium ores, since they are formed by uranium radioactive decay.



Lanthanides and the scandium group
These occur in mixed ores, such as monazite (usually a heavy dark sand) and xenotime
(both these ores are mixed La, Th and other lanthanide (Ln) phosphates). these mineral are 
relatively insoluble and so occur as sands in river beds. Bastnaesite contains La and other 
Ln fluorocarbonates of general formula: M(III)CO3F. A large fraction of these Ln-containing 
minerals are rare earth oxides. Promethium occurs only as radioisotopes.

[Xe] 4f14 5d1 6s2Lutetium (Lu)

[Xe] 4f14 5d0 6s2Ytterbium (Yb)

[Xe] 4f13 5d0 6s2Thulium (Tm)

[Xe] 4f12 5d0 6s2Erbium (Er)

[Xe] 4f11 5d0 6s2Holmium (Ho)

[Xe] 4f10 5d0 6s2Dysprosium (Dy)

[Xe] 4f9 5d0 6s2Terbium (Tb)

[Xe] 4f7 5d1 6s2Gadolinium (Gd)

[Xe] 4f7 5d0 6s2Europium (Eu)

[Xe] 4f6 5d0 6s2Samarium (Sm)

[Xe] 4f5 5d0 6s2Promethium (Pm)

[Xe] 4f4 5d0 6s2Neodymium (Nd)

[Xe] 4f3 5d0 6s2Praseodymium (Pr)

[Xe] 4f2 5d0 6s2

Or [Xe] 4f1 5d1 6s2

Cerium (Ce)

Electron configurationElement

[Rn] 6d1 7s2Actinium (Ac)

[Xe] 5d1 6s2Lanthanum (La)

[Kr] 4d1 5s2Yttrium (Y)

[Ar] 3d1 4s2Scandium (Sc)

Electron configurationElement

Note: [Xe] = 1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6 4d10 5s2 5p6

All these elements are electropositive and reactive. The scandium group has a d1s2

configuration, giving these elements three readily accessible valence electrons, hence their 
chemistry is dominated by the +3 oxidation state and Sc has a similar reactivity to aluminium
(Al) which also has a predominant +3 state. The reactivity and basicity increase down the group 
and the heavier elements are about as reactive as calcium (Ca). Sc and Y occur together in 
minerals and are so chemically and physically similar that they are hard to separate from one-
another.



Across the lanthanides the f-block, which can hold a maximum of 14 electrons, fills and the atom 
gains stability by transferring the single d-electron to the f-block, except at gadolinium (Gd) where it 
is more stable to maintain the half-filled f sub-shell (half-filled and completely filled sub-shells are 
especially stable). The f-electrons do not readily partake in chemical reactions – their orbitals are 
diffuse and strongly bound to the nucleus, and when they form bonds there is little overlap and 
these f-bonds are very weak and only one or two cases are known in which they may have a 
significant effect on  the chemistry. For example, using full s p and d sub-shells allows a lanthanide 
atom/ion to form at most 9-coordinate complexes, in which it receives 18 electrons from 9 co-
ordinate ligand bonds (in much the same way that d-metals form complexes). Coordination 
numbers greater than 9 must be accepting electrons into vacant f-orbitals. Some lower coordination 
number complexes, such as cube-shaped complexes, are thought to also involve f-orbitals.

Thus, lanthanide chemistry is a bit of a mixture of that of Group 2 s-block metals and the Group 3 
p-block metal aluminium (Al), with a stable +2 oxidation-state in some cases, although the +3 state 
still dominates their chemistry (presumably one 4f-electron gets promoted into a 5d-orbital). Only 
cerium (Ce) has a stable +4 state. The metals become increasingly basic from Ce to Lu. Formation 
of +2 and +3 metal ions is energetically difficult as these high charges tend to draw electrons 
towards them, and I use these terms to indicate the tendency to lose 2 or 3 electrons in bonding 
rather than to indicate actual ionic states which may or may not occur. To encompass this variable 
ionicity/covalency we can write, for example, Ce(III) rather than Ce3+. However, the Ln3+ ion is 
large, and so has lower charge density than say Al3+, and is quite stable, though it hydrolyses in 
water (see complexes).

The f-electrons have one important physical effect: f-f transitions in which an electron jumps 
between different f-orbitals produce visible and UV spectra, which gives the metal ions intense 
colours:

[Xe] 4f7 5d0 6s0UV (colourless)Eu(II)

colourless

UV (colourless)

Green

Pink / lilac

Yellow

Cream-yellow

UV (colourless)

UV (colourless)

Pale pink

Cream-Yellow

Pink

Blue-violet

Green

UV (colourless)

Colour

[Xe] 4f14 5d0 6s0Lu(III)

[Xe] 4f13 5d0 6s0Yb(III)

[Xe] 4f12 5d0 6s0Tm(III)

[Xe] 4f10 5d0 6s0Er(III)

[Xe] 4f10 5d0 6s0Ho(III)

[Xe] 4f9 5d0 6s0Dy(III)

[Xe] 4f8 5d0 6s0Tb(III)

[Xe] 4f7 5d0 6s0Gd(III)

[Xe] 4f6 5d0 6s0Eu(III)

[Xe] 4f5 5d0 6s0Sm(III)

[Xe] 4f4 5d0 6s0Pm(III)

[Xe] 4f3 5d0 6s0Nd(III)

[Xe] 4f2 5d0 6s0Pr(III)

[Xe] 4f1 5d0 6s0Ce(III)

Electron configurationElement(oxidation state)



Since the f-orbitals are well-shielded (by the full 5s and 5s electron sub-shells which fill first) 
from the environment of the atom, these colours are little affected by the environment of the 
atom, that is little affected by other chemical species, in contrast to the coloured complexes of 
d-block metals which frequently change according to ligand bonded to the metal atom/ion. 
since there is little perturbation to the f-orbitals, the spectral lines show little broadening and 
the absorption lines are very sharp.

Looking at the electron configurations of the neutral atoms, it is also easy to see that europium 
(Eu) and ytterbium (Yb) also form stable 2+ ions: the stability of the half-filled and full f-
subshells means that more energy is required to remove a third electron, since the electrons 
are reluctant to leave the f-subshell in these stable cases.

