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Actinyl complexes are shown, on the basis of known theoretical and experimental results, to be weak-field
complexes in 4/7 of the 5f orbital space, the other 3/7 of this space being strongly affected by bonding to the
-yl oxygens. The interactions present in these complexes are placed in order of size so that a coupling scheme
(Λ-S), including the choice of quantum numbers of varying quality, can be specified. Electronic spectra in
the near-infrared and visible regions are discussed in general terms, including different choices of both the
lower and upper orbitals (or spin-orbitals) involved in the excitations. For the isolated ions, all transitions
in this region are forbidden by electric-dipole selection rules, but the interactions with equatorial ligands can
make such transitions allowed.

Introduction

The early actinide elements differ from the early lanthanide
elements in having larger numbers and ranges of oxidation
states.1 Perhaps the most important example of this behavior is
the formation of actinyl ions AnO2

n+, where An represents the
actinide elements U, Np, Pu, and Am. In the strictest sense,
actinyl ions are the AnO2

2+ ions formed from the actinides in
their VI oxidation state, but the name is often extended to the
AnO2

+ and AnO2
3+ ions as well,2 designating them as actinyl-

(V) and actinyl(VII) ions, respectively. The actinyl name stems
from Péligot’s designation3 of the UO2 (actually UO2

2+) moiety
in many uranium compounds as the uranyl group. The most
stable oxidation numbers under common chemical conditions
are1 VI for U, V for Np, IV for Pu, and III for Am. Thus4 many
U compounds contain UO2

2+ and many Np compounds contain
NpO2

+. Actinyl ions are all linear (D∞h symmetry) or have
slight deviations from linearity in some crystalline environ-
ments.1 Simple ligands interacting directly with the actinyl ions
are located in the plane perpendicular to the axis of the actinyl
ion and contain the An atom (equatorial plane).

The study of the spectroscopy of actinyl ions began in 1846
with Brewster’s description5 of the optical properties of canary
(uranium) glass, for which the species absorbing and emitting
visible light is the uranyl ion. The study of uranyl spectroscopy
has thus been of very long duration4,6-11 and has played a role
in the coining of the word fluorescence,12 the formulation of
the Stokes law,12 and the discovery of radioactivity.13

To obtain a description of the overall pattern of the electronic
states of the actinyl ions, we apply crystal field theory. The
fundamental information needed is the nature of the orbitals
involved and the relative sizes of all of the interactions of the
electrons occupying these orbitals. Putting the interactions in
decreasing order then defines the good quantum numbers,
coupling scheme, and pattern of electronic states.

Orbitals

In 1955 Eisenstein and Pryce14 described the orbitals involved
in forming the bonds in actinyl ions. Strongσ bonds are formed
from the An 5fσ and 6dσ orbitals and the O 2s and 2pσ orbitals.
Two weakerπ bonds are formed from the O 2pπ orbitals with
some participation of An 5fπ and 6dπ orbitals. It had been
argued earlier15 that the most important metal orbital participat-
ing in the bonding is 5fσ.

The molecular orbital (MO) configuration for these bonding
orbitals16 is σg

2 σu
2 πg

4 πu
4, all at approximately the same energy

since they are all based heavily on O 2p orbitals. The
corresponding antibonding MOs, based heavily on An 5f and
6d orbitals are therefore 5fπ, 5fσ, 6dπ, 6dσ, with the 5fπ being
the lowest in energy.14 This leaves, as the lowest unoccupied
orbitals, the 5fδ and 5fφ; these are nonbonding because their
symmetries are different from those of the available valence
orbitals on O atoms. At higher energy are 5fπ (somewhat
antibonding) and 6dδ (nonbonding). Thus, taking orbital
degeneracies into account, four of the seven 5f orbitals (δ and
φ) are nearly degenerate at low energy compared to the other
three 5f orbitals (σ and π), which have acquired enough
antibonding character to raise their energies significantly.

Eisenstein and Pryce expected the 5fφ to be moderately lower
than the 5fδ (separated by more than the spin-orbit splitting),
but in a later crystal-field calculation17 of the PuO2

2+ infrared
electronic spectrum, they found that the two levels are separated
by less than the spin-orbit splitting with the 5fδ lower. This
small difference in energy could have been due to interactions
with the equatorial ligands, which are much weaker than the
bonding interactions with the axial (-yl) oxygen atoms, but a
number of calculations11,18-20 on the bare actinyl ions show that
the 5fδ is lower even without the presence of equatorial ligands.

