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FEATURE ARTICLE

Electronic Structure and Bonding in Actinyl lons and their Analogs

Robert G. Denning’
Inorganic Chemistry Laboratory, Unérsity of Oxford, South Parks Road, Oxford OX1 3QR, United Kingdom

Receied: February 7, 2007

This Feature Article seeks to present the current state of knowledge, both experimental and theoretical, of the
electronic structure and bonding in actinyl ions and related species, such as the isoelectronic imido compounds
as well as in linear triatomic actinide molecules of the typeAa—Y.

I. Introduction Uranium e Oxygen

In the actinyl ions, An@'t, the actinide-oxygen bonds are
short, strong, and collinear; these are chemically robust species, d
For example, the mean-tO bond enthalpy for dissociation to
oxygen atomg; 3 604 kJ mot* for UO,2"(g) and 746 kJ molt
for UOx(Q), is comparable to that for many transition-metal
gaseous dioxides. However, ligands in the equatorial plane are
weakly bound and labile.

There have been several authoritative reviews of the electronic
structure of actinide compounds from a computational per-
spective’™" A discussion with more experimental emphasis,
focusing on actinyl ions, appeared in 199ijs Feature Article
is its sequel. At that time the optical spectroscopy of &0
and NpQ?" compounds was the main source of experimental
data, but recently X-ray spectroscopy has thrown more light
on the nature of the ARO bond. Moreover, the scope and
power of theoretical methods has since been much enhancedgg
The inclusion of configuration interaction now enables dynamic
electron correlation to be treated successfully, at least for the

open-shell states accessible under optical excitation, whereasnominall centered on the oxvaen atoms. can be viewed as
the ability to handle the sptrorbit interaction in addition to y Y9 '

scalar relativistic effects has provided a comprehensive and bonding and thus suggest a notionat O bond order of three.

largely satisfactory theoretical description of these states. The relat!ve Importance of thﬁﬂ Ou g, ar_1dnu components
. . . that comprise the bonding interactions is not obvious. The
F_|naII_y, a U“mb_ef of new actinide comp_ound_s_, containing  geheme in Figure 1 makes the familiar (but actually fallacious)

actinyl-like triatomic structures, have been identified recently. assumption that-overlap exceedsr-overlap, but it is also

This is the result of both innovative synthetic chemistry and |, jear whether the different extent of the U(5f) and U(6d)
the spectroscopic characterization of unstable molecules, bOthoverIaps with O(2p) will outweigh their energy difference in

in the gas-phase and in inert-gas matrices. It therefore Seemsatermining their contributions to the bond. The orbital basis
appropriate to present a contemporary description of this family must, however, also include the “pseudo-core” 6p electrons,
of structurally related compounds. because their XPES ionizations show large axial field splittings
The main chemical characteristics of actinyl ions and some that correlate inversely with the-tO bond distanc@lt is also
relevant background material can be found in the previous ysual to consider the s6shell whose radial extension is
article® Figure 1 shows an energy level scheme for the comparable to that of 5f. Finally the O(2s) orbitals are included
molecular orbitals (MOs) that are most significant in the-AD because of their near degeneracy to, and interaction with, U(6p).
bonding. In UQ*" the LUMOs are the Sfand 5f components  The MOs formed from this group of participating AOs are
of the 5f shell. They are excluded by their symmetry from numbered accordingly in Figure 1. Note, however, the omission

participation in the U-O bond. Actinide ions possess two of actinide 7s and 7p, a policy that will, in due course, be seen
primary valence shells, 5f and 6d. Both can farrandzr bonds to be not always tenable.

2p

2s

Figure 1. Schematic energies of actinyl valence orbitals.

to oxygen. The four highest filled MOsog 3oy, 17g, and 2, The many factors involved in the bonding can be largely
unraveled by indentifying the apparent energies of all the
T E-mail: Bob.Denning@chem.ox.ac.uk. participating valence orbitals, be they filled or empty. The
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Relative intensity

his first degree in Chemistry from the University of Oxford in 1962
and a D.Phil., also from Oxford, in 1964, having worked under the
direction of L.M. Venanzi. He became a Post-Doctoral research
associate with the late T.S. Piper at the University of lllinois, 4
Champaign-Urbana in 1964 and joined the Faculty there in 1966. In 0 1 2 3 4 2 & 7 8

1968 he was appointed to a Faculty position in the Inorganic Chemistry Vibronic Quantum Number

Laboratory at Oxford and has worked there since that time. In 1996 he _. . o . .

was appointed Professor of Chemistry. He served as a consultant tof19ure 2. Relative intensities in excited state progressions.

the United Kingdom Atomic Energy Authority from 1974 to 1982. His - . .
research activi%ies have been Iarg()elly focusged on the optical propertiesc@n be used to test the validity of current theoretical techniques.
of solids, and are described in more than 120 publications. Although (The term “HOMO” is used loosely to mean the orbital from
focussing primarily on the electronic structure of actinide and lanthanide which the lowest energy electronic excitation occurs. This need
species, he has also worked on non-linear optic materials, as well aspot correspond to the highest energy SCF MO.)

pioneering the application of two-photon spectroscopy to the solution . : :
of electronic structural problems in inorganic chemistry. More recently II.1.2. Excited State Bond Lengthihe high resolution of

he has worked on the development of novel optical methods for the the spectra at low temperatétepermits the determination of
fabrication of 3-dimensional photonic crystals. both excited state vibrational frequencies and bond lengths.

Figure 2 shows computed relative intensities profiles for a
necessary electronic excitations can be divided into those in progression in the ©U—0 symmetric stretching modé These
the optical region, and those at higher, i.e., X-ray, photon are a sensitive function of the change in the equilibrium@

energies. bond length. In the case of &$0,Cl,, spectra fitted to these
profiles indicate that, relative to the ground state, all the excited
Il. Experimental Work states stemming from th®,0, andoyg, configurations experi-
ence a U-O bond elongation in the range (6-3.5)+ 0.5 pm.
II.1. Optical Electronic Excitations. II.1.1. Principal Fea-  The most reliable values are those for the first two excited states,

tures. In single crystals, advantage can be taken of polarized for which the elongation is 6.5 and 7450.2 pm, respectively.
optical spectroscopy at low temperatures. Experiments on |n centrosymmetric chromophores TPA transitions conserve
crystals of C8UO.Cls and CsUQ(NO3)s and the analogous  parity, so only electronic origin bands and their combination
neptunyl(VI) species at-5 K give very detailed spectra that  wjth even parity vibrational modes are observable. In most cases
have been comprehensively discussed and reviéae.crystal  glectron-phonon coupling does not induce TPA intensity, so
structures of these compounds Io_cate the uranyl ion in sites closehe presence of these modes indicates changes in equilibrium
to Dan andDan symmetry, respectively. More recently, the two-  geometry in the electronic excited state. The TPA spectrum of
photon absorption spectrum (TPA) of Csk{@0s)s has con-  CgUO,Cl, is therefore much simpler than the linear absorp-
firmed the identity of the ten or so electronic excited states that tjon 1013gnd the spectral contrast is so large (typicaly000)

are typically observed in the U& spectrum between 20 000  that even very weak vibronic features, such as theQU

and 32 500 cm".*° Within this group, state symmetries have  symmetric stretching mode, can be identified. Two excited states
been established by a variety of polarization measurements, andj|| and V) in Cs,UO.Cl, exhibit this mode, with frequencies

in several cases magnetic moments have also been detertinedgf 265 and 262 cmt at 5 K. In the ground state, at 300 K, the

Taken as a whole, this large body of work shows that all of frequency is 264 cmt. Noting the temperature difference, it is
these excited states can be attributed to just two, parity- safe to conclude that any decrease in frequency in the excited
conserving, orbital excitations, i.e.g3— 5f; and 35, — 5f,. states is small. Relative to the origin bands these features are
The excited configurations (abbreviatedoas, andoupy) have weaker by a factor of 0.03, from which it can be deduced that
average energies that are only weakly dependent on the naturene U—CI bond length of 267.1 p# increases by 1.4 pm
of the equatorial ligands. They do, however, give rise to (0.53%) in the excited state. This is small compared to-tfie
numerous excited states due to three perturbations of similarpm (4%) increase in the 177.4 pm® bond length. Such weak
magnitudes: the spirorbit interaction, the electron-correlation,  features and small bond-length changes are not usually detect-
and the equatorial ligand field. The properties of these statesable in one-photon absorption, where vibronically induced
can all be modeled satisfactorily by an empirical perturbation electric-dipole intensity, from numerousngerade modes,
Hamiltonian?® dominates and confuses the spectrum.

Because the 5fand 5§, orbitals are nonbonding with respect This result is striking because the redistribution of charge
to oxygen, rather limited information about the-® bond is from the 3, MO, notionally centered on oxygen, to thes5f
available from these spectra, other than the identity of the and 5§, orbitals, whose amplitudes are largest in the equatorial
HOMO. Nevertheless several features, which we now discuss, plane of the chloride ions, might be expected to substantially
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increase the Y Cl bond length. For example, the small Huang Vacuum pg

L
Rhys parameté? of 0.03 for the U-Cl stretch in these states “"'—'1'.5{%}“8:&; s, U.ed
can be contrasted with that for a 4d 4d* excitation intrans- 45 T, '
[Rh(en}Cl,]* where the value for a 250 cth Rh—Cl stretch Sy S — U,5f
is 2116 We will return to this result in section 111.2.2. Valence

In the TPA spectra of CsU{NO3)3, in addition to the usual Valence
O—U—-0O progressions, there is evidence of a substantial gy
modulation of the equatorial nitrate chelate angles in the excited
states'® The 5f, orbitals split inDsp into &' and &" compo-
nents; the former ig-antibonding with respect to the nitrate
oxygens and the latter-antibonding. These are substantially e

T f————) 7, T, 0,2p

c

stronger than theg-antibonding 5§ interactions with the chloride =

: ] Pseudo -23s6 T 0] SP

ions in CsUO,Cl,. Gl ) GMU O’ 2
11.1.3. Configuration Interactions.The magnetic dipole s Ug e

intensity in origins near 20 096 and 26 222 ¢his informative 247 i

because this transition mechanism is formally forbidden for all

states in ther,dy andoyg, manifoldst! The estimated transition e

moments are 0.18 and 0.1&. They signal the presence of sasa { So & 01s

spin—orbit and tetragonal field interactions that link thgo, M, —

andoygy configurations, respectively, with the3m, configu- Hard -172kev n, 0, u,2p

ration to which magnetic-dipole transitions are allowed. The Ciics ’2 32

magnetic-dipole transition moment for an atomic - f, 2T key % &S

transition is 3.46ug, so the small observed moments reflect, Figure 3. Experimental orbital energies in £#0,Cl,: geradestates,
for example, (a) therymy:oudy configuration interaction coef-  red; ungeradestates, black.
ficient that is of order(/ﬂ)/Z)(;/AE) ~ 0.2, whereg is the
spin—orbit coupling constant, and (b) a transition moment that ing.2° The relative progressiqn intensitigs in this mode indicate
is reduced from the 5f one-center value by the composition of that the Np-O bond length increases in the excited state by
the 35, MO. 4.9 pm. . _ .

Further configuration interactions are apparent in a pair of _ - inally, the polarized excited state absorption spectrum of
states in C4JO,Cl, found at 27 720 and 27 758 cth The CsUOCl, can be used to locate the filledgvalence orbital

~ 21 — it
second-order Zeeman effect unambiguously establishes the 20 €V below 3. The 353 — 3o, transition leads to a further

; decrease in the YO frequency to 585 crt, and the absorption
symmetry of these states d% in Donh and Ayy and Ay, o . :
respectively, inDa.!! Substantial magnetic-dipole intensity band profile indicates a large increase in the@bond length

polarizedparallel to O—U—0O is found in the Aq component, ~ t© 195 pmh22 _

Analysis shows that both the 38 cirsplitting and the magnetic- II.1.5. Optical SpectroscopySummaryFigure 3 shows the
dipole intensity can be explained only if these states, which are energies of several orbitals obtained from the opt_|cal data. It
primarily derived from theoup, configuration, contain some ~ @lS0 includes some core and pseudo-core orbitals, whose
an% charactet” The Uu¢u:ﬂ3¢u interaction is a consequence elnergles will be cons[dered shprtly. Note, however, that in multi-
of spin—orbit coupling between thedg and 2z, orbitals, and electron systems orbital energies are not observables, rathgr they
the magnetic dipole intensity is due to the tetragonal field have the imprecise status of SCF eigenvalues. Although Figure

perturbation that links the 4 component of ther}pu config- 3is approximate, becausc_a It assumes tha_t or_b|ta| energies can
: . be directly deduced from ionization or excitation energies, we
uration with the ground state.