The electron configurations given for cerium (Ce) vary between sources, but the more recent 
sources give the 4f1 5d1 6s2 configuration and this explains the tendency of Ce to form a 
Ce(IV) state (it is generally easier to lose a lone f-electron than it is to steal one from a more 
complete subshell).

The Metals

The lanthanide metals typically have 3 electrons in the conduction band (and so can be 
pictured as a lattice of Ln3+ ‘ions’ surrounded by a ‘sea’ of the three delocalised valence 
electrons). However, in europium (Eu) and ytterbium (Yb) only two electrons contribute to 
metallic bonding and the metallic radius is larger (M2+ ions are generally larger than M3+ ions). 
Again, this is due to the stability of the half-full and full f-subshells which remain intact. Cerium 
(ce) may contain up to 4 conduction electrons.

The metals are silvery in appearance, except for Eu and Yb which are pale yellow. The metals 
are quite soft, but become harder across the series. Hexagonal close-pack (hcp) structures 
are the most common, but most exist in a variety of crystalline forms or allotropes. thus, they 
are close-packed metals, though with relatively low electrical conductivities.

The Lanthanide Contraction

As one moves to the right of the lanthanide series, from lanthanum (La) to lutetium (Lu), an 
extra f-electron is added at each step (with the exceptions of gadolinium (Gd) due to the 
stability of the half-full shell) until the f-subshell is full at ytterbium (Yb). Since this electron is 
being added to the same sub-shell the atom does not become larger (it does not add an extra 
shell as it would stepping down a group) and there is a negligible effect on shielding of the 
nucleus (typically only full subshells give significant shielding). As an electron is added, so a 
proton is added also and this extra proton charge pulls on the f-electrons with extra force 
(which is not offset by shielding) and so the atoms contract, they become smaller, as one 
moves to the right. the total contraction across the series is the lanthanide contraction. this 
contraction is large enough to offset the increase in radius when moving down groups in the d-
block, further along, so that metals of the second and third d-block transition series have very 
similar radii and so have similar chemical behaviour. (Usually, when moving one-step down a 
group, such as down a group in the s-block or p-block or from the first to the second transition 
series, the radius increases greatly as a complete shell of electrons is added which shields the 
nuclear charge so much that it offsets the addition of extra protons; and this gives the 
elements very different chemistries down a group).



Lanthanide Chemistry

1. Reaction with oxygen, air and nitrogen

Most lanthanides (Ln) react when ignited in air/oxygen to give Ln(III) oxides as follows:

4Ln(s) + 3O2(g) → 2Ln2O3(s)

e.g. 4Nd(s) + 3O2(g) → 2Nd2O3(s)

However, cerium (Ce), praseodymium (Pr) and (terbium) Tb form the dioxideor (IV) oxide as 
the stable end-product:

Ce(s) + O2(g) → CeO2(s)

The carbonates, nitrates, hydroxides, etc, all decompose on heating to give these oxides:

Ln2(CO3)3(s) → Ln2O3(s) + 3CO2(g)

Heating in air/nitrogen also gives the nitride:

2Ln(s) + N2(g) → 2LnN(s)

2. Reaction with halogens

Heating the metal (Ln) in the presence of halogen (X2) usually produces the trihalide, LnX3. 
However, cerium (Ce), praseodymium (Pr) and terbium (Tb) will produce LnF4 with fluorine:

Ce(s) + 2F2(g) → CeF4(s) (a white solid)

or when the aqueous Ce(III) ion is precipitated by fluoride:

Ce4+(aq) + 4F–(aq) → CeF4(s)

(Do not take Ce4+ too literally, it will be solvated/complexed).

The other tetrafluorides react with water so must be prepared dry.

With chlorine, bromine and iodine, the LnX3 is usually formed:

2Nd(s) + 3Cl2(g) → 2NdCl3(s) (a violet solid)

2Pr(s) + 3Cl2(g) → 2PrCl3(s) (a green solid)

2Ce(s) + 3Cl2(g) → 2CeCl3(s) (a white solid)

2Nd(s) + 3Br2(g) → 2NdBr3(s) (a violet solid)

2Lu(s) + 3Br2(g) → 2LuBr3(s) (a brown solid)

2Gd(s) + 3l2(g) → 2Gdl3(s) (a yellow solid)

2Sm(s) + 3l2(g) → 2Sml3(s) (an orange solid)

The trifluorides are all very insoluble and can be precipitated:

Ln(NO3)3(aq) + 3HF(aq) → LnF3(s) + 3HNO3(aq)

(The precipitate is actually hydrated: lnF3.½H2O(s))



The anhydrous trihalides are ionic and crystalline solids with high melting-points. except for 
the trifluorides, they are very deliquescent (absorbing moisture from the air to form a 
solution).

For some of the elements, dihalides can be prepared by reducing the trihalides, e.g. with an 
alkali metal. E.g. SmCl2, a brown solid. SmI2, EuI2 and YbI2 can be prepared by thermal 
decomposition of the triiodide:

2SmI3(s) → I2(g) + 2SmI2(s) (a green solid)

Thus, the (IV) state is generally more stable for the fluorides and the (II) state for the iodides, 
which resemble Group 2 metal iodides, e.g. CaI2, in structure. The diiodides, especially CeI2, 
PrI2 and GdI2, have metallic lustre and very high electrical conductivities and are thought to 
contain Ln3+ ions, with two electrons involved in ionic bonding and one in metallic bonding.

3. Reaction with hydrogen

When heated in hydrogen gas, the metals tend to form mixed hydrides, which contain non-
stoichiometric (i.e. not simple, whole-number) mixtures of LnH2 and LnH3 which are metallic.

