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Study of the electronic structure of the actinide tetrabromides ThBr 4
and UBr 4 using ultraviolet photoelectron spectroscopy
and density functional calculations

L. J. Beeching, J. M. Dyke,® A. Morris, and J. S. Ogden
Department of Chemistry, Southampton University, Southampton SO17 1BJ, United Kingdom

(Received 13 December 2000; accepted 20 March 2001

Ultraviolet photoelectron spectra of UBand ThBj, have been recorded in the gas-phase and
interpreted using relativistic density functional calculations. For ThBight bands were observed
which are interpreted as ionization from the five Br 4ymmetry orbitals of a Brunit in Ty
symmetry, with three of the banithe (4t,) %, (1t;) "%, and (3,) ! ionizationg each being split

into two by spin—orbit interaction. The observed splittings are rationalized in terms of the dind

Br4p contributions to the orbitals and by comparison with the known ultraviolet photoelectron
spectra of Thif and ThC}. The first vertical ionization energwIE) of ThBr, was measured as
(10.92+0.03 eV. UBr, shows a very similar photoelectron spectrum with an extra band at
(9.65+0.02 eV VIE. This is associated with a {5~ * (U5f,6d) ionization. Supporting matrix
isolation infrared experiments were also carried out under very similar vaporization conditions to
those used in the photoelectron spectroscopy experiments to check the composition of the vapor
beams used. In these experiments,Thetretching modes of ThBrand UBr, have been measured

as 230-2 and 2392 cm !, respectively. Both the photoelectron and infrared matrix isolation
spectra are consistent with an effective tetrahedral geometry fo, @Bd ThBy. © 2001
American Institute of Physics[DOI: 10.1063/1.1370945

I. INTRODUCTION gas-phase electron diffraction studies indicated a structure of
C,, symmetry with equal metal-halogen bond lendttge-

The uranium and thorium tetrahalides play importantcently a density functional study of the ground states of the
roles in nuclear fuel enrichment and reprocessiagd they  thorium tetrahalides has also provided estimates of equilib-
have been studied in some detail both in the solid state andum bond lengths and harmonic vibrational frequencies of
the gas phase. Uranium tetrafluoride is of particular impor-Thx, (X=F, Cl, Br, and ).2 These tetrahalides were all
tance in the nuclear industry as it acts as a precursor for botfound to have tetrahedral minimum energy geometries in
uranium metal and Ufrequired for isotope enrichment pro- their ground states. In summary, although reasonably de-
cesses. UFis usually prepared from UQ extracted from tailed experimental studies have been undertaken to probe
uranium ore, by reaction with HF at 850 K in a fluidized-bed the electronic structure of the uranium and thorium tetrafluo-
reactor. It is then directly fluorinated to produce JUfer  rides and tetrachlorides, relatively little work has been un-
isotope separation. Similarly thorium tetrafluoride is a keydertaken on the corresponding tetrabromides, JJBnd
intermediate for the reprocessing and recovery of thoriunThBr,.
metal? Electron-impact high temperature mass spectrometric

The investigation of the electronic structure of the ura-studies of the uranium and thorium halid®g2 have mea-
nium and thorium tetrahalides provides a good opportunitysured the appearance energy of 'mBrom ThBr, as(10.4
to study the role of metal & electrons in chemical +0.3) eV (Ref. 10 and UBF from UBr, as(9.6+0.3) eV.!!
bonding?® The gas-phase Hi¢ photoelectron spectra of These represent the only available values for the first ioniza-
UF,, ThF, UCIl,, and ThC} have been recorded tion energies of these molecules.
previously? The spectra were first interpreted using non-  The aim of this present work was to record(Hehoto-
relativistic multiple-scattering SCF-X calculationd and  electron spectra of ThBrand UBy, in the vapor phase using
later reinterpreted using relativistic Hartree—Fock—Slate high temperature photoelectron spectrometer which uses
(HFS) density functional calculation’sFor each tetrafluoride radio frequency induction heating to vaporize a solid
or tetrachloride, the results are consistent with an effectivgample!*=2° It was proposed to compare the photoelectron
tetrahedral geometry with no evidence of any Jahn-Tellegpectra obtained for ThBrand UBy, with those previously
distortion away from tetrahedral symmetry. In the uraniumrecorded for U, ThF,, UCl,, and ThC}. Relativistic den-
tetrahalides, a distortion from tetrahedral symmetry is possity functional calculations of vertical ionization energies
sible because of the open-shell degenerate ground state apdEs) were also performed for all six MxXtetrahalidegM
=Th, U; X=F, CI, Br). Comparison with experimental VIEs
dauthor to whom correspondence should be addressed; electronic maiﬁhOUId allow ionic state aSSignment to be achieved for the
jmdyke@soton.ac.uk tetrabromides and trends in ionization energies and ionic