The energy order of the highest occupied MOs (σg, σu, πg,
πu) has been of considerable interest4,10 since, in the simplest
MO theories, an excitation energy is given by

where i denotes the MO from which an electron is excited (σg,
σu, πg, πu) and a denotes the MO into which it is excited (5fδu,
5fφu). Thus the higher theεi value, the lower the excitation
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energy. The order of the occupied MOs is difficult to establish,
even in the most accurate calculations.21 The focus changes
somewhat at an improved, but still simple, level of theory.18

Using ground-state Hartree-Fock orbitals for a closed-shell
system such as UO2

2+, the excitation energy to the lowest
excited state, a triplet state, is22

whereJai is the coulomb integral between orbitals a and i. Since
the a MO is localized on the metal atom (5fδ or 5fφ), Jai will
be the largest for the i orbital with the largest amplitude on the
metal. As the 5fσu orbital is the An orbital expected to participate
the most in the occupied (i) MOs,15 this suggests that, given
nearly equalεi values, theσu MO will give the lowest excitation
energy.18 This result was originally established experimentally
from (1) Jørgensen’s conclusion23 that the low intensity of the
lowest uranyl excitation required it to be forbidden by parity,
(2) Görller-Walrand and Vanquickenbourne’s analysis24 that
large crystal-field splittings in the uranyl absorption spectrum
required that the electron be excited from aσu orbital, and (3)
Denning et al.’s measurement of the magnetic moment of the
first uranyl excited state25 as nearly zero, implying that it is a
3∆1 state, and thusσu

1 δu
1, 3∆1g.

Interactions and Coupling Schemes

It was recognized early by Eisenstein and Pryce14 that the
axial oxygens provide a strong ligand interaction, splitting the
5fσ and 5fπ to considerably higher energy than 5fδ and 5fφ,
and the 6dπ and 6dσ to higher energy than 6dδ. This axial ligand
interaction does not split the 5fδ and 5fφ appreciably, however.
A typical MO diagram26 for the MOs based on the actinide 5f,
6d, and 7s and axial oxygen 2p orbitals is shown in Figure 1.
The addition of equatorial ligands raises the 7s orbital even
higher in energy.

The next question is the size of the electron repulsion
interaction relative to that of the spin-orbit interaction; both
are smaller than the axial splittings that do occur. Although the
actinides are very heavy elements, the spin-orbit effects, for
the lower states at least, are due to electrons in 5f orbitals.
Comparing approximate An electron repulsion parameters with
An ú5f values led to the conclusion14 that the spin-orbit effects
are smaller than the electron repulsion effects and thatΛ-S
coupling should be the best approximation. Go¨rller-Walrand and
Vanquickenbourne, in their analysis24 of crystal-field splittings
in uranyl spectra, also came to the conclusion thatΛ-S is the
best coupling scheme to use. Recent calculations on uranyl
excited states11 also give this result, although spin-orbit mixing
of Λ-S states is substantial in some cases. Intermediate coupling
is a better description, but it is closer to theΛ-S limit than to
the ω-ω limit.

The final general statement, based on a number of the
calculations now available,11,18-20 is that theδu andφu orbitals
are close enough in energy that weak-field coupling prevails in
this space of four MOs and eight spin-orbitals. The splitting
between these orbitals, with or without additional equatorial
ligand splittings, must be smaller than the electron-repulsion
effects for this to remain true. This splitting is usually smaller
than the spin-orbit effects as well.

The order of interactions is then

The good quantum numbers are, in order of how much of the
Hamiltonian their operators commute with:

Note that, in general, the occupancies of theδu and φu MOs
are not good quantum numbers,27 but their total is, although
exceptions to this statement are common. Only theσu, δu, φu,
andπu MOs need be considered at this point because they are
the only ones involved in electronic excitations in the infrared
and visible regions.

The general procedure, by successive application of first-
order degenerate perturbation theory, is (1) diagonalize the
electron repulsion operator over the many-electron functions
from the electron configuration, giving theΛ-S eigenfunctions
and electron-repulsion splittings, (2) diagonalize the spin-orbit
operator over each set ofΛ-S eigenfunctions, giving the
Λ-S-Ω eigenfunctions and the spin-orbit splittings, and (3)
account for the effect of the intrinsicδu, φu energy difference
and for the interactions with equatorial ligands. Such calculations
are principally for use in understanding the general pattern of
energy levels rather than being of quantitative use, since more
accurate calculations are already feasible.11,18-20 Hund’s Rules,
adapted toΛ-S coupling for linear molecules, usually apply.

Exceptions to this general scheme are already known, such
as (1) intermediate coupling for uranyl excited states withΩ )
2,3 requiring simultaneous consideration of electron repul-
sion and spin-orbit11 and (2) sufficient equatorial splitting in
NpO2Cl4

2- requiring simultaneous consideration of spin-orbit
and equatorial ligand interactions.28-30

Electronic States
The known actinyl ions have theσu MO doubly occupied in

the ground state and numbers of electrons from zero to four in

Figure 1. UO2
2+ MO diagram.