4. Reaction with water

Lanthanides react slowly with water:

2Ln(s) + 6H2O → 2Ln(OH3) + 3H2(g)

and with water and carbon dioxide:

2Ln(s) + 3H2O(l) + 3CO2(g) → Ln2(CO3)3 + 3H2(g)

5. Complexes

The aqueous Ln3+ ions are complexed to a variable number of water molecules as 
[Ln(H2O)n]

3+, with n typically about 9. They hydrolyse (reversibly) unless the solution is 
moderately acidic:

[Ln(H2O)n]
3+ + H2O → [Ln(OH)(H2O)n-1]2+ + H3O

+

The most stable and common lanthanide complexes are those formed with oxygen ligands. 
The larger lanthanide atoms can form complexes with coordination numbers as high as 12, 
with ligands that do not require much space, such as nitrate and sulphate ions. E.g. the 
[Ce(NO3)6]

2– complex has a coordination number of 12. [CeCl6]
2– is an example of an 

octahedral complex. the large Ln3+ ion with its high charge favours the formation of 
complexes with these large coordination numbers.



The Scandium Group

The dominant oxidation state is +3 and the s2 and d1 electrons are used for bonding. The 
ions are colourless as they have no d- or f-electrons (cf. the colourless Al3+).

These also form M(III) oxides that increase in basicity down the group: Sc2O3, Y2O3, La2O3
and Ac2O3. Y2O3 and Y(OH)3 absorb CO2(g) from the air, much as Ca(OH)2 does. The 
hydroxides, Y(OH)3, La(OH)3 and Ac(OH)3 are precipitated as gelatinous precipitates by 
sodium hydroxide solution:

Y3+(aq) + 3OH–(aq) → Y(OH)3(s)

For Sc, the hydrated oxide likely precipitates the hydrous oxide instead (possibly ScO(OH) 
which reacts with water to give Sc2O3.nH2O) and this scandium ‘hydroxide’ only dissolves in 
excess concentrated NaOH to give: [Sc(OH)6]

3–. The chemistry of scandium (Sc) is in some 
ways similar to that of aluminium (Al), which also precipitates a gelatinous hydroxide 
(Al(OH)3 or hydrated oxide?) with NaOH, which also dissolves in excess hydroxide to give 
[Al(OH)4]

–. The species, AlO(OH) is also known. additionally, ScCl3 is quite volatile, similar 
to AlCl3, but unlike aluminium chloride, scandium trichloride is monomeric in the vapour. 
Sc2O3 is also similar to Al2O3, being less basic than the Ln2O3 oxides. The hydrous oxide of 
scandium is amphoteric, like aluminium hydroxide.

Reaction with hydrogen produces metallic dihydrides, e.g. ScH2. except for scandium 
hydride, these dihydrides can absorb more hydrogen to form ionic trihalides, e.g. YH3.

The reactivity increases down the group, but the tendency to form complexes reduces down 
the group. ScF3 is insoluble in water but dissolves in excess hydrofluoric acid, HF, or in 
ammonium fluoride, NH4F, to give fluoro-complexes, e.g. [ScF6]

3–. Scandium forms more 
stable complexes, due to its small size (and hence higher charge density).

Although scandium is much like aluminium, the heavier elements in the group are more like 
calcium (Ca). When water is added to La2O3(s), it ‘slakes’ hissing as steam and heat are 
evolved in an exothermic reaction, much as CaO(s) does.

Uses of the lanthanides

The lanthanides and lanthanum (La) are used in certain steels and as catalysts in the 
cracking of alkanes by the petroleum industry. Lanthanides are used in cobalt alloys to 
produce magnets. The lanthanum oxides are used in fluorescent materials and screens. The 
inner walls of ‘self-cleaning’ ovens are coated in CeO2 (which prevents tar-like deposits.

Separation of the lanthanides

Looking at the relative sizes of the scandium group M3+ and Ln3+ ions, illustrated below, it 
can be seen that the lanthanides are all of a very similar ionic radius, and the yttrium (Y) and 
lanthanum (La) are also of the same sort of radius. Scandium (Sc) and actinium (Ac) are 
quite different. Since ionic size affects chemical and physical properties (as does ionic 
charge, but that’s the same for each ion in this case) it can be understood why actinium 
occurs separately and that scandium is more easily separated from the others. 



Sc Y La Ac

Ce Pr Nd Pm Sm

Eu Gd Tb Dy Ho

Er Tm Yb Lu

Relative sizes of the +3 ions of the scandium group and lanthanides

100 pm

Scandium, for example, forms more stable complexes, such as scandium 
acetylacetonate, which can be sublimed at 200oC whilst all the others decompose; or 
extraction into a complex-forming solvent will favour the extraction of scandium.

Yttrium (Y) and lanthanum (La) are harder to separate from the lanthanides and from one-
another, and the lanthanides are similarly hard to separate. The chemistry of all the 
lanthanide elements is almost identical. Note that there is a gradual decrease in ionic 
radius across the series, due to the lanthanide contraction. Standard classical separation 
methods, such as fractional crystallisation, have to be repeated thousands of times! 
cerium could be oxidised to the +4 state and distinguished that way, whilst europium and
samarium could be reduced to the +2 state and removed. Ion exchange or solvent 
extraction can now be used. For example, using a cation-exchange resin (R) in a column 
and adding a solution of the lanthanide ions, the lanthanides (Ln) displace protons:

3R-H + Ln3+ + 3H2O → R3-Ln + 3H3O
+

Then a buffered solution of citric acid (HCit) is added to the column, establishing the 
equilibrium:

R3-Ln + 3HCit 3R-H + LnCit3



C

C O
Ln

OO

O

O

O

The solubility of each Ln3+ in the citric acid (i.e. its ability to form soluble citrates) varies 
slightly and as the ions work their way down the column this miniature process of ‘solvent 
extraction’ is repeated thousands of times in the column. The smaller, heavier lanthanide ions 
form the citrate complex more readily and so are washed down the column faster and are 
eluted first. Pure lanthanide solutions can be obtained in this way, especially if repeated, 
since after the first run the products are about 80% pure. The eluate that washes out the 
column, containing our product, is very dilute since some 50 litres (dm3) of citric acid may be 
needed to wash through a 0.4g mixture!. The dilute lanthanides can be precipitated out each 
time, e.g. as insoluble oxalates.
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acetylacetone complex 
of a lanthanide, Ln

Other lanthanide compounds

1. Oxysalts (salts of oxyacids). The carbonates, sulphates, nitrates, phosphates, oxalates 
(salts of oxalic acid) and perchlorates (salts of perchloric acid) are all similar to the 
equivalent salts of calcium. The carbonates, phosphates and oxalates are insoluble, whilst 
the other oxysalts are more soluble than their corresponding calcium salts. Sc2(CO3)3
dissolves in hot ammonium carbonate and allows scandium (Sc) to be separated from 
yttrium (Y) and lanthanum (La), which do not dissolve.