0021-9606/2001/114(22)/9832/8/$18.00 9832 © 2001 American Institute of Physics
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TABLE |. Comparison of the unit cell parameters used to reproduce theyhite. Deposition times were typically 1-2 h and the argon
x-ray diffraction pattern obtained from a UBsingle crystal prepared in this matrix was estimated to be at least 1000-fold in excess rela-
work, with those reported in the literatutRef. 18. . . . . .

tive to the metal tetrabromide in the final matrix used for

Values from single Reference spectroscopic study. Infrared spectra were recorded over the
crystal diffraction parameters range 4000-180 cnt using a PE983 infrared spectrometer,
Crystal parameter pattert Ref. 18 supported by standard data processing facilities.
Space group C2/m C2/m In the photoelectron experiments, the actinide tetrabro-
a 11.01 11.082) mide molecules, UBrand ThBy, were produced in the gas
b 8.77 8.762) phase by vaporizing a solid sample from an inductively
Z gg'gg gg'%‘gl) heated graphite furnacé!® ThBr, and UBy, are known to
P 94.24 94.088) vaporize congruentl}’~**The temperature range over which
¥ 90.00 90.00 vaporization occurred, and over which photoelectron spectra

B . Sined usna the No PO were recorded with reasonable signal-to-noise ratios, was
Single crysta) data were oblained using ihe BOUSECT Sofware I 8701000 K for ThB and 820970 K for UBy as esti-
mated from measurements made with a chromel-alumel
thermocouple attached to the furnace. For both tetrabro-
state spin-orbit splittings in the metal tetrahalides deduced asiides, it was found necessary to bake the sample on the
the halide ligand gets heavier. Supporting matrix isolationphotoelectron spectrometer, initially at 550 K for 1 h to re-
experiments were also carried out under very similar vapormove residual water and hydrogen bromide. Any )86
ization conditions in order to confirm the composition of the (M=Th or U) that may have been present as a minor impu-

vapor and obtain infrared spectra of the MBipecies. rity in the MBr, samples would have decompodgdobably
to less volatile MQ and MBI,) at the temperatures at which
Il. EXPERIMENT photoelectron spectra were obtairtéd:?°

ThBr, was commercially available as an anhydrous solid In a typical phoFoeIectron e>.<per|ment, a solid MBr
(Pfaltz and Bauer, 99.5% It was used as received, but sample was loaded into a graphite furnace in a glove bag

samples were kept in a desiccator prior to use and Ioadeldnde_r dry nitrogen. This was then transferred_as quickly as
into a furnace under nitrogen prior to transfer to the photoposs’Ible to the photoeleciron spectrometer, which was imme-

electron spectrometer. This reduced, but did not eIiminate(,j'ately evacuated to minimize exposure to air. Both ThBr

hydration of the sample and UBH, hydrolyze in air with UB), appearing to hydrolyze

UBr, was prepared from UO(Strem Chemica)susing ?orle rr]ap'tdlél' fThe photo?Iectron jpec:rr]gmeterk a;]nd m;l ue
an existing preparative routé.This involved passing bro- dlvey.bege yrnal(}:;_ls?ﬁher? u.sel n II? WOI‘f th ave been
mine in dry nitrogen over a heated Y& mixture at 1300 escribed previousty. € ypical resoiution of the spec-

K. The product, which was collected downstream of the Soliotrorlnetter under ':he condltlonssté/vhlch (I;};(Z;.SZZ e:/)} fmo idth
UO,/C mixture in a long reaction tube, was initially identi- O€lectron spectra Were recorded was 2o=25 mev: 1ull wi

fied as UBj by its appearance as a tan colored powder at ha!f r_nax!mum(FWHM), as measured f_or the p3. '
which distinguished it from the main likely impurity, () ionization of argon. Spectra were calibrated using ar-
UO,Br,, which is a brick-red color. gon, meth_yl iodide, mtrogt_an,_carbon monoxide, and hydr_o—
A small sample of the product was sealed in a Linde-9€" brgm|de. The transmission of the spectrometer, Wh!Ch
mann capillary and examined by x-ray diffraction using avanes linearly with pass energy, was checked regularly using
Nonius Kappa CCD diffractometer with MO« radiation oxygen. Under conditions at which the MBspectra were

(\=0.71069 A. A good powder pattern was obtained from arecorded, it was found to be acceptable, as the fifth band of

single one degree image, but this also showed single Crystggygen could be observed with reasonable intensity relative

reflections. Following recording of a further ten one degreet0 the other four oxygen bands. Hence, the relative band

images, it proved possible to index all observed reflection |’nten5|t|es in the MBy spectra presented in this work are not

as one set, to give a cell analogous to that previously rel_JnduIy affected by loss of intensity at lower kinetic energy.
ported for UBj, (Ref. 18 (see Table ). The powder lines
\;vaer:]ep;aell compatible with this cell, indicating a homogeneouqu_ COMPUTATIONAL DETAILS