∆E ) εa - εi - Jai

ax. field (σ,π) > el. rep.> spin-orbit > ax. field (δ,φ) +
eq. field

first quality: Ω, parity
second quality: Λ, S
third quality: electron configuration shell occupancies for

σu (bonding)
δu + φu (nonbonding)
πu (antibonding)
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the low (δu, φu) 5f-based MOs. Thus we can label these electron
configurationsσu

2(δu, φu)n. The lowest energy excitations are
within this (δu, φu)n shell, if n > 0, and are therefore ff f in
nature. Higher energy ff f excitations are (δu, φu) to πu, giving
the σu

2(δu, φu)n-1 πu
1 electron configuration ifn > 0. These

excitations are from a nonbonding orbital to a somewhat
antibonding orbital, so the An-O bond distance increases. In
the same general energy range areσu f (δu, φu) excitations
giving the σu

1(δu, φu)n+1 electron configuration. Because the
latter excitations are from a bonding MO (composed of both
An and O orbitals) to a nonbonding MO (localized on An), they
are often called charge-transfer transitions. For these transitions
the An-O distance increases even more and the absorption
bands are wider than those for ff f transitions.

The simplest example of a (δu, φu)n configuration is (δu, φu)1,
as in UO2

+, NpO2
2+, and PuO2

3+. With only one electron there is
no electron repulsion, so the most important interaction to
consider is the spin-orbit interaction. If we neglect the higher
energy of theφu orbital even without equatorial ligands, the
problem becomes a diagonalization of the spin-orbit operator
in theΩ ) 7/2 space, theΩ ) 5/2 space, both of which are the
same as for atomic ions, and for a singleΩ ) 3/2 function.
Determining theΩ ) 7/2 and 5/2 wave functions and energies
can be done using standard angular momentum algebra,31

because the wave functions are only on the An atom. In energy
order, the states and wave functions areΩ ) 5/2 (86%2Φ5/2u,
14% 2∆5/2u, corresponding to the atomic2F5/2 with MJ ) 5/2);
Ω ) 3/2 (2∆3/2u, corresponding to a mixture of atomic2F5/2

and2 F7/2 wave functions, both withMJ ) 3/2); and two wave
functions corresponding to atomic2F7/2, the first withΩ ) 5/2
(86% 2∆5/2u, 14% 2Φ5/2u, corresponding toMJ ) 5/2), and the
second withΩ ) 7/2 (2Φ7/2u, corresponding toMJ ) 7/2).
Allowing for the energy difference between theδu and φu

orbitals18 puts more2∆5/2u character into the ground state and
splits the2 F7/2 energy level into a lower state withΩ ) 5/2
and an upper state withΩ ) 7/2.

The (δu, φu)2 case at the electron repulsion level gives3Σg
-,

3Σg
-, 3Πg, 3Hg and several singlets. The two3Σg

- wave func-
tions (originating fromδu

2 andφu
2) must be found from a 2× 2

secular equation. The (molecular)3Hg wave function corresponds
to an (atomic)3H wave function, while the three other molecular
wave functions correspond to linear combinations of atomic3H,
3F, and3P wave functions and are therefore higher in energy.
These energies can be approximated by carrying out a calcula-
tion in terms of atomic parameters. Assuming as before, that
δu andφu are degenerate, and evaluating the integrals in terms
of Slater-Condon parameters31 for atoms gives a particularly
simple form because the off-diagonal element is equal to the
difference of the diagonal elements (most simply given in terms
of the Racah parameter32 E3). The energies and wave functions
can be expressed in terms of the Greek golden ratio.33 Compar-
ing the energies in terms of the Slater-Condon parameter34 F2

gives 3Hg (-0.111 F2, 50% δu, 50% φu), 1 3Σg
-(-0.069 F2,

72% δu, 28%φu), 3Πg (0.000 F2, 50%δu, 50%φu), and 23Σg
-

(0.180 F2, 28%δu, 72%φu). Including the spin-orbit interaction
lowers3H4g considerably and lowers the 13Σg

- states modestly
by mixing with 3Πg. Allowing for an energy difference between
δu andφu favors the 13Σg

- states over the3Hg states, but should
be the smallest of these effects. Thus the ground state is3H4g,
as given by magnetic resonance data,35-37 initial theoretical
estimates,14 and current theoretical treatments.18,19,38