2. Double salts. Double nitrates and sulphates are known, e.g. Ln(NO3)3·2NH4NO3·4H2O, 
Ln2(SO4)3·3Na2SO4·12H2O.  In these salts the Ln3+ is more-or-less fully ionic, which is 
unusual for a 3+ ion (Al3+ tends toward covalency) and is due to the large size of the ions 
off-setting the high-charge density to reduce the polarising ability of the ions. [Al3+ is about 
0.050 nm in radius, La3+ 0.115 and Lu3+ 0.093).



[Rn] 5f11 6d0 7s2

[Rn] 5f10 6d0 7s2

[Rn] 5f8 6d1 7s2

or [Rn] 5f9 6d0 7s2

[Rn] 5f7 6d1 7s2

[Rn] 5f7 6d0 7s2

[Rn] 5f6 6d0 7s2

[Rn] 5f5 6d0 7s2

or [Rn] 5f4 6d1 7s2

[Rn] 5f3 6d1 7s2

[Rn] 5f2 6d1 7s2

or [Rn] 5f1 6d2 7s2

[Rn] 6d2 7s2

[Rn] 6d1 7s2

Electron configuration

2, 3(most stable)101 Mendelevium (Md)

2, 3(most stable)100 Fermium (Fm)

(2 in solids only), 399 Einsteinium (Es)

3103 Lawrencium (Lr)

2(most stable), 3102 Nobelium (No)

(2, 4 in solids only), 3(green)98 Californium (Cf)

3(green, most stable), 4(yellow)97 Berkelium (Bk)

3(pale green, most stable), 4(pale 
yellow)

96 Curium (Cm)

2(solids only), 3(pink, most stable), 
4(pink), 5(yellow), 6(brown)

95 Americium (Am)

3(violet), 4(brown, most stable), 5 
(pink), 6(orange), 7(green)

94 Plutonium (Pu)

3(blue/purple), 4(yellow-green), 
5(green, most stable), 6(pink), 

7(green)

93 Neptunian (Np)

3(red), 4(green), 6(yellow, most 
stable)

92 Uranium (U)

3(solids only), 4, 5(most stable) - all 
colourless

91 Protactinium (Pa)

3, 4(most stable) - both colourless90 Thorium (Th)

89 Actinium (Ac)

Oxidation states (all +)Element

The actinides (actinoids: elements 89 to 103)

Ac U Np Pu Am Cm Bk Cf

The relative radii of some actinide 3+ ions. the radius gradually decreases down the series, 
the actinide contraction, which is analogous to the lanthanide contraction. Variations in the 
radii of the neutral atoms are more irregular.



Overview of the Actinides

Actinium (Ac)

A silvery-white metal that glows in the dark due to its radioactivity. This radioactivity also 
contributes to disintegration of the metal, giving it a higher reactivity. Oxidation states: +3.

Thorium (Th)

A white metal that tarnishes in air. Highly electropositive. The powder is pyrophoric (can 
spontaneously ignite in air). Thorium is attacked by boiling water, oxygen (at 250oC) and nitrogen 
(at 800oC). Dilute acids, such as hydroflouric acid (HF), nitric acid (HNO3) and sulphurica cid 
(H2SO4) attack the metal only slowly. Concentrated hydrochloric (HCl) and phosphoric (H3PO4) 
acids attack the metal slowly. Hot 12M HCl dissolve sthe metal to leave a black residue (which is 
a complex hydride of approximate formula: ThO1.3Cl0.7H1.3). Oxidation states: +3, +4(most 
stable).

Protactinium (Pa)

A relatively unreactive, shiny, malleable metal that tarnishes in air. Oxidation states: +3, +4, +5.

Uranium (U)

One of the densest metals (19.07 gcm-3 at 25oC) and has three crystalline 
modifications/structures (allotropes). Forms a limited range of alloys or intermetallic compounds, 
e.g. U6Mn, U6Ni and USn3, but cannot form an extensive range of alloys or solid solutions due to 
its unusual crystal structures. the surface tarnishes rapidly in air, turning yellow and then black. 
The metal reacts with boiling water to form a mixture of oxide (UO2) and hydride (UH3). It 
dissolves rapidly in HCl (often leaving a black residue, cf thorium) and also dissolve sin HNo3 and 
slowly in sulphuric acid, phosphoric and hydrofluoric acids. Oxidation states: +3, +4, +5, +6(most 
stable).

Neptunium (Np)

A silvery metal, resembles uranium but is denser (20.45 gcm-3) and also has three allotropes. 
Oxidation states: +3, +4, +5(most stable), +6, +7.

Plutonium (Pu)

Chemically similar to uranium. It is pyrophoric and can initiate a nuclear explosion above a critical 
mass. Has at least six allotropes below its melting point, each with different physical properties 
(such as density, thermal expansion and conductivity). Forms numerous alloys. it has a similar 
density to uranium and neptunium. Oxidation states: +3, +4(most stable), +5, +6, +7.

Americium (Am)

The first actinide metal in the series to resemble a lanthanide. It has a higher melting-point and a 
lower density (13.7 gcm-3) than the earlier members of the series. It is more electropositive than 
plutonium. Oxidation states: +2, +3(most stable), +4, +5, +6.

Curium (Cm)

Resembles gadolinium (Gd) with a relatively high melting-point and with similar magnetic 
properties. Oxidation states: +3(most stable), +4.



Occurrence and Preparation of the Elements

All known isotopes of all actinide metals are radioactive. Only 232Th, 235U, 238U and possibly 
244Pu could have survived since the formation of the Solar system. (The very heavy actinide 
elements are manufactured inside supernova explosions). Ongoing natural radioactive 
processes on Earth continue to generate 234U, 231Pa, 227Ac, 237Np and 239Pu. Although 
uranium (U, element 92) was the heaviest element to be discovered first in nature, the 
transuranics (elements heavier than uranium) all being discovered after their manufacture in 
nuclear reactions, traces of neptunium and plutonium do occur in nature in uranium ores by 
neutron absorption followed by beta-decay. Elements with atomic number greater than 
plutonium (94) do not occur in nature.