: ) . ) will, nevertheless, use these energies to illustrate the main
I1.1.4. Other Orbital EnergiesTwo additional valence orbitals  faatures of the chemical bonding.

can be located by optical spectroscopy. Th¢ fransitions of Employing Koopmans' approximation, one can deduce the

the 5& NpO,?" ion can be ur}am_biguously i(_jentified. They absolute energy of theo3 HOMO in CsUO,Cl, from photo-
establish that the,f, separsatlc_)n is 1.59 eV in @¥pOLly electron spectroscopy to be9.4 eV, although there is some
a_nd 1.74eVin CszQQNQg)g. Itis unlikely that these energies uncertainty, perhaps as much £8.5 eV, in this valué. The

differ much from those in the uranyl analogs. The increased yangjtion energies determined above are averaged and rounded,
effective nuclear charge of Np could strengthen the covalent \pere necessary, to obtain the orbital energies in Figure 3. In
bonds and increase the-f, separation. However, in practice  his way the 3, valence orbital is located at11.4 eV, the §

the reduction ?f.the ©ANn—0 symmetric stie.tchlng frequency orbital at—6.3 eV, the § orbital at—6.05 eV and, assuming
from 832 cnm* in CUO.Cls to 802 cni in C&NPOCly that f,—f, separation is equal to that in £§0,Cl, the f,
suggests that this is offset by a more contracted, core-like 5f-  pital at—4.46 eV.

shell. The core contraction is apparent in the bond distances of
the isomorphous compounds89,Cl, and CsNpO,Cls. The
An—O distances of 177.4(4) and 175.8(22), and the-&h

Hitherto the determination of the energies of other valence
orbitals has been frustrated by two factors. First, the photoelec-
. X i~ tron spectrum of the filled valence shell is overlaid by ionizations
distances of 267.1(1) 12?82135'7(5) pm, respectively, indicate ag o the equatorial ligand® and second, the optical spectrum
contraction of~1.5 pm:4=5 in the ultraviolet is rendered intractable by charge-transfer

In C£NpO,Cls the 37 cn1* reduction in the Np@stretching excitations to uranium from these same ligands. However, these
frequency from 802 cmt in the “fy/f,” ground state to 765 crit obstacles can be partially overcome by means of X-ray
in the 5f, excited states is modest compared with the 120'cm  spectroscopy. Core excitations have an unambiguous energy and,
reduction when a &, valence electron is excited into the 5f below the ionization threshold, terminate at vacant MOs that
shell. Apparently, theforbitals are rather weakly antibond- have a substantial presence on the atom containing the core hole.
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Figure 4. Radial amplitude functions in U®". Reprinted with
permission from Denning, R. G.; Green, J. C.; Hutchings, T. E.; Dallera,
C.; Tagliaferri, A.; Giarda, K.; Brookes, N. B.; Braicovich, I..Chem.
Phys.2002 117, 8008-8020%* Copyright 2002, American Institute of
Physics.
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Figure 5. Polarized O Kt absorption spectrum of @40,Cl,.

Reprinted with permission from Denning, R. G.; Green, J. C.;

Hutchings, T. E.; Dallera, C.; Tagliaferri, A.; Giarda, K.; Brookes, N.

B.; Braicovich, L.J. Chem. Phy2002 117, 8008-80202* Copyright
2002, American Institute of Physics.
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TABLE 1: Calculated and Experimental O Ko Excitation
Energies and Intensities

final state molecular orbital  5fu)* 5f,(u)*  6di(g)  6d(g)

UO,Cls?~ excited state 531.44 534.13 534.30 535.81
energies/eV (calc).

UO.CIl4*~ excited state 531.4 5341 ~534 536.5
energies/eV (expt)

rel intensity (calc) 0.36 1.00 0.17 0.79

rel intensity (expt)t ~0.6 1.0 ? ~1.1

Figure 3 includes the energies and symmetries of some coregicylar polarized absorption near (526 5) = 531 eV, and

and “hard core” orbitals suitable for the current purpose.

I1.2. X-ray Spectroscopy. The oxygen (Ku/1s) absorption
and emission, near 530 eV, is particularly informative, in part
because the lifetime of the 1s hole contributes orB/2 eV to
the spectral width. In G&IO,Cl, the only oxygen atoms are

those within the uranyl ion, and the crystal structure, containing

one molecule per primitive unit cell, makes it straightforward
to obtain polarized X-ray absorption spectra (X&S)The
interpretation of the oxygen 1s XAS is illustrated in Figure 4,
which shows radial wavefunction amplitudes for the §(1
O(2p), and U(5f) orbitals.

If zis the displacement from the oxygen nucleus in theQJ
direction, the intensity of excitations from Gijlto O(2p) or
U(5f) orbitals is determined by transition moments with the form
[oplez|y1dland psslez|y 1L The produckez|yidhas extrema
of opposed sign separated ByL6 pm, so the relative magnitude
of the transition moments depends on ghnadientsof the O(2p)
and U(5f) functions primarily within this small region (shaded
in Figure 4) close to the oxygen nucleus. The O(2p) contribution
to the intensity is estimated to be3000 times larger than that
from U(5f).24

The absorption intensity is then effectively proportional to

clearly corresponds to the band at 531.4 eV. Transitions to the
vacant 5§ and 5§, orbitals near 529.5 eV are forbidden, except
for a small £~2%) mixing with 5f induced by the spirorbit
interaction and the tetragonal ligand field: they are too weak
to observe.

A scalar relativistic (ZORA) DFT calculation, employing the
BP86 functional, helps to clarify the assignment of the remaining
features* Transition energies were obtained from the difference
between the total SCF energy of the ground state ofCI&-
and that of a configuration having a hole in O(1s) and an
electron in the relevant MO. The results are shown in Table 1.
On this basis, the perpendicularly polarized O@spd:(27,)
transition is naturally assigned to the band at 536.5 eV.

Transitions to 6{(40y) and 5f(40,) should be parallel-
polarized; that to 6flis predicted to be very weak (Table 1)
compared with that to §fwith which it is nearly degenerate.
We therefore presume that they are not spectrally separable and
that 5f, is the dominant source of parallel intensity near 534
eV. This conjecture is supported by good agreement between
the experimental and calculated energies for the three main
bands in Table 1. We then obtain the following (virtual) orbital
energies: 6fl= 5f, = —1.8 eV, 6d = +0.6 eV. These are

the square of the O(2p) coefficient in the empty uranium- jncluded in Figure 3 with the same reservations as before.

centered MOs and is a useful measure of covalency. The O(1s)

XAS spectra of transition-metal oxides illustrate how the density
of vacant “3d” states can be mapped by this technijube
ligand field splittings agree closely with those obtained by
optical spectroscopy.

11.2.1. Oxygen & Absorption Spectroscopyhe polarized
spectrum of C8JO,Cl, is shown in Figure 5. For technical
reasons the polarizations are incompRétbut clearly there are

I1.2.2. O Ka Emission Spectroscopy (XE®dditional
information is available from the polarized emission spectrum
in Figure 6. Two sample orientations were used. In the first,
the O-U—0 direction is nearly parallel to the optic axis of the
emission spectrometer, and only emission polarized perpen-
dicular to O-U—0O can be detected. In the second case the
O—U-O0 axis is nearly perpendicular to the emission spec-
trometer axis, sdoth parallel and perpendicularly polarized

three sharp transitions, centered at 531.4, 534.1, and 536.5 eVitransitions can be observed.

The first and last are polarized perpendicular te\®-0, and

The spectra were obtained under excitation at 531.4 eV. Weak

the strong central feature is polarized parallel to this axis. The elastic (Rayleigh) scattering at this energy is clearly visible. If

photoelectron spectrum of &$0,Cl, places the O(1s) orbital
energy 526.0 eV below the HOM8 However, in section 11.1.4
the 5 level was found to lie 5.0 eV abovesd(Figure 3). The

the core hole refills radiatively fromd, the initial and final
states differ only by a one-electron excitation frormy, 30
37 (5f%)—an electronic Raman process whose energy is close

O(1s)— 5f: transition should therefore give rise to a perpen- to 5.0 eV (see above). Emission from,3hould therefore occur
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Figure 8. Experimental (black) and simulated (color) polarized XAS,
after Templeton and Templetdh.Reprinted with permission from
Templeton, D. H.; Templeton, L. KActa Crystallogr.1982 A38 62—
6727 Copyright 1982, International Union of Crystallography.

Normalised Intensity

0.00 centered~0.5 eV to lower energy. Given the width of these
510 520 530 540 features and the absence of any detectable polarizations in Figure
Outgoing Photon Energy (eV) 7 these assignments must be taken as tentative. For this reason
Figure 6. O Ka emission spectra of @340,Cls.. Reprinted with the 3y, lrg, and 2r, orbitals have been assigned the same
permission from Denning, R. G.; Green, J. C.; Hutchings, T. E.; Dallera, nominal energy £11.4 eV) in Figure 3.

C., Tagliaferri, A.; Giarda, K., Brookes, N. B. Braicovich, L. Chem. Finally, we consider the weak feature at 513.2 eV in Figure
Phys.2002 117, 8008-80207* Copyright 2002, American Institute of g This occurs with the correct (parallel) polarization and in

Physics. . S
the correct energy region to correspond to emission from the
o1 o120 SPinor component of the gp atomic level in the “pseudo-
= 535.8 § core”, which must therefore possess some O(2p) character. This
8 is direct evidence for covalent bonding by this shell and
RS . complements that from the analysis of XPES axial field
B splittings? The 6p levels in the Figure 3 carry spinor labels
'é (t) (m,0,) because the spirorbit interaction in this penetrating shell is
£ . very large ¢5 eV) 2 Their energies and that o§@vere obtained
S 0 ,V' I I | I | | by matching the XPES datawith the energies predicted by a
z : : : : : : : : four-component Dirac-Hartreg=ock calculatior®
520 . 524 528 11.2.3. Uranium L Edge XASThe 64 valence orbitals, as
Outgoing Photon Energy (eV) yet unlocated, are nonbonding with respect to oxygen. They