The lowest energy terms from all of the electron configura-
tions are given in Table 1. Several cases are of particular

interest: (1) Forσu
1(δu, φu)1 the excited states are in the order

3∆g,3Φg,1Φg,1∆g because the exchange integral betweenσu and
δu is larger9,18 than the exchange integral betweenσu andφu,
contrary to what Hund’s Rule would suggest if extended to
excited electron configurations. WithΩ values, the states are
3∆1g,3∆2g,3∆3g,3Φ2g,3Φ3g, 3Φ4g, 1Φ3g, 1∆2g and are the much-
studied10,11 excited states of UO2

2+. States with the sameΩ
value are mixed appreciably by the spin-orbit interaction.11 (2)
The case most susceptible to ligand influence28,29 is σu

2(δu, φu)1

because there is no electron repulsion in theδu, φu shell. The
ligand interactions must only overcome the spin-orbit interac-
tion, rather than the larger electron repulsion interaction, to
change the order of states. (3) The energy order with respect to
Ω values for (δu, φu)4 andσu

1(δu,φu)4 are not given by Hund’s
Rules because these are half-filled shells. The values given are
the results of calculations.20 (4) The lowest state involving aσu

excitation for AmO2
+ is calculated20 to beσu

1(δu,φu)4 πu
1, 7Π0+g

rather thanσu
1(δu, φu),5 5∆4g. (5) A combined density func-

tional and spin-orbit CI calculation39 has givenδu
1
φu

1 πu
1, 4I9/2u

as the ground state of PuO2
+ in contrast to our result40 of δu

2
φu

1,
4Φ3/2u. The two calculations differ in their manner of calculating
MOs and incorporating electron correlation. With sufficient basis
sets and electron correlation descriptions, both methods should
calculate both states in the same order.

Electronic Spectra

Actinyl solution spectra for the infrared and visible regions
are collected in the book by Keller.42 Crystal spectra are known
very extensively.4,6-8,10,43A central question for all of them is
the source of the intensities. All of the MOs involved, (σu, δu,
φu, πu) have ungerade symmetry. Thus, transitions between them
are electric-dipole forbidden as long as a center of inversion is
present.

In crystal spectra for uranyl with approximatelyD4h coordina-
tion, the intensities have been determined to be due to magnetic
dipole and electric quadrupole mechanisms.25

Only recently have intensity calculations for solution spectra
been carried out.28 The spectra42 in HClO4 are presumably of
hydrated actinyl complexes. It has been pointed out that the
equatorial ligands must remove the inversion symmetry for there
to be electric-dipole intensities,44 and this is in agreement with
a number of known spectra. Mixing of gerade orbitals into
ungerade orbitals is required for electric-dipole intensity.
Because the 6dδ orbitals are the lowest energy gerade orbitals,
mixing them with the 5fδ or 5fφ (both ungerade) is the most
efficient way to obtain such intensities. Mixing of 6dδ (λ )
(2) with 5fδ (λ ) (2) requires an equatorial field with
ungerade Fourier components of 4 or 0, which do not exist.28

Mixing of 6dδ with 5fφ (λ ) (3) requires an equatorial field
with ungerade Fourier components (and therefore coordination
numbers) of 5 or 1, which do exist.28 The value of 5 has been
found to be the most effective in the cases examined so far.28

TABLE 1: Lowest Energy Electronic States for Electron
Configurations41

el. config. n ) 0 n ) 1 n ) 2 n ) 3 n ) 4

UO2
+ NpO2

+ PuO2
+ AmO2

+

UO2
2+ NpO2

2+ PuO2
2+ AmO2

2+

NpO2
3+ PuO2

3+

σu
2(δu, φu)n 1Σ0+g

+ 2Φ5/2u(2F5/2) 3H4g
4Φ3/2u 5Σ0+g

+

σu
2(δu, φu)n-1πu

1 2Π1/2u
3Γ3g

4I9/2u
5Γ2g

σu
1(δu, φu)n+1 3∆1g

4H7/2u
5Φ1g 6Σ1/2u

+ 5∆4g

Electronic Structure and Spectra of Actinyl Ions J. Phys. Chem. A, Vol. 105, No. 15, 20013827



Conclusions

The ground states and low-lying excited states of actinyl ions
(and complexes) are weak-field states in the (δu, φu) subspace
of the 5f orbital space. Other excited states involve excitations
from this space to (5f)πu or excitations to this space from a
filled (bonding) MO. Criteria for the latter are given.

Electronic spectra in the near-infrared region come from
excitations within the (δu, φu) space, whereas excitations of the
other two types extend through the visible region. Electric-dipole
intensity depends on the interactions with the equatorial ligands.
Five-fold coordination gives the highest intensities.
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