These elements initiate radioactive series, in which their nuclei undergo spontaneous 
radioactive decay to a stable nucleus via a series of radioactive intermediates. these series 
are:

1. The Thorium Series: 232Th →→ … → 208Pb

2. Neptunium Series: 241Pu →→ … → 209Bi

3. Uranium Series: 238U →→ … → 206Pb

4. Actinium series: 235U →→ … → 207Pb.

•Thorium (Th) occurs in monazite sands, which are up to 20% ThO2. Chemically it can be 
prepared from thermal decomposition of the iodide (de Boer process):

ThI4 → Th + 2I2.

Thorium can also be prepared by electrolysis of molten ThF4, KCN and NaCl.

•Uranium (U) occurs (at about 0.1%) in pitchblende/uraninite ores as U3O8, and carnotite as 
K2(UO2)2(VO4)2·3H2O.

•The transuranic elements must all be prepared artificially. About 1200 tonnes of plutonium 
(Pu) have been produced worldwide in reactors! one method of synthesis is neutron 
bombardment:
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The neutrons arise from spontaneous fission of uranium-235, or from alpha-bombardment of 
lighter elements in the ores.

•One general chemical preparation method is to reduce the anhydrous AnF3 or AnF4 with 
lithium (Li), magnesium (Mg), calcium (Ca) or barium (Ba) vapour at 1100 to 1400oC. 
Chlorides and oxides can be similarly reduced.

•Americium (Am) is formed from plutonium (Pu) in nuclear fuel rods, by neutron bombardment. 
Chemically it can be prepared by reduction of AmF3 with Ba:

3Ba(g) + 2AmF3 → 3BaF2 + 2Am

Or by reduction of americium oxide with lanthanum (La) at 1200oC:

Am2O3 + 2La → La2O3 + 2Am

Nuclear reactors
In nuclear fission, an atomic nucleus splits to give two nuclei (usually) and neutrons (n). The 
neutrons may trigger strike other nuclei, making them unstable and causing them to also 
undergo fission, creating a chain-reaction. The main fragments recoil and collide with 
neighbouring atoms, resulting in conversion of their kinetic energy into heat. One million times 
more heat is released than by chemical reactions! For the chain-reaction to continue or 
escalate, a minimum critical mass of the fissile element is needed.

Uranium-235 is the only naturally occurring fissile nucleus (the only naturally occurring nucleus 
that can undergo nuclear fission). However, it only accounts for 0.72% of uranium atoms, 
99.3% being uranium-238.

PuNp

NpU

239
94

0
1-

239
93

239238

    

:plutonium intodeacy -beta  thencan neptunium The

ores. unranium in nature in occurs give   toby  absorption Neutron

+® b

energy  3        

:tbombardmen neutronby  induce fissionnuclear  of Example
1
0

92
36

141
56

235
92

1
0 +++®+ nKrBaUn

Each fission product is unstable, being too neutron-rich, and may radiate one or two 
neutrons, either almost immediately (prompt neutrons) or some measurable time later 
(delayed neutrons).

Fission of uranium-235 is best induced by slow neutrons, moving at about 2200 m/s with a 
kinetic energy equivalent to a temperature of about 20oC, hence these slow neutrons are 
also called thermal neutrons (each with a kinetic energy of about 0.025 eV or 2.4 kJ/mol).

However, the neutrons released by fission of uranium-235 are fast neutrons, with energies 
of about 2 MeV (190 million kJ/mol) and these are not good at inducing fission. Thus, the 
problem arises of how to maintain the chain-reaction.

One solution is to enrich the uranium, increasing the content of uranium-235 above the 
natural level. Another is to slow down or moderate the fast neutrons to the right energy.



A minimum critical mass of uranium fuel is also needed to prevent excessive loss of neutrons 
from the surface (a smaller sample will have a higher surface area to volume ratio, and a 
shorter path from the centre to the surface and so the neutrons can more easily escape 
without colliding with another target nuranium-235 target nucleus). If too many neutrons react, 
however, the reaction will run-away out of control.

An adjustable neutron absorber is needed to regulate the reaction until the rate of neutron 
production equals the rate of neutron absorption. In 1942, at the University of Chicago, Fermi 
and his group created the first sustainable nuclear reactor, consisting of alternating layers of 
uranium dioxide, UO2, and graphite. Cadmium (Cd) strips were used to regulate the reaction. 
To achieve criticality (minimum critical mass) 50 tonnes of U)2, 6 tonnes of uranium and 400 
tonnes of graphite were needed.

In a reactor, the coolant absorbs the heat produced and this heat generates steam that drives 
turbines to generate electricity. in 1956, the first commercial nuclear power station opened in 
Cumberland, UK at Calder Hall.

Enrichment of the uranium is beneficial, as the cladding and coolant absorb some of the 
neutrons. Rather than the 0.72% fraction of the uranium-235 isotope found in nature, 2-3% is 
needed in a water-cooled reactor. UO2 is chemically less-reactive and has a higher melting-
point than uranium metal, making it a more useful fuel.

The role of plutonium – fast-breeder reactors

Plutonium is produced by neutron bombardment of uranium-238
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The first beta-decay takes about 23.5 minutes (half-life) to produce neptunium. The second 
beta-decay takes 2.36 days (half-life) to produce plutonium. The plutonium-239 decays by 
alpha-decay (half-life = 24100 years). Plutonium-239 is a fissile nucleus (an artificial fissile 
nucleus) and reactors typically contain some uranium-238 to produce plutonium-239 and 
increase the efficiency of the fuel.

‘Breeding’ of plutonium-239 is not possible in thermal reactors (those using thermal 
neutrons) as uranium-235 produces too few neutrons. In fast-breeder reactors, the 
moderator is dispensed with and the chain-reaction is instead sustained using enriched 
uranium and uses fast neutrons (the enrichment of the uranium, increasing the uranium-235 
content compensates for the lower efficiency of fast neutrons in triggering fission). these 
reactors breed plutonium and so generate more fuel than initially present. the fuel is PuO2
in depleted UO2 (i.e. oxide containing uranium-238) and a blanket of more depleted UO2 in 
which the plutonium-239 is generated. this gives an energy yield 50-60 times higher than 
from natural uranium.