Figure 7. O Ko emission spectra at two excitation energies. Polariza- interact with, and are split by, the tetragonal field of the chloride
tions as in Figure 6: Reprinted with permission.from.Dennir.]g, R.G.. jonsin UGCl2, but angular momentum conservation makes
g:gg&;,\?ﬂ‘gf;'&%siég 'S_"c?,?'me,r?shcyéggg'ﬂ?,rgbéégéirgﬁ’ K. them inaccessible from O(1s). We therefore tur to the “hard-
Copyright 2002, American Institute of Physics. core _U(L3, 2ps2) shell from which tranS|t|_ons, near 17.2_ keV
(cf. Figure 3), are allowed tall the 6d orbitals. The polarized
close to 526.4 eV. The absence of significant intensity at this spectrum of a single crystal of RbY@Os)s, measured by the
energy in Figure 6, shows that the oxygen 2p characteppf 3 Templetong” is shown in Figure 8. Despite the “natural” line
is small compared to that of the other valence orbitals at lower width of 7.43 eV28 there is marked linear dichroism. The first
energy. peak is perpendicularly polarized with a maximum 2.1 eV below
The XES also shows small excitation dependent shifts (Figure the main parallel-polarized absorpti®hTransitions from 2g;
7)24 Excitation at 531.4 eV populates the:5brbitals and to vacant s and d shells are electric-dipole allowed, but the
creates geradecore hole, so emission should only occur from intensity of the former should be isotropic, so the dichroism in
3oy and 2z, The strong feature at 524.2 eV is therefore assigned this region reflects the splitting of the 6d shell. Figure 8 overlays
to 27, In contrast, excitation at 535.8 eV to thel6kbvel the experimental spectra with a simulation (red and blue) that
creates anungeradehole. The emission spectrum is now assumes the 7.43 eV line width and also thaf &dd 6d are
noticeably broader and may indicate the presence of two degenerate and lie 3.5 eV below,6d¢hstrumental broadening
components. From the optical data on tlag 3- 30, transition, is ignored, and the relative intensities are calculated using atomic
the higher of these (at 524.2 eV) is near the energy expecteduranium wavefunction&!In CUO,Cly, 6d, and 64 are calcu-
for 3oy emission, so the spectrum suggests thgtelmission is lated to be nearly degenerate and to oce@r0 eV below 6d.24
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) . ) . . o Figure 10. Radial amplitudes in the uranium atom.
Figure 9. Experimental and simulated XAS. Reprinted with permission

from Templeton, D. H.; Templeton, L. Kicta Crystallogr.1982 A38

62—6727 Copyright 1982, International Union of Crystallography. relative energies of the filledd, 1zg, and 2, orbitals. We

reiterate that this diagram is not exact. Virtual orbital energies

The equatorial field is of course different in RbLI®O3); SO cannot b(_a deduced directly_from transition ene_rgies, due to
changes in electron-correlation energy. In practice, however,

only approximate agreement should be expected. Nevertheless; '« &= . ’

the simulated and experimental spectra agree very satisfactorily,relat'V'St'C DFT calculations suggest that, at least for t.he virtual

the peak separation of 2.1 eV being the same as that observe@'Pitals accessed by X-ray spectroscopy, the error introduced

experimentally. Figure 8 also includes a simulated perpendicu- PY @ssuming that an excitation energy is equaIZLtlo an orbital

larly polarized spectrum (green) from which transitions to the €Nergy difference can be quite small (i.60.5 eV):

6ds orbitals have been excluded. It is clear from the effect of  With these reservations, the spectroscopic data and the energy

omitting these orbitals that they are theain source of perpen- levels in Figure 3 suggest the following main features of the

dicular intensity in the lowest energy transition. These results &l€ctronic structure:

confirm the near degeneracy gand 6¢ as well as their rela- (1) Whereas the §f molecular orbitals are weakly anti-

tionship to 6d and these energies are incorporated in Figure 3. bonding, the “Sf” antibonding interaction is much more
11.2.4. Uranium Ly Edge XASFinally, we consider the U-2s significant, raising the energy of this orbital by a further 2.7

(L1) XAS. Only orbitals with uranium np character are accessible €V. The L XAS spectra imply that “Sf' is a strongly mixed

from this shell. The highly dichroic spectrum of Rb(®O3)3 hybrid of 5f, and 6p.

is shown in Figure 9 together with a simulation employing a  (2) The 64 MO's are substantially more antibonding than

line width of 14 eV2® The polarized spectrum of a uranyl acetate the 6d.

dihydrate crystal is very similét so this dichroism is intrinsic (3) The 3, HOMO, although bonding, is much less so than
to the uranyl ion. Although the reported instrumental width is 3oy, 174, and 2. It also has less oxygen 2p character.
~2 eV?'the data are fitted better by a total width of +44 = (4) There is direct spectroscopic evidence for covalent partic-

18 eV (not shown). The first band at 21 745 eV is strongly ipation by U(6p) in thes, components of the valence orbitals.
parallel polarized, but the 17 eV anisotropy between the main
peaks is far too large to attribute to the axial field splitting of
a vacant 7p shell. If the splitting of this shell were small
compared to the line width, the spectrum would not be strongly 1.1, valence Orbital Properties. 1ll.1.1. Radial Wae-
polarized. This paradox can be resolved by observing that, fynctions The radial amplitudes of the actinide orbitals influence
although thes, andzz, components of 5f and 6p orbitals share  tnejr role in the actinyl bond. Figure 10 shows the results of an
the same symmetry iB.h, only theo, components are strongly  atomic relativistic calculatiod? Notice that the 5f “valence”

Ill. Theoretical Studies

mixed in the empty ${4o;) molecular orbital at-1.8 eV orbitals are more contracted than the “pseudo-core” 6p, but that
(Figure 3). This orbital then has the substantia} 6paracter 64 and 7s are much more diffuse, extending well beyond the
needed to explain the strong parallel polarize@tige intensity. position of the oxygen nucleus.

In contrast, the 6pcoefficient in the 5f MOs, which deter- l11.1.2. Overlap Integrals. Values of the WO overlap
mines the perpendicularly polarized intensity, is negligible.  integrals for the UGCI,2~ ion, calculated using an all-electron

I1.3. Experimental Data Summary. Figure 3 summarizes  scalar relativistic (ZORA) DFT methoi,are collected in Table
the available orbital energy data. Note tfzdit the filled and 2. They are related to the radial amplitude distributions in Figure
empty valence orbitals of significance have been located 10. In the 5f shellr-overlap is much larger than tleoverlap—
spectroscopically, although there is some uncertainty in the a difference that is even more pronounced in the 6d shell. This
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TABLE 2: Overlap Integrals in Cs,UO.Cl.. this, it is essential to incorporate the spiorbit interaction,
6p 5f 6d 75 whose magnitude in the 5f shell is of the order of 0.25 eV, as
p anad hoccorrection. Effective core potentials (section 11.3.1)
u Ty Ou Tty o Ty Oy

which treat 78 electrons (i.e., up to an including 5d) as part of
a “large core”, give much poorer results than “small-core”
potentials that simulate the field of 60 electrdhs.

I11.2.2. Valence Orbital EnergiesSeveral authors report DFT
valence MO energies. These should be indicative of the various

o 5f i o 6d i1
orbital contributions to the BO bond. Typical values for the
0O— isolated UQ?" ion relative to the 35, HOMO, are 3y —0.71
eV, 2r, —1.28 eV, and &y —1.57 V46 Slight variations are
U— obtained from different DFT method&?’ but all predict the
same orbital ordering and overall energy span. The large
o separation between thes3HOMO and the other orbitals is
—

attributable to the contribution from the pseudo-core 6p shell,
which raises the energy ofo3 as a result of “pushing from

Figure 11. MO amplitudes, showing oxygen 2p overlap at twe-O

distances (use®rbital ViewerDavid Manthey 2004).

O(2p) 0257 0.115 0.070 0.142 0.075 0.312 0.061
O(2s) 0.238 0.152 0.414 0.276

below”, a notion that has been widely discussed else-
where#6.846.48The relatively small bonding contribution from
30y is apparent in quite small changes in the O bond length
(+7.5 pm) and the ©U—0 symmetric stretching frequency
(=120 cnTh) when an electron is excited from it (section 11.1.2),
compared with an excitation fromog where the equivalent
values aret17.6 pm and-245 cnt? (section 11.1.4).

In the presence of a set of equatorial ligands, &mains
well above the other orbitals in this group, but their order
changes. In Kaltsoyannis’s study of [Y®20)n(OH) 2" (n
+ m = 4, 5) therelative energy of &y is shifted down to an
extent proportional to the number of hydroxy groups, whereas
the relative energies of and Irq are almost unchange@in
[UO,(OH)4)? the energy of 8y is lowered by~1.25 eV,
making it easily the most stable of this group of orbitals. Both
3o0g and 2r, orbitals have no nodes in the equatorial plane and

unfamiliar result was first established many years #g8lts
origin is shown schematically in Figure 11, which illustrates
the MO densities at two YO distances.

For both 5f and 6d a cancellation of positive (orange)
amplitude in the overlap region becomes very pronounced at
short distances, but this does not occur for &hd 6. This
happens because the OgPpverlap with the positive (orange)
axial lobe of 5§ is largely cancelled by that from the negative
(blue) toroidal lobe, which therefore appears thinner than its
positive counterpart. It is also clear in Figure 10 that &dd
7s; are so diffuse that they overlap both positive and negative

regions of O(2p). The resulting cancellation for fat short can therefore fornw-bonds to the equatorial ligand$At the

distances can be seen in Figure 11. Neither of these factors . o
applies to the more contracted 6p shell where, as is more usual,233 pm distance of the equatorial ligands, ¢heverlap of 64

S(6p) > S(6p,). The cancellation of O(2p overlap due to the exceeds that of the more contracted, 5o the main influence
diffuseness of 6gand 7g is, as expected, absent in their overlap g];it:es‘; b“eq[?enrdgolrs\ocr)r'zhgrf ﬁgggyhiﬂ?fngﬁgﬁi?; I(Sr?er
with O(2s). The O(2s) orbitals, although less important, should 9 ' T 9y
not be ignored because they are close in energy to e above those of the_ uranyl fragment, thereby_ stabiliziog 8/
overlap well with it (cf. Table 2) an amount proportional to the number of®lligands that are

: I H .
I11.2. DFT Calculations. 11.2.1. Geometry and Bond Lengths. reEl)_sced byt O. ”grougs_ N i ically i th
DFT calculations on actinide compounds offer a stringent test e equatorial ligand interaction typically increases the energy

of the Kohn-Sham orbitals and functionals required to handle span of th.e valence orbitals fro_ml.S _eV in the |s_olated lon to
relativistic effects and exchangeorrelation energy in heavy ~2.1eV,ingood agreement with estimates derlv_ed fr_o m XPES
atom system3’-33Because these methods variationally optimize and from the O & emission spectrum. For UQI4* - a similar
the electron density represented by a single determinant SCFre-orderlngz;4|s four!d, althqugh in this gasagﬁs only .0'06 ev
wavefunction, they cannot be expected to describe excited stateé)?low Izg.** For this species the chlorine (;:fpverlap mtegrz_als
satisfactorily. Applications therefore focus on ground state ‘.N'th 6d, and 5, are 0.18_and 0'05’ re_specuvgly, o the primary
geometries, bond lengths, and vibrational frequencies in :~:pecie:~:'m(Iuence of the equatorial chioride ligands is again to depress
such as [U@X4]%", where X= F, Cl, and OH34 or in the the energy.of 8g- ) , , ,
hypothetical compounds where 3% CN35 or CO as well as [11.2.3. Virtual Qrbltal I_Energ|es.The oyerlap_ integrals in
on isomerization pathway&38 A comparison of the perfor- Table 2 E?.I’e co.n5|stent with th.e observation (Figure 3) that the
mance of DFT methods, for a number of actinyl species and More antibonding 6¢(27) orbital occurs~2.4 eV above 64
their analogs, with that of computationally expensive multiref- (40g). On the other hand, they seem to conflict with the fact
erence HartreeFock (HF) methods such as CASPT2, support that 5f,(40}) is found~2.7 eV above 5{(37}).
their validity 3° An explanation can be found in the form of thes’4
Many applications seek to predict the properties of com- wavefunction, in which the main AO coefficients are Uj5f
plexes in agueous solution such as the set with composition+0.756, U(6g) +0.712, and O1(2p = 02(2p) +0.642. Note
[UO2(H20)m(OH)H2" (n + m = 5) that exist at different pH  that 5f, and 6p have nearly equal weight and are in-phase.
values?®42 as well as the mechanism of water exchange in the When superposed (hybridized), their amplitudes add on-axis but
penta-aquo complex which, for an ion of this size, is quite slow cancel at polar angles between the conical nodes,8fdif) =
(~1C° s71).43-45 Solvation effects can now be handled with 39.2 and 140.8. A schematic representation of this superposi-
sufficient accuracy to predict aqueous reduction potentials for tion is shown on the left side of Figure 12. The large Uj6p
the [ANGy(H20)5]2T/[ANO2(H20)]™ (An = U, Np and Pu) contribution (implied by the U Ldata in section 11.2.4), with
couple to within 0.5 V of the experimental valtfeTo achieve Soep)= 0.258 (Table 2), greatly increases the effective overlap
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5f + 6p 5f - 6p