In magnox reactors the cladding is a magnesium-aluminium alloy. Water reactors use 
zirconium alloys. Moderators are comprised of light atoms, which do not capture and react 
with neutrons, which leaves graphite and water as sensible choices. the neutrons collide 
with the moderator atoms, losing energy.



Fuel enrichment

This involves separating the isotope uranium-235 from the more abundant uranium-238. one 
method uses the volatile uranium hexafluoride, UF6. This UF6 readily sublimes and the lighter 
isotope-containing molecules move faster for a given kinetic energy and so pass through a 
porous membrane more rapidly, slightly enriching the UF6 in the lighter isotope. however, this 
diffusion-separation method has to be repeated thousands of times and is expensive.

Centrifuging the UF6 gas is more efficient (gas centrifugation). The heavier 238UF6 moves to 
the walls of the centrifuge more readily, whilst the lighter 235UF6 tends to stay in the centre. a 
cascade of such gas centrifuges, each spinning at about 1000 rps (revolutions per second), 
achieves the separation.

Laser isotope separation uses a laser whose energy is fine-tuned to selectively ionise 235U 
which is then collected at a cathode (negative electrode).

Coolants

Water or heavy-water (containing deuterium (2H): D2O) can be used (with a water moderator), 
but must be kept under high pressure to prevent boiling. Carbon dioxide and helium gases can 
be used (with graphite moderators). breeder reactors reach higher temperatures and liquid 
sodium (Na(l) or a sodium/potassium alloy (Na/K) or highly compressed helium have been 
used.

Control rods

These are often boron steel or boron carbide, cadmium or hafnium (Hf).



Uranium
One of the densest metals, being 2.5-times as dense as iron. There are three allotropes. It 
dissolves rapidly in hydrochloric and nitric acids, but reacts only slowly with sulphuric, 
phosphoric and hydrofluoric acids. It does not react with alkalis, but will react with water.

Oxides

Uranium is reactive and tarnishes rapidly in air, the surface of the metal turning first yellow 
and then black (this film offers the metal little protection from chemical attack). Powdered 
uranium is often pyrophoric. 

The most stable uranium oxide is the dark green solid, U3O8, but uranium(VI) oxide UO3
(orange-yellow), uranium(V) oxide U2O5 (black) and uranium(IV) oxide UO2 (dark brown) 
also occur. In UO3 and U3O8 uranium is found in the +6 state.

Uranium metal reacts with boiling water:

U(s) + 2H2O(l/g) → 2H2(g) + UO2(s)

(Hydrogen produced reacts with the U to form a hydride which disintegrates)

The oxides of the actinides are characterised by polymorphism, existing in several different 
crystal forms, non-stoichiometry, and intermediate or mixed phases. for example, the actual 
formula for UO2 is more like: UO2-2.25.

They are important nuclear fuels. The formulae given are idealisations, with fractional 
quantities of O being frequent. UO3 has seven forms, of which gamma-UO3 (g-UO3) is the 
most common and is obtained by the following reaction:

heating in air at 400oC: UO2(NO3)·6H2O(s) → g-UO3(s) + NO2(g) + 6H2O(g)

Heating any uranium oxide in air at 800-900oC gives U3O8. Reduction of oxides with H2(g) or 
H2S(g) gives non-stoichiometric intermediate oxides, e.g. U2O5, and then finally UO2. 
Monoxides of the actinide elements exist in the vapour phase. The oxides are basic (but are 
much less reactive if they have been previously ignited). 

From UO3 other uranium oxides can be prepared:

at 350oC: 3UO3(s) + CO(g) → UO2(s) + CO2(g)

at 700oC: 3UO3(s) → U3O8(s) + ½O2(g)

Uranium trioxide can also be prepared by thermal decomposition of ammonium diuranate:

UO2(OH)2·H2O(s) → UO3(s) + 2H2O(g)

Stability of oxidation states

U3+ (red-brown)

UO2
2+

(yellow)
U4+

(green)

Na or Zn/Hg H2O (slow) or air (rapid)

HNO3

UO2
+ is transient



Aqueous ions and complexes 

All oxides of uranium dissolve in concentrated nitric acid or concentrated HClO4 to give yellow 
uranyl, UO2

2+ salts. The actinide(VI) ion, AnO2
2+ ion is the normal stable state of An6+ in 

aqueous solution, whilst AnO2
+, e.g. UO2

+, is the most stable An5+ state. these dioxo ions are 
very stable as the actinide-O bond is very strong. the ions adopt the linear shape: [O-An-O] in 
both solution and in crystalline salts. For example the uranyl salt: UO2

2+(O2
2–)·2H2O(s) can be 

obtained, and this reacts with sodium hydroxide (NaOH) and hydrogen peroxide (H2O2) to give 
the very stable salt: Na4[UO2(O2)3]·9H2O(s).

The UO2
2+(aq) system is complex, with hydrolysis (generating acid) producing polymeric ions 

like (at room temperature): UO2OH+, (UO2)2(OH)2
2+ and (UO2)3(OH)5+. The formation of such 

complexes also occurs when UO3 dissolves in uranyl solution, which makes the trioxide very 
soluble in uranyl(aq).

It is not surprising that U6+ and U5+ form dioxo ions in water, since the charges on these ions 
are very high and we not expect the ions to remain unreacted. The uranium(V) ion, UO2

+ is 
unstable and rapidly diproportionates:

UO2
+(aq) → U4+(aq) + UO2

2+(aq)

but can be stabilised, by complex formation, in hydrofluoric acid, giving UF6
–, and in 

concentrated Cl–(aq) and concentrated CO3
2–(aq).