Figure 12. 5f, and @, hybrid orbitals (use®©rbital Viewer David
Manthey 2004).
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relative to that of 58, for which&p) = 0.070. The phases of
01 and O2(2p are antibonding with respect to this,Bp,
hybrid, and the interaction is sufficiently strong to place the 4
o), orbital 2.7 eV above g, due primarily to the contribution
from 6p. On the other hand, in thes orbital, the main
coefficients are U(5%) +0.9024 and O1(2p= 02(2p) —0.389

energies of the ground state and six excited states were averaged.
The valence electrons were then treated by a multireference
CISD method that incorporates both the electretectron
repulsion and the spirorbit interaction. For example, the nearly
degenerater, 0y and oy¢y configurations, both of which have
¢ g Lel o o = (5/2) components (in the—w limit), are strongly mixed
and, due to its smgll overlap, the Krrontribution is negligible. _ by spin-orbit coupling (SOC) and are conveniently treated in
Th*e O(2p) coefﬂmints confirm the much reduced covalency in s way. The spir-orbit interaction and the electrerelectron
37, compared to 4. These calculations are therefore in good  repylsion, which are of comparable magnitude in these excited
agreement with the conclusions drawn from the XAS energies gtates, are handled simultaneoustypotentially more accurate
and intensities in section 11.2.1. procedure than treating them sequentially. On the other hand,
111.3. Multireference Methods. 111.3.1. Methodology.The this MR-SOC-CI method requires such a large number of Cl
open-shell optical excited states of the uranyl ion provide states that it is necessary to freeze a subset of the electrons in
numerous observables that are more revealing than the groundhe active space.
state properties. Theoretical treatments therefore need to make An alternative all-electron approach, due to Pierloot and van
use of multireference configuration interaction (MRCI) methods, Besiens? treats thescalar relativistic interactions of the core
i.e., those that take as their starting point wavefunctions electrons using the Douglaroll Hamiltonian?3 and employs
variationally optimized in a multi-configurational (MCSCF) SCF  a basis set specifically adapted to this Hamiltorfakultiref-
calculation. This is an important prerequisite for Cl calculations erence MOs are derived by the complete active space CASSCF
if they are to successfully account for electron correlation in method, which permits the inclusion of all possible configura-
excited states. To date there have been two technically distincttions generated by excitations within a selected set of real and
treatments of these states in actinyl compounds. virtual valence orbitals (that define the active space). Config-
Pitzer's group has investigated the properties of,tdGnd uration interactions arising from the electreglectron repulsion
NpO2?* both as isolated species and in the environment provided are then handled perturbatively (up to second order) by the
by the CsUO,Cl, crystal®®-52 They use the relativistic effective =~ CASPT2 method® and the resulting “spirorbit free” (SOF)
core potential (RECP) approximation, whereby the wavefunc- eigenvalues are used as diagonal energies in the-spiit
tions of the chemically inert core electrons, obtained from a Hamiltonian matrix. The SOC is therefore treategosteriori
Dirac—Fock relativistic atomic calculation, serve to define a using the restricted active space state interaction (RASSSI)
core potential. The valence orbitals are replaced by pseudo-method, the Hamiltonian being constructed and diagonalized
orbitals that are radially nodeless within the core and have within the CASSCF basi® This stepwise procedure means that
characteristics defined by this potential. The MOs were first it is not possible to fully account for any orbital relaxation
optimized by carrying out a MCSCF calculation, in which the associated with the spirorbit interaction. However, in the 5f
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TABLE 3: Experimental and Calculated Energies, Vibrational Frequencies, and Bond Lengths

Tdem™ wd cmt R{(U—0O)/pm
expt CASPT2 SOC-ClI expt CASPT2 SOC-CI expt. CASPT2 SOC-CI

X Aig 0 0 0 832 819 968 177.4 178.3 172.8
ak 20 096 20280 20363 715 712 885 183.9 183.6 179.0
b Byg 20407 20330 21013 710 703 879 184.9 184.4 179.2
a By 21316 21139 21838 696 698 878 184.9 184.6 179.0

b Ey 22051 21809 22819 711 711 874 184.9 184.6 179.4
b Byg 22406 22984 24618 717 721 902 184.9 184.6 180.6
b Byg 22750 23228 24780 711 714 900 184.9 184.7 180.6
cE 26222 26534 26817 725 722 904 184.9 184.2 180.5
a Agg 27720 28527 29169 705 703 896 184.9 185.4 180.8
b Ay 27757 28530 29145 708 703 890 184.9 185.4 180.7

aCorrected values.

shell, the SOC is small compared to that in more penetrating are consistent with the large spectroscopic bandwidths found
valence shells with lower values bfso this approach has been in this part of the spectrud?. The au¢>u:n§¢u interactions
tested successfully in several heavy-atom molecéfasever- match the experimental observations in section 11.1.3. In states
theless, insofar as the 6p shell is an important contributor to dominated by therﬁéu andnfj¢u configurations, the equilibri-
the actinyl valency, the neglect of the much largei5(eV) um U—O distances are close to 196.0 pm. The increase of 18.6
spin.—_orbit interactions within this shell could be a source of pm relative to the ground state is large compared to that found
significant error. in theoydy andoygy states. As in the case of@(section 111.2.2),

111.3.2. Excited State Propertieﬁfhe results of these MR- ) the 21y orbitals are C|ear|y more Strong|y bonding thanh$3
SOC-Cl and CASSCF/CSAPT2 calculations are compared in expected from their orbital energies (Figure 3).

Figure 13, which shows the differences between the calculated Although the performance of the CASSCF/CASPT2 calcula-
and experimental energies forgt_he first nine e_Iectronlc e>_<C|ted tion is impressive, it omits a significant part of the CI. The SOC
states of CaJO,Cla. |_3|tzer et aﬁ_ mcIude_a det_alled evaluanon Hamiltonian matrix includes the ground state and SOF states
of the fgll crystal field potenygl that is quite successful in derived from thesdu, dupy, 750, andzr, configurations, bt
accounting for the (small) splittings that arise from the actual R ] - oa .
Can Uranium site symmetry, whereas Pierloot and van B&ien not those from thery, configuration® Yet it is clear from the

’ magnetic-dipole intensity (section 11.1.3) that interaction with

use the idealized4, symmetry of an isolated UfCl4?~ ion. . - T . -
The averages of th&;, component energiésare used for the this conflgura_tlon IS S|gn|f|can_t. Using DFT M_O_coefﬂue?—ﬁg_
; P and 5f-shell eigenvectors obtained by diagonalizing an empirical
comparison in Figure 13. i . . . ) .
Hamiltonian that includes the,, configuration, one calcu-

The results from an empirical Hamiltonian that includes the ¢ :
o3, configuration in the spirorbit Hamiltoniant® are also lates the transition near 20 096 chto have a magnetic moment

included in this figure. Both SCF calculations somewhat ©f 0-24us, a figure that compares well with the observed value
overemphasize the excited state energlesbut the ordering ~ Of 0.18us. On this basis the inclusion of theyr;, configura-
of the states and their general agreement with experiment istion should selectively lower the energy of those states with
impressive. However, the CASSCF/CASPT2 calculation is Predominantlyudyez) character (in the)—w limit) by ~300-
notably more accurate, a difference that has been attributed to400 cnm’. Furthermore, the additionatantibonding character
the use of an overlarge effective core potential in the MR-SOC- should increase their equilibrium bond distances and lower their

Cl calculation$3 O—U-0 frequencies. Clearly, future theoretical work ought to
Both theoretical treatments also calculate the-WB-O include interactions with this configuration.
vibrational frequencieswe, and equilibrium bond lengths, Zhang and Pitzer make an important observation about the

Rg(U—0), in CsUO,Cls. These are compared to experimental effect of CI31 The largest contributors to the excited states are
values in Table 3 (corrections supplied by the original author). indeed the 8,0, and 35,¢, configurations, the population of
The CASPT2 calculation reproduces the experimental values 3o, being ~50% uranium centered, but there are also major
of we with impressive accuracy. The experimental bond contributions from the @0, and Z¢, configurations, where
distancesRs(U—O) are in most cases indistinguishable from 2g, is predominantly the pseudo-core 6prbital. When the
184.9+ 0.3 pm, although the distance in the first (g Excited admixture of these configurations is taken into account, the hole
state is clearly shorter byl pm (section 11.1.2). These values in the highest energyd® (the prime indicating the mixed or
are also well reproduced, but the method is somewhat less“rotated” composition) orbital becomes even more metal
successful in the ground state, underestimating théJOO centered at the expense of O(2p), thereby reducing the extent
frequency by 13 cm! and overestimating the bond length of oxygen to uranium charge transfer involved in the excitation.
by 0.9 pm. It is also clear from this table that the SOC-CI At the same time the CI results in an increase in the O(2p)
(RECP) calculatioff giveswe values that are substantially too  content of 2. This partly compensates for the charge transfer
high and bond distances that are too shéeatures that can  accompanying the excitation fromug@ so that a population
also be attributed to the shortcomings of the effective core analysis finds essentially theamecharge on oxygen in the

potential®’ excited states as it does in the ground state. This observation
Figure 14 shows potential energies as a function of the agrees well with the absence of any significant change in the
symmetric O-U—O coordinate for the UECI,*~ anion, cal- distance of the equatorial ligands in the excited states, and the

culated by the CASPT2 meth88 A group of excited states, invariance of their stretching frequency (section 11.1.2). The
with much larger equilibrium bond lengths is found above reduced O(2p) character in ther3orbital arising from the
29 000 cml. These possess a large degreerﬁﬁu and nﬁq&u configuration interaction is also in satisfactory agreement with
character. Extensive vibronic mixing between configurations the small O Kt emission intensity at the energy expected for
takes place in this region, giving complex energy surfaces that emission from this orbital (section 11.2.2 and Figure 6).
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TABLE 4: Energies and Mulliken Populations (%) of Occupied Valence Orbitals in CsUO,Cl,

orbital energy/eV 6p 5f 6d Oo(2p o(2py) Cl(3py) Cl(3pw) Cl(3pan)
au 0.81 4 16 18 63
&g 0.79 100
& 0.69 10 89
b1y 0.45 5 94
e 0.35 6 3 89
e 0.20 2 3 4 85 5
bag -.17 11 89
au (30u) -0.32 5 32 25 35
ag —0.54 1 21 72
bag —0.64 12 84
ey (21y) —-1.04 27 70 3
ey (Lr7g) -1.62 18 72 9
a1g(30y) —1.68 13 64 17

11.3.3. Higher Energy Configurationgierloot has calculated  the pairs of g5 and &, orbitals. In the former case there is
the SOF energies of the various states of,0I%~ that arise substantial mixing between Cl(3pand O(2p). Their in-phase

from the oudu, oupu, 0w Topu, Ogdus Tgdus ﬂgéu, and yrgqju combination, at—0.54 eV, has a small net overlap and
configurations. Considering only configurations of the tyde, interaction with 64, but the out-of-phase combinatiorg} has
the average of configuration energiedative to 0,0, are oy enhanced overlap with gdthereby lowering the MO energy

1.71 ev’ﬂgéu 1.95 eV, andogd, 2.07 eV. Pierloot notes the to.—1.6§ e\(. This intera<:2tjon is (esponsiblg for the stability of
apparent inversion of the ordering afg@and Iz, orbital energies  this orbital in [UG(OH)4]?~ (section 11.2.2y.0

relative to the case of the isolated &f® ion, for which the The twoay, orbitals are comprehensive mixtures of Uf5f
ogdu configuration is calculated to lie 0.65 ebelow 0, U(6R,), O(2p,), and Cl(3) although the lower of the two has
Though this inversion can be understood in terms of the role of MOré 0xygen and less chlorine character and is therefore labeled
the Cl(3p) interaction with 3, as discussed in section 111.2.2, 30u- They differ in that thez-interaction between the chloride

it raises two problems. First, Pierloot indicates that the chloride 10NS and the out-of-phase hybrid of.Gmd 5¢3 is antibonding
population in the valence orbitals is minimal. Second, it becomes N the HOMO at 0.81 eV but bonding inog. This hybrid,
difficult to understand the excited state absorption spectrum, "ePresented schematically on the right-hand side of Figure 12,
which is consistent with a parity-allowegid, — 040, transition has I|tt|€_3 amplltude on the-axis, but enhanced _amphtude inits
centered near 2.2 eV. The energy of this transition is well interaction with CI(3py). The lowest energy optical excitations,
reproduced by Pierloot's calculation. However, thg, — which leave a partial hole in this hybrid, would thus tend to
ngéu transitions are predicted to occur at only a slightly sr?or‘[en thg GCl dklftalnce.hThe gxuted glectrqnh, hrC])WEVEI‘, enf[elrs
(~1000 cnt?) lower energy, in a region where no appropriately f € 553 an 5h Oklr Itals Vl‘; 03'.3 mte_I[z;ctlgnlWlt t ? ehquatorla
polarized intensity is found experimentally. It is difficult to see igands Is weaklyz-antibonding. The balance of these two

why this transition should be weak, so this inconsistency remains.factors appears to.be responsible, .to.gether with the small change
unresolved. in oxygen population, for the negligible change ir-Gl bond

. . . o length.
I11.4. Equatorial Ligand Interactions and Excitations. . . .
Theoretical studies vary in their description of the composition Although the populations in Table 4 contrast with the much

oY . P
of the filled valence orbitals in the ground state of the,G@*~ ggéfe |c;rr1]|§ ?:ﬁg??ﬁ;xfog;‘i db?/n fﬁgrléazt:r(;? trl;lté%%hti?:
ion. Matsika and Pitzer use a Mulliken population analysis to pancy P : ’

' : L .~ DFT local and nonlocal exchangeorrelation functionals, such
find an overall negative charge of 0.75 on the chloride ions in - ) ’
CsUO.Cl, and note thatone of the uranyl valence orbitals as BP86, have been compared with hybrids (Q.g., B3LYP.) that
(30u, 304 27, and rg) “mix significantly” with chlorine mcluqle a degree of HF exchangfeThe expenmental spin-
orbitals#? Similarly, Pierloot's CASPT2 calculations on QCl,2~ density data show that when puré DF exchange is employed,
find very small chlorine contributions to these orbitals; specif- the covalency of the .Cﬁm b_ond Is substantially overempha-
ically, the Mulliken populations aredd 1%, 37, 2%, 27, <1% sized, and the bond is predicted to be too long by 10 pm. On
; - - g o the other hand, a hybrid functional that includes 38% HF
and g 6% 52 This calculation is made on the isolated 40D? ) o .
ion and may therefore underestimate the positive potential at eX(_:hange reproduces the experimental ionic cha_racter satisfac-
the chloride ions in relation to the actual crystal potential in torily, shortens the CuCl bond by 3 pm, and predicts charge-

CsUO,Cls (which is treated comprehensively in Pitzer's transfer transition energies in goqd agreement with experiment.
work9). It appears that the inherent self-interaction of the approximate

The results of a recent DFT calculation, which uses the BP86 exchange-correlation functionals overstabilizes the metal orbit-

- ; & als in relation to those of the chlorid&ln CsUO,Cl, the BP86
(LSDA/GGA) exchange correlation functional, on the Ul functional overestimates the—+D bond It—fﬁgth2 b; 4 pm and
ion?* are shown in Table 4. Those orbitals whose symmetry

and composition indicate that they have a major role in the the U—Cl bond length by 7 prd? It would therefore be valuable
bond are presented in boldface type. Chlorine Bpbitals are to study actinyt-equatorial ligand interactions with a hybrid

. = . : 2T functional comparable to that used for CyfCl
d|.rected in either the vgmcal (v) or horizontal (h) directions Because the HOMOs in Table 4 are chlorine-centered, it
with respect to theC, axis.

. . . . . might seem that the lowest energy excitations should be charge-
According to this calculation the seven highest energy orbitals 9 g9y g

aril tered on the chloride i dthe | tth transfer transitions from chloride to uranium, but this is
are primarily centered on the chioride lons, and e lowest three obviously at variance with the optical spectrosc8Within a
on oxygen. Most orbitals with significant metal content involve

X . SCF-LCAO model, if no orbital relaxation is permitted, the
either O(2p), as in the case of the lowest energf2e,) and S . . L
ey(L7g), or CI(3p) (B, and hy) in which case only the 6d energy of an excitation from orbita to orbital b is given by
interactions are important. Exceptions, however, are found for W, =€, — €5 — (Jap— Kap) £ Kyp (1)
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wheree, ande, are their SCF energied,, andKapy have their density in the 6g, 6d,, 5f,, and 5f; orbitals. The latter arise
usual meaning, and the positive (negative) sign is associatedbecause 5O covalency preferentially adds axial electron
with the singlet (triplet) staté? For states arising from thgJ, density to the 5f and 6d shells. The EFG calculated in this way
or oupy configurationsKyp is too small (0.3 eV)°to concern is positive but rather too sma¥. Better agreement with
us. The main correction to the orbital energy difference is the experiment is obtained in calculations that allow the donation
Coulomb interaction between the electron localized in the 5f from the equatorial ligands in RbUMO3); to add electron
and 5f, orbitals and the hole in the orbital from which it was density to the 6gland 5f; orbitals in the equatorial plarfé The
excited. For a full electron transfer from an ionic chloride orbital reduced anisotropy in the population of these shells accentuates
to the o, or ¢, orbital localized on uranium (over 267.1 pm) the positive contribution from the 6p core hole.
the electron-hole interaction energy is'3.3 eV, whereas for a The results of this woi€ typically come within a factor of
hole localized on oxygen at 177.4 pm it would bé& eV. 2 of the experimental value. However, the fact that there is only
However, if the excitation takes place from a valence orbital one experimental observable but many different contributions
with substantial uranium 5f charactéy, is much larger. For  to the EFG, each of which is a sensitive to different components
example a multiconfiguration DiragFock calculation on the  of the bonding, makes this an inconclusive test of theoretical
U*" ion gives a 5f-5f Coulomb energy of-18 eV The 5f methodology.
6d Coulomb integrals, relevant to excitations frayerade lI.6. Inverse Trans Influence (ITI). This concept was
bonding orbitals, are very much smalféras would expected  introduced in 1998 It is based on a comparison of bond lengths
from the diffuseness of 6d. These energies will not be i, six-coordinate species of the type MY, where Z is either
quantitatively correct, as they ignore orbital relaxation. Never- g1 oxo or nitrido group and Y is a halide. If M is & metal,
theless, configurations generated by excitations from valenceine M—Y,,,,sbond is typicallylonger than MY s by 5—15%.
orbitals with substantial 5f orbital character are expected to be | transition-metal chemistry, if Z is a strongly bound ligand,
stabilized relative to those that correspond to-€lU charge  thjs type of elongation is called a trans Influence. On the other
transfer. hand, in the two available actinide examples vtk O, Y =
Thus, although the HOMO’s seem to be largely chlorine CI, and M= U or Pa, the M-Y yansdistances are-48% shorter
centered, the first charge-transfer states ofJCsCl, have been than the M-Y s distances. Unfortunately, there is no other
calculated by Matsika and Pitzer to lie at energies greater thansuitable diffraction data, so the remainder of the evidence for
33 000 cnrl—a full 1.6 eV above the first excited stat¥sThis the ITI is more indirect.
is compatible with the onset of an intense broad absorption at  |n CsUOF disorder in the complex anion orientation prevents
23 000 cm* in CsUO,Bry crystals?! and typical differences  the determination of bond lengths by diffraction methods.
of ~1 eV in the threshold energies of chloride-to-metal and However, in the solid stat®F NMR spectrum the trans fluorine
bromide-to-metal charge transféSuperficially, the DFT MOs s found 120 ppm downfield of the four cis fluorines, indicating
in Table 4 appear unsatisfactory in ascribing substantial chloride that the bond to it is more covalefft.An analysis of the
character to the @&, orbitals in the ground state, because an vibrational spectrum is also consistent with a substantially larger
excitation from orbitals with this composition could lead to a stretching force constant in the—+F;a,s bond?®
substantial change in£Cl bond length in the excited state. In another example, the low-temperature optical absorption
However, because the excited electron is localized insg 5f  53nq emission spectra of (PRHOCIs show well-resolved
orbital, Equation 1 implies that the most stable excited config- progressions in both the-tD and U-Clyansstretching moded:
uration will maximizeJa, and, if other factors are equal, should |, the electronic ground state the-Cls symmetric stretching
place a hole in an orbital whose composition has enhanced 5ffrequency occurs at 293 ¢y but the U-Clyansmode is found
character relative to that in the ground state. Excited state Cl 5¢ 345 ol The Huang-Rhys factors indicate that, in the
should therefore give added weight to configurations in which gycited state, the hole is in an orbital having substantial
a oy hole occupies an orbital with much reduced chlorine jnteractions with both the oxo group and the trans chloride
character relative to that in the ground state. If this is the case, ligand, and that the cis chlorides are unaffected. Bagnall found
the U-Cl bond could be almost unaffected by the excitation. It {hat whereas the four cis chlorides are instantaneously re-
would be useful to investigate the subtlety of this point by pjaced by bromide in HBr/CKCI, solutions, the replacement
explicit examination of the excited state wavefunctions, and by of the trans chloride takes several hol&§hese observations
computing potential energy surfaces for the-Cl stretching suggest the presence of linear partially covalent ®Ugnd

coordinate. OUCE* groups that share some of the robustness of actinyl
IIl.5. Nuclear Electric Field Gradients. The evidence for ions.

the participation of the 6p shell in the+D bond gave rise to The original rationalization of the ITl was qualitati#é: but

the suggestidi that the resulting anisotropy of the electron  the Kaltsoyannis group has now made a quasi-relativistic DFT

density in this shell, associated with a partial hole~f.33e study of a series of compounds with the composition AgOY

in the 6p orbital,*® might be responsible for the electric field  (an = pa, U, Np: Y=F, CI, Br)73 They predict a preferential
gradient (EFG) at the actinide nucleus. This property has beenghortening of the B-Y yansbonds by about 2%, rather less than

measured by NMssbauer spectroscdify®in compounds con- s found in the (sparse) experimental dag@imilar results have
taining 2’NpOy*" and2342323)0*". For RbUQ(N203)3 the recently been reported by Chermette et &l.In both sets of
axial component of the EFG i$8.14 x 10'8 V cm~2%4 calculations the bond distances are only satisfactory if the local

However, all actinide shells with> 0 that participate in the  density approximation is us€@’* Chermette’s work predicts
An—0O bond, not just 6p, should exhibit some anisotropy in their anormal trans influence not only in molybdenum analogs but
charge distribution as a result of the covalency. Relativistic also in UOCk™ providedthat the 5f shell is artificially removed
CCSD(T) calculatior® on the isolated U ion, show that from the bonding by raising its energy by 25 éVApparently
the EFG is the result of incomplete cancellation between a largethen ligand interactions with the 5f shell are a central feature
positive contribution from a partial 6p(axial) core hole, and  of the ITI. This point is supported by Kaltsoyannis’ finding that
largenegatie contributions from the additional (axial) electron the ITl increases in the sequence U@Br UOCIs~ < UOK;~
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< NpOFs;, consistent with a lowering in energy of the 5f orbitals,

Denning

Remarkably though, Boncella’s group has discovered that

as the positive charge on the actinide increases, thus enhancingimple trans-bis(alkyl or arylimido) compounds can be made

their participation in the J-O bond. Kaltsoyannis also finds
that the larger part of the ITI, but not all of it, is absent if the

by oxidizing Uk(THF)4 with iodine in the presence of
and a primary amine such as anili#é8 The triethylamine

pseudo-core 6p orbitals are “frozen” in the SCF procedure and deprotonates aniline, presumably assisted by its coordination

thus excluded from participation in the bond.

A simplified orbital analysis of the factors underlying the
ITI focuses on the role of two axially symmetric MOs (Gand
9a). Both are bonding toward oxygen but hayeinteractions
with the trans halide ang* interactions with the cis halides.
The higher energy Qarbital involves substantial out-of-phase
hybridization of 5§ and 6p, already discussed in section IIl.4
(cf. Figure 12). The effect of the addition of 6p character is
thus to enhance* interactions with the equatorial ligands, and
decrease* interactions with the trans halide. Because the metal-
orbital content of this orbitahcreasesn the order UOB4~ <
UOCIs~ < UOFRs~ < NpOFs, its composition appears to be an
important factor in the computed increase in the ITI in this
series.

The 63 orbital, in contrast, contains little ggharacter, more
5fs, and a larger amount of 6dThe resultant+d hybrid is
mainly directed toward the YO bond and has some cancel-
lation of amplitude in the direction of thieans halide, so that
antibonding interactions in this direction are small. The metal
content of this orbitatlecreases the order UOBy~ > UOCI5~
> UOKs, and the cis ligand jpcontent increases. Given the
antibonding nature of the metal halide interactions, it is clear
that this orbital also plays a part in the ITI.