However, in quite acidic solution, the U4+ ion is only partially hydrolysed:

U4+(aq) + H2O(l)      U(OH)3
+(aq) + H+(aq)

but will form polymeric ions at higher pH. the acid solutions give insoluble precipitates with 
fluoride:

U4+(aq) + 4F–(aq) → UF4(s)

and also with phosphate and iodate:

3U4+(aq) + 4PO4
3–(aq) → U3(PO4)4(s)

U4+(aq) + 4IO3
–(aq) → U(IO3)4(s)

Some reactions of aqueous uranium ions that produce complex ions:

U4+(aq) + Cl–(aq)      UCl3
+

U4+(aq) + 2HSO4
–(aq)      U(SO4)2 + 2H+(aq)

UO2
2+ + Cl– UO2Cl+(aq)

UO2
2+ + 2SO4

2–(aq)      UO2(SO4)2
2–(aq)

U4+ is oxidised to UO2
2+ by solid PbO2 or MnO2 (with the oxygen coming from the solid 

oxidant) and by hydrogen peroxide. It is also oxidised to UO2
2+ by oxygen or ozone, in which 

case only one oxygen atom comes from the oxidant (the other presumably coming from 
water).

The uranium(V) ion is formed from the uranyl ion in dimethyl sulphoxide: UO2
2+ → UO2

+



Nitrate complexes. U4+ in nitrate forms the complex: [UNO3(H2O)4]
3+ and salts of [U(NO3)6]

2–, 
e.g. Cs2(U(NO3)6) can be precipitated from U4+(aq) by concentrated nitric acid.

Uranyl, UO2
2+, reduction by chromium(II), Cr2+(aq), produces the bright-green intermediate: 

[(H2O)5Cr(III)-O-U(V)O(H2O)n]
4+ and then chromium(III) and U4+(aq) as products.

Thiocyanate, phosphates and organic acid anions also form complexes and uranium in 
phosphate minerals is of the forms: UO2H2PO4

+ and UO2H3PO4
2+.

Hydroxides are not well-characterised, but addition of alkali to aqueous solutions give 
gelatinous precipitates that redissolve in acid. U(VI) gives UO2(OH)2(s) (hydratyed trioxide 
UO3·xH2O).

Uranyl Salts

The uranyl salts are the only common uranyl salts. In hydrogen peroxide solution at pH 2.5 to 
3.5 they give a pale yellow precipitate of hydrated uranium tetroxide:

UO2
2+(aq) + H2O2(aq) + 2H2O(l) → H2(g) + UO4·2H2O(s)

Uranyl nitrate can be obtained from crystallisation from uranyl in nitric acid. With dilute nitric 
acid, it has 6 waters of crystallisation, 3 with concentrated nitric acid and 2 with fuming nitric 
acid:

UO2
2+(aq) + 2NO3

–(aq) + xH2O(l) → UO2(NO3)2·xH2O(s)

(This is a simplification, nitric acid generally reacts to evolve NO(g) and NO2(g) in varying 
ratios depending on concentration and the stoichiometry of the reactions varies with 
concentration). The uranyl nitrate produced is soluble in both water and organic solvents.

Uranyl acetate, UO2(OCOCH3)2 is soluble in water and is used as a stain for biological 
materials in transmission electron microscopy (TEM). Other organic acids, sulphates, halides, 
etc. also give uranyl salts.

Anhydrous uranyl nitrate can be prepared by the reaction of uranium metal with nitrogen(IV) 
oxide in methyl cyanide (CH3CN or MeCN):

U(s) + N2O4(l) → UO2(NO3)2·N2O4·2MeCN

which gives UO2(NO3)2 on heating to 163oC.

Uranates

These orange or yellow salts can be formed by melting uranium(III) oxide with s-metal 
carbonates:

2UO3(s) + Li2CO3(s) → Li2U2O7(s) + CO2(g)

Li2U2O7(s) + Li2CO3(s) → 2Li2UO4(s) + CO2(g)

Li2UO4(s) + Li2CO3(s) → Li4UO5(s) + CO2(g)

Reactions with other elements

Uranium can be reacted directly with C, B, Si, N, P, As, Sb, Se, S and Te to form semi-
metallic compounds, e.g. nitrides and silicides, that are often non-stoichiometric (and more 
like alloys). These compounds tend to be inert.



Hydride

Uranium reacts rapidly with hydrogen at 250-300oC, evolving heat, to give the hydride (a 
pyrophoric black powder):

2U(s) + 3H2(g) → UH3(s) 

At higher temperatures the hydride decomposes to give finely-divided (and hence highly 
reactive) uranium metal. The hydride undergoes a number of useful reaction (in the following 
equations I have assumed that hydrogen is simply displaced and that H2(g) is the only 
byproduct):

at 350oC: UH3(s) + H2O(g) → UO2(s) 

at 200oC: UH3(s) + Cl2(g) → UCl4(s) 

at 450oC: UH3(s) + H2S(g) → US2(s)

at 250oC: UH3(s) + HCl(g) → UCl3(s)

(Presumably the hydrogen is displaced and likely further oxidised)

Halides

Fluorine and chlorine are capable of forcing uranium into its maximum +6 oxidation state:

UF6 (white/colourless, volatile solid),  UCl6 (blue)

UF5 (blue-white, polymeric solid),  UCl5 = U2Cl10 (red-brown vapour)

UF4 (green, solid),  UCl4 (green, solid)

UF3 (green, solid),  UCl3 (red, solid)

U

F

F

F

F

F

F

Bromine and iodine, being less electronegative, only readily form the uranium(III) and 
uranium(IV) halides:

UBr4 (brown),  UI4 (blue)

UBr3 (red),  UI3 (blue)

UF6 is a strong fluorinating agent:

CS2 + UF6 → SF4

And can be prepared from UF4:

at 400oC:  UF4(s) + F2(g) → UF6(s)



at 240oC:  UF4(s) + ½F2(g) → UF5(s) (polymeric chains)

at 500-600oC:  UO2(s) + C2Cl4F2 → UF4(s)

at 65oC:  UF6(g) + HBr(g) → UF5 ( + HF(g) ?)

UF4(s) + UF6(g) → UF5 + U2F9 + U4F14

These intermediate fluorides diproportionate easily:

U2F9(s) + UF6(g)       3UF5

at 900oC:  UF4 + Al → UF5 + AlF

UF3 is a high melting point crystalline solid that is insoluble in water and dilute acids. UCl4 is 
soluble in polar organic solvents and water.