Analogous computational results have been reported for

UOX4 (X =F, ClI, Br, I) moleculeg? although no experimental

to uranium, to give U(NPR)o(THF)s. With tert-butylamine the
product is U(Nt-Bu),l(THF),. The recent characterization of
the UG 42~ ion8 supports the notion that a mild oxidant such
as iodine can generate these formally U(VI) compounds,
provided that the positive charge on uranium is moderated by
strongly covalent oxo or nitrido ligands.

The equatorial ligands can be readily exchanged, although
two iodides are always present. Interesting examples are U(N-
t-Bu)l2(pyr), and U(N+{-Bu),l2(PhsPO), which adopt an all-
trans (pseud®,,) geometry, as well as the phosphine complex
U(N-t-Bu)al 2(PMes)o(THF). Typical U-N bond lengths are
close to 184 pm, somewhat longer than the uranytQJ
distance, which is usually close to 177 pm, but much shorter
than the 191 pm YN distance in the phosphorane-iminato
specie$?

U(N-t-Bu).l2(PMes)o(THF) is the first phosphine complex of
uranium(VI) to have been characterizetthere are no uranyl
analogs. Boncella notes the implied increase in the “softness”
of the uranium(VI1) coordination chemistry in the diimido species
compared with the typical “hard” ionic interactions of the dioxo
cation®”88 This softness is also supported by the observation
that all the diimido species isolated so far contain coordinated
iodide ions.

The bond distances in U(NBu),l»(PhsPO), can be usefully
compared with those in UDy(PhPO) for which there are

structural data are available for comparison. It appears that theyacent structural daf®.The replacement of oxo by imido groups

lowest energy geometry h&3, symmetry. Typically, the axial
U—X bonds are computed to be—2% shorter than the

leads to a significant increase of 3.9(3) pm in the distances to
boththe iodide and phosphine oxide “spectator” ligands. This

equatorial bonds and the ITl is again most pronounced in the g ggests a decreased positive charge on uranium due to a greater

fluoride.

IV. Structural Analogs

IV.1 Diimido Compounds. The imido group, RN, and
the oxide ion are formally isoelectronic. In the d-block transition
metals, the chemical similarity between oxo @¥10), imido
(M = N—R), and phosphorane-iminato (¥ N—PRs) com-
pounds is well establishé@/” as are methods for their
preparation and interconversiéf.’? Although imido complexes
of U(IV) have been known for some tin%é,until recently

covalency in the U-imide bond compared to the-tD bond.
The increased uranium character of the filled valence orbitals
is also consistent with the stability of complexes containing
s-acceptor ligandsit will be interesting to see whether this is
sufficient to stabilize CO complexes.

Boncella has also recently reported the preparation and
structure of a mixed oxeimido analog, i.e., U(N-Bu)Ol,(Phs-
PO).°1 Here the U-oxo and—imido distances are 176 and 182
pm, respectively, in good agreement with their values in the
dioxo and diimido compounds. In this case the average

complexes of uranium(VI) have been rare, apparently requiring U—phosphine oxide and 4l distances are larger by 2.1 and

stabilization by bulky organometallic coligantls8® More
specifically, thetrans-diimido structural unit, the formal analog
of the uranyl ion, was unknown.

The main obstacles to the preparation of imido compounds

0.7 pm than in the dioxo compound, suggesting an effective
size for the uranium atom intermediate between that in the dioxo
and diimido species.

IV.1.2. Electronic StructureThe RRP—N=U=N—PRs*5 and

are the ease of hydrolysis to the very stable dioxo species, and—N=U=N— class of compound$® have both been studied

the possibility that the lower electronegativity of the imido group
could result in spontaneous reduction to U(IV). However, in

by DFT methods. Boncella’s work includes a geometry opti-
mization for U(NMe}l»(THF),. The agreement between the

the past few years, viable synthetic routes to these species havealculated bond lengths and angles and experimental values in

been discovered.

IV.1.1. Synthesis and Propertiddhosphorane-iminato com-
plexes can be made from the mono-oxo precursor [UDCI
by reaction with a trimethylsilyl compound such as§8NPA=;
or MesSiNSAr, where Ar is an aromatic group, to give
[UOCI4(NPAr3)]~, [UOCI{NSA®R)]~, or UCI(NPATr3),.84-86
These compounds contain transsO=N-— and —N=U=N-—

groups that are structural analogs of the uranyl ion. However,

the generality of this preparation is limited: if the phosphine

the tert-butyl analog is excellent. Both DFT studies arrive at
the same important conclusion: the ordering of the four key
valence orbital energies changes from & 3oy > 27, > Ly
in the isolated UG ion to 2, > lmg > 30, > 30q When the
oxygens are replaced by imido or iminato groups.

The main effect of the replacement is to raise the energies of
the s orbitals (of both parities) relative to those of therbitals.
If small splittings due to th€,, symmetry are ignored, in U(N-
t-Bu)Olx(PhsPO), the orbital energy order is(N) > o(O) >

substituents are too strongly electron donating, the uranium isz(O) > o(N), the 2p orbitals of the atom in parentheses being

reducedt®

the dominant contributor to the MO. The HOMO is again a
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m-type orbital centered on the imido nitrogen atom, but the [ ] ®
oxygen-centered MOs retain the usual order, ez, 7. U D Ufe ==

The origin of this orbital reordering is clarified by Kaltsoy- I
annis’ DFT analysig® which compares Ug" with the iso-

electronic UN. As expected for the less electronegative nitrogen
ligand, the energies of all valence orbitals rise relative to the
nonbonding uranium 5f but their order is maintained. However,
in the imido species an axial-bond, using the nitrogen 2p
orbital, is made by the formal addition of tHR" (or in the
case of the BP—N=U compounds, EP?"), so that the 2pare
preferentially stabilized, leaving a 2iHOMO. Alternatively,
one can view the evolution of the isoelectronie=0 group \

into the U=N—H group as the notional relocation of an oxygen \ 00 ‘ '
nuclear proton to the site of the H atom. Even if no electronic Py —— Px
polarization were to accompany the redistributed nuclear |
potential, it should be obvious that, in response to the reduced R !!"
nuclear charge, the 2rbital energies will rise more than the

2p,. This difference is accentuated if 2plectrons occupy an

MO with H—(1s) character and can “follow” the proton toward U—N U—N—H U—lr
its new position.

Several other features emerge from this theoretical work. (i)
As in the uranyl ion, theis-diimido configuration is much less
stable than thérans-diimido,87:88(ii) the imido compounds are
notably more covalent than the dioxo species, as judged by the
metal population in the filled valence orbit&&s?®and (iii) for
the RRP—N=U compounds the total energy is almost indepen-
dent of the U-N—P angle?® An equivalent absence of stiffness
in the R-N—U angle in the diimido compounds is also
suggested by the bending of th&u group away from bulky

“f’fgg,smm the equatorial plane to give-8—C angles of electron is promoted to the nonbonding UjsfFigure 15), the
' bent geometry exhibits a relative stabilizationaf.5 eV. This

IV.1.3. Optical Spectroscopyrhe optical spectra of these . ,de scheme ignores the decrease#\.bond energy caused
compounds bear little resemblance to those of uranyl analogues;Oy the presence of the imido proton. The order of the bonding
The diimido compounds are variously described as orange, red-\10s in UN, suggests that this decrease should be largest in
orange, brown, or red-brown, compared to the pale yellow of o pent geometry, because theorbitals appear to have a
uranyl compounds*and “the vibronic coupling fine structure  gyonger bonding interaction with uranium than therbitals.
often seen in uranyl U¥vis spectra is not observed”. Similarly,  This factor should reduce the tendency to bend.

the RP—N—U compounds are described as red or red-ordfige.  geyeral strands of evidence support the hypothesis of a bent
Brown reported the onset of a steadily risifeatureless excited state.

absorption for a solution of U(NPTgCls near 750 nm and (a) If the nonbonding 5felectron is ignored and only the

an extinction coefficient that reaches 1200 Mem™ at 500 o-components of the UN—R bonds are considered, the excited

nm 2 The red-shifted absorption is consistent with the reduced state electronic structure is analogous to that of the linear NH

HOMO—-LUMO gap indicated by the DFT calculatioASAt radical. This exhibits a strong Renre€Feller instability and,

15 K the [PPh]* salt of [UO(NP(GDs)3)Cls]~ when excited  at equilibrium, is stabilized by 1.48 eV at a+—H bond angle

at 532 nm shows a very weak, broéehturelesemission band of 103.4 .94

centered at 720 ni§%:° In contrast, uranyl compounds in (b) Computed ground state potential surfaces forNA-R

solution show numerous resolved bands forming progressionshending in transition metalimido compounds are essentially
in the O-U—O stretching frequency between 500 and 350 nm f|at,95.96

40eV

Figure 15. Walsh diagram for nitrido and imidouranium units.

to thex-axis to give a U-N—H angle of 90, the 2p MO returns
to its original energy in UM but the 2p MO is lowered by~4
eV, this being the equivalent of the stabilization of, 2m
protonation.

In this simple model, the sum of the orbital energies in the
electronic ground state is the same for both linear and bent
geometries. However, in the first excited state, when one

with extinction coefficients that are typically20 M~* cm™. (c) Analogous optical excitations in thé dpecies M(NR)-
Lu_m_mescence, displaying sharp vibronic structure, also occurs Cly(dimethylethanediol), where M Nb or Ta are assigned to
efficiently at room temperature. transitions from the M= N z-type bonding orbitals to a vacant

IV.1.4. Excited State Geometoncella has suggested that dy, orbital that is nonbonding with respect to the imido lig&hd.
the absence of clear vibronic progressions in thkeNstretching The absorption and emission spectra of these compounds are
mode is due to its coupling to internal ligand modes of similar broad and featureless at room temperature and show very large
frequency. An alternative hypothesis is that, in the first electronic (~10 000 cm!) Stokes shift§7-%8 In the solid state at 13 K,
excited state at equilibrium, the +N—R group is bent. A Ta(N-2,6-diisopropylphenyl)Bi(tetramethylethylenediamine)
Walsh-type diagram (Figure 15), in which the coupling between shows a broad emission spectrum containing a poorly resolved
the imido groups is ignored, shows approximate MO energies 1100 cnt! progression in the ArN stretching modé&8 Evi-
based on DFT calculations for UK Initially, the 2p(o) orbitals dently, the excited state is strongly distorted along the-Nla
are ~1.5 eV above 2py () as a result of the small U coordinate, but this does not preclude a simultaneous distortion
O(2p,) overlap and the “pushing from below” interaction with  in the bending coordinate. Indeed, the broad emission spectrum
U(6p,).54648If a proton (or carbonium ion) is added axially, suggests that the final states form part of a set of high spectral
the 2p(0) MO, as calculated by Boncelfd,is ~2.5 eV below density, low-frequency, vibronic states, as expected for a soft
2pcy() and is stabilized by-4 eV. If the proton is then moved  bending potential.
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TABLE 5: Bond Lengths and Vibrational Frequencies of Several MQ™ and MO2*" Species (Theoretical Values in Italics)

uo;* U2+ NpOz*+ NpO2+

compound R(U—=0)/pm vg, vadcmt R(U—O)/pm vs, vadcmt RU—0O)/pm vs vadcm 1 RU—O)/pm v vadecm? ref

MO3(H20)s 2+ 181.0 840 176.6 869, 185 767, 175 854, 42, 1Pl
909 175.6 965 824 175.2 969

MO,(PhPO), 2+ 182.1 176.2 179.2 104
MO2(18-crown-6}72+ 163.5(50) 180.0 778 112
MO(Py)*2* 183.6 797 103, 105
MO4(Py)sl2 175.5 927 113
MOy(Saloph)(DMSQO)/° 770 895 114
[NpO.M0O4(H0)] 10 185.4 102

(d) If the equilibrium configuration of the excited state is
bent, then when the UN—R angle is close to 180he bending

whereas it is near 20 000 crhin UO,2" and 14 000 cm! in
NpO,2+.198 These differences are consistent with the effective

potential function must be almost flat. Vertical optical excitations nuclear charge on the actinide atom.

will then occur to states that are highly vibronically excited with

Table 5 summarizes bond-length and vibrational data for some

respect to low-frequency bending modes, but which are also comparable M@" and MQ2" species.

very closely spaced. The bending instability can therefore

IV.3. Unstable SpecieslV.3.1. Experimental Datdn recent

account for the absence of resolved vibronic structure in years laser ablation sources have led to the characterization of

absorption and emission.
(e) A scalar relativistic DFT calculation on the isolated UONH
molecule finds bond lengths of £O 170.9, U-N 176.0, and

many new uranium species, both in inert gas matrices and in
the gas phase. In particular, Andrews’ group has studied the
reaction of uranium atoms withJANCO, NO, Q, and S in inert

N—H 105.3 pm. Keeping these distances fixed, the total energy gas matrices. Among the triatomic products related to the uranyl

of an excitedz3p configuration, in which az-type hole in
the HOMO is largely localized on the nitrogen atom, was
investigated as a function of thetN—H angle. A minimum
is found at 153, this geometry being 621 crh more stable
than the linear cas¥. A more realistic calculation seems
justifiable.

IV.1.5. ImplicationsFollowing this argument, actinyl analogs
containing onlymonatomicligands such as carbon, nitrogen,

ion that can be trapped are Wg115-117 yO,*,15117119
U027,117 CUO,116,12&123 UN2,124 UON,125 UON+,125 and US.lZG

All these species are linear with the exception of,|\Mhere

an analysis of isotopic shifts finds that the-8—S angle is
118 £+ 5°. DFT calculations show that the overlap density in
US; is dominated by 6d orbitals, and that the contribution to
the bonding from the more contracted 5f set is quite small. The
U—S distances are computed to be 238'fmather than the

oxygen, or a halogen should show the highly resolved optical 170—190 pm typical of species containing first period atoms.

spectra characteristic of excitations frono-dype HOMO, but

In light of the radial amplitudes shown in Figure 10, the

imido ligands and their isoelectronic analogs, in which the dominance of the 6d interaction at this distance is not surprising.

HOMO is of n-type symmetry, will inevitably have broad

In d® dioxo—transition metal analogs, where the d-shell domi-

featureless spectra associated with bent excited states that wilhates the bonding, bent geometry is the norm and is thus is not
hinder a detailed analysis of excited state properties. In this unexpected here.
context we note that the low-temperature absorption and Table 6 shows vibrational frequencies for the remainder of

emission spectra of (PRRJOCIs do show well-resolved
progressions in both the-tO and axial U-Cl stretching modes
of the UOCP* structural unit’! The Huang-Rhys factors in

these triatomic species. In most cases these are the only
observables, apart from the isotopic analyses that confirm the
composition and linearity. The remainder of the data in the table

these progressions indicate that, in the excited state, the hole inis drawn from theoretical calculations. Several features deserve
the HOMO is predominantly centered on oxygen. The much comment.

higher frequency of the axial YCI stretch compared to the
equatorial U-ClI stretch is an illustration of the ITI (section
11.7).8

IV.2. Stable UO,* Compounds. The NpQ™ ion is well-
known100-102hyt UG+ compounds have been difficult to isolate
and characterize. Although UO disproportionates rapidly

(@) In UG2T, UO,™, and UQ, the asymmetric stretching
frequencies drop sharply from-1100 to 915 cm! with
decreasing oxidation state, and the calculateeQUdistances
increase from~173 to 183 pm. The U™ species in the gas
phase are mass-selected by ion-cyclotron resonance, and their
IR spectra are measured using a free-electron 1858 UO,2"-

in water it has recently been isolated in the solid state as (acetone), with n = 4, 3, and 2, and U&"(MeCN)y, with m

UOz(Py)2_2|2K,103 U02|(TH F)2,7,103 and UQ(OTf)(TH F)1,5_2103
and has been structurally characterized in J@PPH),]-
(OTf)1%4 and [UGPys][KI 2Py,].103105 |In solution the equa-
torial five-coordinate species, [U(saloph)DMSO} and
[UO,(dbm)DMSQ]™, six-coordinate [UGQ(COs)3]°~, and sev-

= 5, 4, and 3, the ©U—0 frequency rises progressively to
~1020 cnt?! as the number of ligands decrease. This trend is
fairly well modeled using the B3LYP exchangeorrelation
functional, provided that the resulting frequencies are empirically
scaled by a factor of 0.975. Extrapolation to the bare O

eral other complexes can be prepared by electrochemicalgaseous ion predicts a frequency of 1116 &A37

reduction of UQ?".106.107 Their near IR optical spectra show
characteristic weak-ff transitions, analogous to those of the
isoelectronic (5% neptunyl(VI) ion?° However, relatively
intense transitions, assigned?a®s;, — 2I1;,; and?[13,, occur
near 11 000 and 13 500 cth The corresponding transitions in
[NpO2(NQO3)s]~ are found near 17 800 and 20 800 ¢iR° The
implication is that, in the more ionic UQ, the 5t orbitals are
less antibonding than in Np®. The actinyl 3, — 5fs,
absorption threshold occurs above 25 000 Erfor UO,™,106

(b) In the U(VI) species UONand CUO (in neon), the IN
and U-C stretching modes occur at higher frequency than the
U—O stretch. After allowing for the mass of the oscillators the
U—N and U-C bonds appear to have higher force constants
than U-O and, according to theory, are between 3.5 and 5 pm
shorter. The isoelectronic series O, UONT, and CUO are
formally derived by the stepwise removal of a proton from one
of the oxo ligands in U, leading to a progressive rise in
the energy of the N and C based valence orbitals relative to
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TABLE 6: Experimental and Calculated (in Italics) Bond Data for Various Uranium Triatomic Species

oS species Vasym Veym U—X/pm U—0O/pm GS ref
VI U002 (in Ar) 952.3 =+ 115
UO2*(acetone)q) 1017 174.5 =+ 127
UO2" (g) 1112-1140 172.8
171.6 46
UONT (in Ar) 1017 (U-N) 868.4 (U-0) 169.8 175.8 =+ 125
171.2 176.7 47
165.9 175.1 46
UNg (in Ar) 10511123 1008.3 1087 171.7 D 124,128
173.4 46
CUO(Ne) 1047.3 (U-C) 872.2 (U-0) 176.9 180.5 =+ 116
983 847
CUO(An), 852.5 (U-C) 804.3 (U-0) 187.1 183.3 3P 116
869 814
\Y, UON (in Ar) 983.6 (U-N) 818.9 (U-0) 175.7 183.7 2P 125
1005 846
UO,(Ne)" 980.1885 177.6 2P, 119
\Y) UQ; (in Ne) 914.8919 183.5 3P, 117,118
UO; (in Ar) 776/805 190.1 SHy 115, 118

those on uranium. As a result, these bonds become increasinglyconfiguration is destabilized in the presence of the stronger

covalent; they are shorter than® and dominate the interac-

equatorial argon ligands, due to the relatively large antibonding

tions with uranium. The reduced charge on uranium leads to interactions of these ligands with 7s. Indeed, the equilibrium

an increase in the 9O distance from~173 pm in UQ?" to
176 pm in UON and 180 pm in CUO.

U—Ar distance in thé®d,, state is calculated to be almost 100
pm longer than that in th&H,g state. In line with the observed

(c) There are unexpected changes in the electronic groundfrequencies, scalar-relativistic DFT and CCSD(T) calculations
states. If CUO is isolated in an argon matrix, rather than a neonindicate that the 5-O bond length (180.8 or 183.3 pm) in the

matrix, the C-U frequency changes from 1047 to 852.5¢m
and the U-O mode changes from 872.2 to 804.3dmmiThese

3d,, state is 5-7 pm shorter than that in thilag state (185.6
or 190.1 pm). This is not easy to explain using a simple valence

effects greatly exceed the matrix induced shifts found in other model because in théHsg (5f(0¢)) state both electrons are
species and are taken to indicate the presence of weak bondingionbonding toward oxygen, whereas in fidey, (5f175") state
interactions between argon and uranium. A variety of calcula- one occupies the 7s orbital that is nominally antibonding toward

tions, the best of which incorporate the sporbit interaction,
suggest that two stated¥™y and %®,, have very similar
energieg16.126-123.129.130Thejr conclusions are strongly depend-

oxygen. On the other hand, the extreme diffuseness of 7s (Figure
10) leads to both a very small overlap with O(2p) (cf. Table 3)
and reduced repulsion toward oxygen-centered density, in

ent on the detailed procedures for handling electron correla- contrast to the 3f configuration where the second electron

tion.13% The singlet corresponds to the familiar closed-shell
actinyl-like configuration in which all electrons occupy bonding
orbitals, and the triplet is obtained by a notional excitation from
the HOMO to a 5f orbital?® The small energy difference

occupies the more contracted 5f shell.

The absorption spectrum of Ya@n the gas phase, cooled in
a supersonic nozzle expansion, has been measured using
resonance-enhanced multiphoton ionization deteéfidit.can

between these orbitals is due to the low electronegativity of be analyzed in terms of 7s 7p excitations from two closely

carbon and the nonbonding nature of,.59Because the main
ligand contribution to the HOMO is from C(2) in the 3®;
state the G-U frequency drops by 195 crhwhereas the 8O
mode drops by only 68 cm. Andrews’ calculations show that
the binding energy of an argon atom in CUO(AI3 6.8 kJ/
mol, exceeding that of a neon atom by 2.0 kJ/#6IThese

spaced componentdd,, and 3®3,, derived from the 57s!
configuration. The latter is found 350 ctabove the former.
These results are well modeled by a CASPT2-RASSI calcula-
tion,133 which finds these states to be separated by 378'cm
and predicts the presence of excited states from tAepbf
configuration that approximately match the energy of the intense

results need to be treated with caution because it is known thatabsorption bands in the visible. Significantly, thesg 5f2(¢)

DFT functionals perform poorly in describing long-range charge-

transfer interaction&®! The stronger Ar binding leads to a
reduction of the nominal positive charge (t61.35) on
uraniumi®®so a significant factor in stabilizing the triplet state
will be the reduced electrerelectron repulsion associated with
the concomitant expansion of the,Sirbitals.

(d) The UQ molecule in an inert gas matrix formally contains
uranium(lV) and, in common with other U(IV) compounds,
might be expected to have &%fround state configuration. Due
to the upward shift in the uranium-centered atomic orbital
energies compared to Y&, a more ionic U-O bond is
expected. Remarkably, very different—-@—O stretching
frequencies are found in argon (776 cihand neon (914.8
cm1) matricest!8 Apparently, two electronic states with very

state is calculated to lie 3330 cAabove théd,, ground state.
However, transitions to 5ktates are predicted to have negligible
intensity, and there is no evidence for these states in the
spectrum.

Heaven’s group have also studied the fluorescence and
fluorescence excitation spectra of W@ an argon matrix34
The consistency between these spectra and those in the gas phase
suggest that the ground state hagyeradesymmetry and is
the same in both phases. This conflicts with the interpretation
of the low stretching frequency observed in an argon matrix by
Andrews, which appears to indicatgerade®H, 5f%(d¢) ground
state!17.118The incompatibility between these two sets of results
is as yet unresolved.

IV.3.2. SummaryThe unstable U(VI) species in Table 6 retain

different bonding characters have similar energies. Calculationsthe linear geometry, short bonds, and high vibrational frequen-

suggest that 8Haq state, stemming from the %d¢) configu-
ration, is the ground state in argon, but thaid®, state from
the 5£7s! configuration is the ground state in neBAThe latter

cies of the typical actinyl group. This is also true of the reduced
species UON and U. However, there are also species that
have strikingly different electronic structures. The ground state
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of CUO in a neon matrix has the familiar closed shell actinyl
configuration, in which the HOMO has predominantly carbon
2p, character. However, in the more coordinating argon matrix
an electron is transferred from this orbital to a uraniurp 5f
orbital to give a®® ground state. This is made possible by the
low electronegativity of carbon (relative to oxygen), and reduced
electron-electron repulsion in theo¢ configuration. The
removal of an electron from the carbon-centered HOMO
weakens the &BC bond much more than the-tO bond.