2UCl4 + Cl2(g)
500oC

<250oC
U2Cl10

100-180oC
UCl4 + UCl6

Uranium trichloride can be prepared from the hydride:

UH3(s) + HCl(g) → UCl3(s)

Uranium(IV) chloride by refluxing with hexachloro-propene (liquid-phase chlorination):

UO3 + (Cl2) → UCl4

heat:  2U + 3I2 → 2UI3

Oxyhalides occur:

at 400oC:  UO3 + 2HF(g) → UO2F2 + H2O(g)

at 350oC:  UCl4 + O2(g) → UO2Cl2 + Cl2(g)

Halogeno-complexes

As already mentioned, fluoride ions will complex with uranium, forming complexes such as: 
UF5

– (green), UF6
2–, UF7

3– and UF8
4–-.  UF5 in 48% HF form a dark blue solution from 

which large blue crystals can be crystallised on cooling: HUF6·2½H2O. Adding water to the 
solution hydrolyses it toUO2

2+ and UF4. Addition of rubidium (Rb) or caesium (Cs) fluorides 
to the solution gives stable blue salts.



Neptunium (Np)
A silvery metal, slightly denser than uranium.

Oxides

Np2O5 (dark brown), NpO2 (most stable, brown-green), Np2O5 (non-stoichiometric) prepared by 
treating Np(V) hydroxide with ozone → NpO3·H2O, which is heated under vacuum at 300oC →
Np2O5. Np(VI) forms a hydroxide, NpO2(OH)2 similar to that of U(VI).

Aqueous Chemistry

Like the U4+(aq) ion, the Np4+(aq) ion is stable (though slightly less stable) but like U4+ it slowly 
oxidises in air to the actinide(VI) ion: NpO2

2+. The stability of the actinide(IV) ions reduces from 
U4+ to Am4+. NpO2

+ is stable (unlike UO2
+) and disproportionates only in strong acid. NpO2

2+ is 
stable, but easily reduced.

The stability of the An3+ ions increases from U3+ to Am3+. U3+ slowly oxidises in water (rapidly 
in air) to the U4+ ion. Np3+ is stable in water, but still oxidises in air to Np4+.

Np3+ (purplish), Np4+ (yellow-green)

NpO2
+ (green), NpO2

2+ (pink)

electrolysis
Np3+ (purplish)Np (silvery metal)

NpO2
2+ (pink) Np4+ (yellow-green)

Ce4+, O3, BrO3
–, or MnO4

–

Ce4+, O3, BrO3
–, or MnO4

–

NpO2
+ (green)

Ce4+, O3, BrO3
–, or MnO4

–

hot HNO3

SO2 in H2SO4

or H2 (Pt catalyst)

Halides:

NpF6 (white solid, melting point 64oc), NpF5 (pale blue), NpF4 (green), NpF3 (purple)

NpCl4 (red-brown solid), NpCl3 (green solid)

NpBr4 (dark-red solid), NpBr3 (green)

NpI3 (purple solid)

NpF6 + 2H2O(l) → NpO2F2 + 4HF

heat:  2Np + 3I2 → 2NpI3



Plutonium (Pu)
A silvery metal of a similar density to uranium and neptunium.

Oxides

PuO2 (most stable, yellow-brown), Pu2O3 (black), PuO2 dissolves in concentrated HNO3 and 
fluoride (as does NpO2). The UO2/PuO2 mixed metal oxide is important in the fuel of fast-
breeder reactors.

Aqueous Chemistry

The PuO2
+ ion always disproportionates, but is most stable at low acidity. PuO2

2+ is stable. 
Continuing the trend from U to Am, the Pu4+ ion is stable in 6M (quite concentrated) acid but 
dissociates at low acidity → Pu3+ + PuO2

2+. the Pu3+ ion is stable in water and air, but is easily 
oxidised to Pu4+.

Halides

PuF6 (brown, volatile solid), PuF4 (brown solid), PuF3 (violet solid);

PuCl3 (green solid); PuBr3 (green solid); PuI3 (green solid).

The pentahalides are not found beyond Np.

All the tetrafluorides from ThF4 to PuF4 can be prepared by heating the dioxide in HF (in the 
presence of O2 for PuF4 and NpF4 to prevent reduction):

PuO2(s) + 4HF(g) → PuF4(s)

heat:  Pu(s) + 3HI(g) → PuI3

Pu3+ (blue-violet)

PuO2
2+ (yellow-pink) Pu4+ (tan)

PuO2
+

Ce4+, O3, BrO3
–, or MnO4

–

SO2, NH2OH SO2, NH2OH

Ce4+, O3, BrO3
–, or MnO4

–

Ce4+, O3, BrO3
–, or MnO4

–
hydroxylamine



Americium (Am)
A silvery-white metal with a whiter and more silvery lustre than Pu or Np and a fcc structure. 
Americium-241 is an alpha and gamma-ray source (half-life = 458 yrs); Am-243 half-life = 7 
370 yrs. Used in smoke detectors and in a variety of  gauges. Attacked by steam and acids, 
but not alkalis.

Oxides and Hydrides

Am tarnishes slowly in dry air at room temperature. AmO, AmO2 (most stable, black), Am2O3
(red-brown).

Am(s) + O2(g) → AmO2(s)

Am(s) + H2(g) → AmH2(s)

Aqueous Chemistry

Halides

AmF4 (tan), AmF3 (pink, solid). The pentahalides are not found beyond Np. AmF4 is 
prepared by heating AmF3 with fluorine:

2AmF3(s) + F2(g) → 2AmF4.

AmCl3 (pink solid), AmCl2 (black).

AmBr3 (white), AmBr2 (black);

AmI3 (yellow solid), AmI2 (black).

the dichloride, dibromide and diiodide can be prepared:

at 400-500oC:  Am(s) + HgX2 → AmX2 + Hg, [X = Cl, Br, I]

Am3+ (pink)

AmO2
2+ (rum) Am4+ (pink-red)

AmO2
+ (pale yellow)

Ce4+, O3, BrO3
–, or MnO4

–

SO2, I
– SO2, I

–

Ce4+, O3, BrO3
–, or MnO4

–

Ce4+, O3, BrO3
–, or MnO4

–

Am(OH)4

15M NH4F

SO2, I
–

OCl–, cold S2O8
2–