The other striking case is UORegardless of the unresolved
ambiguity concerning the ground state, it is clear that®thg
(5% and %®(5f7s) states have similar energies. The latter

Denning

y-phase, in which a distorted octahedral uranium site exhibits
the short (179 pm) uranyl groupirigt

The remaining oxide structures fall into two groups. The
larger of these exhibits axial compression toward actinyl
geometry, with axial and equatorial bond lengths clustering near
190 and 220 pm, respectively. In the smaller group there is axial
elongation with distances near 230 and 200 pm. A plot of the
axial versus equatorial distance is approximately linear with a
slope of —1.74, close to the factor of-2 expected in an
ey(222—x2—y?) stretching mode. Pyykko's calculations show no
equivalent softness in this mode in §fB7 so the actinyl
distortion must be favored by the greater covalency of the

appears to be the ground state in the gas phase. At first sighthexaaoxo ion.

this configuration is surprising because Y{3 a more ionic
species than UZ" and could be compared to the paramagnetic
phase of bulk U@whose electronic excitations are characteristic
of a 5f configuration in a cubic crystal fieltf> However, the
185 pm U-O distance calculatétf for gas-phase Ugs much
shorter than the 236.3 pm distance in the bulk UDorite
structuret3é In the solid dioxide the Madelung potential of eight

Though no explicit orbital analysis has yet been undertaken,
it is possible to attribute the tendency to distort to the larger
extension of the 6d orbitals compared to the more tightly bound
5f (Figure 10). The sensitivity of the 5f orbital overlap te-Q
bond length is made clear by the electronic structural data in
section |. For example, these orbitals, enhanced by 6p hybrid-
ization, make a large contribution to the axiat-O bonding

oxide neighbors enhances the ionic character, ensuring a highefnteractions at~175 pm, but the equatorial field paramefers
effective positive charge on uranium. The distance in gas-phasejpgicate that they interact only weakly0.2 eV) with equatorial

UO;,, however, is typical of the strong short actinyl bonds, whose
covalency explains the low calculated Mulliken charge on
uranium of+1.26117 Although the gaseous ions*t U*", and
Ut are calculated to have B5§round state configurations, the
neutral atom ground state configuration i€g&f7s?, and that of
the Ut is 5f87<, so the stability of a 5f7s ground state in WO
is consistent with the low positive charge on uranitd@learly

the omission of the 7s orbital from the active valence shells
adopted in section | (Figure 1) cannot be justified for actinyl
analogs in which the uranium is in a low formal oxidation state.

V. Actinyl-Like Geometry

Whereas Uk and UC} have a regular octahedral geometry,
the isoelectronic U~ unit is, in the great majority of cases,

oxygen ligands at greater distances, such as the 248 pm distance
found in RbUQNO3.1067 At the intermediate U-O distance of

208 pm found in octahedral sites, the manifold of filled orbital
energies should resemble those inglkhere U-F 199.9 pm),
although the increased covalency should increase their energy
span.

Orbital energies in U§ obtained from photoelectron spec-
troscopy*2 using Koopman's approximation, agree well with
both scalar*3 and fully relativistic calculation§**145They are
shown in Figure 16. Straka et F offer a simplified inter-
pretation of the bonding. Theyt orbital is nonbonding by
symmetry and acts as a reference level. Thegaltd 2t orbitals
lie respectively 1.4 eV below and 1.2 eV above this level and,
taken together, do not make a significant contribution to the

distorted and better described as a uranyl oxide complex anionPond. The remaining bonding orbitalsgt e, ag and by

(UO,)0O45. Pyykko has highlighted this difference and inves-
tigated it computationally3” Here we argue that it is due to
the more ionic character of YFwhich militates against the
adoption of the short covalent multiple bonds characteristic of
actinyl ions.

The U-F distance in UFis 199.9 pm. However, the UF
distances in the unknown gaseous ions FUPUF', NUFT,
and CUF, all of which are isoelectronic with U", have been

accommodate 18 electrons, to give a nominalfbbond order
of 1.5143However, in Figure 16 thedand g ligand combina-
tions, which interact with 6d, are substantially more strongly
bonding than eitherigor ty, which interact with 7s and 51,
respectively.

Turning to the axially compressed actinyl geometry, we now
assume that all 5f interactions with ligands in the equatorial
plane are negligible at+230 pm. On the other hand, the short

calculated to be 174.3, 179.2, 188.5, and 203.7 pm, respec-175 pm axial U-O distances enable the formation of six strong

tively.137 Evidently a decrease in the electronegativity of the

atom trans to fluorine reduces the positive charge on uranium,

making the U-F bond relatively ionic and comparable to, or
longer than, that in U§Similarly, in the organo-imido complex
[(MesSi)N]3U(NSiIMe;3)F, the U-F bond is trans to the short
(185.4 pm) covalent &imido bond (cf. section 1V.1.1) and is
itself long at 201.3 pn¥ This bond should be relatively ionic

bonds using both 5i(+ 27) and 6d ¢ + 27). In the equatorial
plane the diffuse 6d-,2 and 64l orbitals lead tar andzr bonds
with the by and bg ligand combinations, respectively (Figure
16). Table 4 shows that in @40,Cl, the 6d interactions with
equatorial chlorides are still significant at 267 pm, so these
should also be important for uranates with four oxide ions at
~230 pm.

due to the strong donation from the three amido ligands, and  The net effect, then, of an axially compressed distortion, is

this lengthens and weakens these bonds.
In Pyykko’s comparison of UfFand the isolated U~ ion 137

to replace the 5 @ + 37) medium strength 6d bonding
interactions of the octahedron, with@ ¢ 27) short axial bonds

the latter is found to have an octahedral equilibrium geometry. that are strong and 2 equatorial bonds that are weak, and to
However, it is also predicted to have a sof(22>—x>—y?) replace 3 weak 4t) 5f(xr) orbital interactions with threes(+
stretching deformation, one limit of which corresponds to the 2x) strong axial interactions, the former being enhanced by the
axially compressed actinyl geometry found in numerous uran- role of 6p,. This is illustrated schematically in Figure 16, where
ates(VI)137138¢ g., BaUQ.13In three cases uranium occupies major changes due to the strong axial interactions are indicated
a regular octahedral site with bond lengths very close to the by thick links to octahedral parents and the smaller changes
value of 208.2(4) pm found in cubit-UO3.14° Note, however, associated with the lengthened equatorial interactions are
that 5-UQ;3 is ~10 kJ mof? less stable that the more dense represented by thin lines. The orbital ordering at the tetragonal
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UFs U0,5(0),* _ (2) The _first excited states of _the uranyl _ ion and its
isoelectronic analogs are well described by excitations from a

N oy orbital to 5§ and 5f. Complete active space calculations

P20t ST6D(TE cq) that take account of the spiorbit interaction are capable of a

+ -14.1 o ) e
210 +) remarkably accurate description of the energies, vibrational

frequencies, and bond lengths of these states, in a realistic
equatorial ligand environment.
(3) Although DFT calculations indicate that the highest occu-

" tut SO ) pied molecular orbitals are usually centered on the equatorial
ligands, the lowest energy excitations can nevertheless be viewed
trg(nb) 3 v B azg: (nb) as effectively confined to the orbitals of the linear actinyl unit.
................................ e (nb) (4) A combination of spectroscopic and computational work
- makes it possible to construct an experimental orbital energy
t-’l"—”ﬁl-lL level diagram for the Ug¥ ion that includes all the significant
sl G valence orbitals, be they filled or vacant.
t:(ﬁ] —] (5) On the evidence available, the 8, hybrids, in which
-16.2 An—O overlap is enhanced by the 6p component, make a large
contribution to the bond, as does, 6dhose overlap integrals
1ty(c + m) :16.7 are large. There are, however, subtle aspects to the other two
3 o ) components of the bond. Excitations from the nonbondigg 5f
oo e to the 5f orbitals in the neptunyl ion cause only a small (4.9
174 y a2 51/6p(cy,) pm) increase in the NpO bond length (section 11.1.4),
g (1) s a1g: 6/75 (0cq) indicating that the B{3w,) are weakly antibonding, whereas
" bigs 6d (Geq) in the uranyl ion an excitation from their bonding counterparts,
- 2m,, to the nonbonding $§(10y or 1¢,) is predicted to lead to
€,(0) 250 an increase of 18.6 pm (section 111.3.2). Similarly, although the

diffuse 64 orbital appears to participate only weakly due to its
small overlap (Table 1 and section 11.3), an excitation from its

‘n.gg: 6d ()
: *B1gt 675 ()

bonding counterpart, @, to 19, increases the JO bond length
by 18 pm (section I1.1.4).
(6) It is significant that those excitations that correspond to
large oxygen to actinide charge transfer (fromy ®r 27, to
16,) cause major increases in bond length, whereas those which

) i . L are more uranium centered (i.e., from,30 16, or from 1,
Figure 16. Evolution of octahedral valence orbital energies into N .
tetragonal actinyl geometrygeradeorbitals, red;ungeradeorbitals, to 37 have a much smaller effect. The expectation of a
blue. symmetrical relationship between bonding and antibonding

interactions assumes a frozen orbital approximation and can be
limit is modeled on that computed for £40,Cl, (see Table misleading. An oxygen to uranium charge-transfer excitation
4). Put another way, there may be little change overall in the from the bonding orbitals (e.g.72) of UOz** to the nonbonding
extent of 6d bonding but, because of the contracted nature ofuranium 5§, redistributes charge in the excited state in such a
the 5f orbitals and their potential mixing with 6p, more is gained Way as to lower the energies of all oxygen based MOs and raise
by shortening the axial bonds than is lost by lengthening those those on uranium. It should therefore decrease the covalent
in the equatorial plane. bonding interactions in all the valence orbitals, not just that from
This description is entirely qualitative, but the question posed which the exc_ltatlon has taken place, and thus reinforces the
by Pyykko remains important. In the DFT era orbital-based 0ond weakening. On the other hand, the5f~ 5f(3)
analyses are uncommon but if this picture can be validated €xcitation in the Np@* ion shifts charge toward oxygen.
theoretically it would provide a useful guide to the origin of Although the 3r; electron is antibonding, the charge redistri-
the ubiquitous presence of actinyl-like groups. bution should strengthen the bonding valence interactions, so
that the net change in bond length is relatively small. This
interpretation is suggestive but needs theoretical substantiation.
(7) The low-intensity, highly resolved, vibronic structure
The principal conclusions of the previous revferemain observed in the optical spectrum of actinyl-like units containing
valid. They can, however, now be reinforced by new experi- monatomic ligands appears to be uniquely associated with
mental data and more sophisticated theoretical work. The mainexcitations from ac-symmetry valence orbital. Polyatomic
features are as follows: analogs, on the other hand, as found in the newly characterized
(1) The characteristics of the actinyl structural unit can now An=N-—R imido species, lead to a reordering of the filled MOs,
be seen to be shared by an extended class of compounds and g0 that the lowest energy excitations occur from orbitals of
variety of oxidation states. These include CUO, OfR—N= m-symmetry. In these cases the electronic spectra are invariably
U=N-R]*, arguably UOCI" (in [UOCIs]") and UQ(g), as broad and featureless. There is some evidence that this indicates
well as the well-known dioxo cations, An®. Because USis the presence of an excited state Rentigller instability with
bent, the short strong bonds of these triatomic units appear torespect to a bent §X—Y geometry.
be confined to first short period ligands, although Pyykko has  (8) The An—imido species are more covalent that their dioxo
recently calculated that linear species of the type OUM=M analogs and as a result show evidence of a preference for soft
Ir, Pt, Au*) ought to exist in the gas phak¥. s-acceptor ligands.

VI. Conclusions
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(9) The main features of actinyl-like electronic structure are
maintained across a broad range of compounds. Howeve
substantial modifications occur, either when the charge on 359
uranium becomes sufficiently small, as in Y@r when the
electronegativity of one of the ligands is small, as in CUO.

(10) It is suggested that the adoption, in oxide systems, of
the triatomic actinyl-like structure as opposed to the regular
octahedral geometry found in Fis a consequence of
additional bonding contributions from the 5f shell which, due
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