The general features of the matrix isolation equipment  Relativistic density functional theofDFT) calculations
used for this work have been described previod$Matrix  of vertical ionization energies were carried out for the ac-
isolation infrared studies on UBand ThBy, involved vapor-  tinide tetrahalides MX (M=U, Th; X=F, CI, Br) to facili-
ization of the samples in the temperature range 720—800 Kate a complete valence ionic state assignment of their ultra-
and subsequent co-condensation with argon onto a cesiuwmiolet photoelectron spectra.
iodide window cooled te-12 K. The bromide samples were Calculations for the actinide halides ThF ThCl,,
contained in silica holders and extensively degassedé®0  ThBr,, UF,, UCl,, and UBy were carried out using the
K in order to remove traces of HBr, arising from hydrolysis. Amsterdam Density FunctionghDF) progrant® on the Co-
Final purification was by sublimation immediately prior to lumbus machine at the Rutherford Appleton Laboratoftes.
co-condensation with argon. Pure samples of solid ,UBr The ThBy, and UBy, results presented here assumed a tetra-
were yellow-brown in color, while those of ThBrwere  hedral geometry with metal-bromine bond lengths being



9834 J. Chem. Phys., Vol. 114, No. 22, 8 June 2001 Beeching et al.

taken from gas-phase electron diffraction stufli@s73 A for 2394
ThBr, and 2.69 A for UBy). UBr, /\
For both uranium and thorium tetrabromide, a relativistic { '
frozen core was used. Calculations were carried out using the 1 \&
metal core(a) frozen up to the B level, and(b) frozen up to
the & level. This allowed the effect of having the metal 6 W }u"‘b\*
orbitals frozen or unfrozen on the computed VIEs to be in- 229.8
vestigated. For the bromine atoms, the dnd 4p orbitals
were in the valence region in these calculations, while the
lower-lying orbitals were in the frozen core. Including the
Br 3d orbitals in the valence region was found to have neg-

ThBr, \
ligible effect on computed VIEs. Therefore, with the metal \
6s and @ orbitals not frozen, the valence space contained
the metal &, 6p, 7s, and 5 orbitals and the bromines4

—>

A,

Absorbance

] I

T

and 4p orbitals. A triple zeta plus polarizatioGTZ+P) 300 em ! 200
Slater-type basis set was used. Also, the gradient-corrected

BLYP functional, which includes the uniform electron gas Wavenumber

exchange, the Becke 86 CorreCt!On to exchaﬁwd the FIG. 1. Infrared spectra of the 200—300 thspectral region obtained for
Lee—Yang—Parr correlation functioRwas utilized. Rela- gy, and ThBj, isolated in argon matrices at 12 K.

tivistic effects are taken into account using a relativistic fro-
zen core and a perturbation treatment in the valence
region2526 This method has been shown to give reliable233+=3 cm *, and assigned as ti# stretch®® This value is
minimum energy geometries and ionization energies foin very satisfactory agreement with the results obtained in
compounds containing heavy elemei® In order to cal- this present work239+2 cm*, see Fig. 1, when one con-
culate VIEs, the transition state method was used. This insiders that the gas phase band contour would be expected to
volved half an electron being removed from each orbital, ininclude an appreciable contribution from a hot band.
turn, and the negative of the orbital energy of the resulting ~ There appears to be no published infrared spectral data
partially filled orbital, obtained from a converged calcula- for molecular ThBg, but the experimental value of 23@
tion, being equated to the VIE. These VIEs were then comem * for the T, stretching mode observed here compares
pared with the experimentally measured VIEs. The transitiorvery favorably with the recommended value of 227 ¢m
state method has been shown to give results which arébtained from density functional calculations with a B3LYP
equivalent toASCF calculatiori3 and this was confirmed functional?
by performing transition state anASCF calculations on There are no other infrared active stretching modes pre-
VIEs on ThBy,. dicted for Ty UBr, and ThBy and the infrared activd,
bends are anticipated to lie at45 cm ! (Refs. 8 and §
which is well below the lower limit of the infrared spectrom-
IV. RESULTS AND DISCUSSION eter used. There is no evidence from these results of any
A. Matrix isolation studies significant distortion fromTy symmetry, and indeed, it can
be shown that if a static { distortion of more than-5° in
bond angle were present in these tetrabromides, the effect
would be to split the observedT:;,” stretching modes by-8
cm™ %, which would be clearly visible in the matrix infrared
spectra.

These matrix isolation infrared measurements therefore
%?ovide support for the purity of the tetrabromide effusive

1

Figure 1 shows the argon matrix infrared spectra ob
tained from samples of UBrand ThBy in the frequency
region 300—200 cm'. One band is observed for each tetra-
bromide, and this feature is assigned in each case td the
stretching mode of th&; monomer. The only other absorp-
tions present in these spectra were bands arising from trac
of adventitious water %3700. and 1609 crif, and a num- beams used in these studies, and for Tesymmetry of
ber. of sharp, wea!< features in the reglon 2300-2600’cm molecular UBj and ThBy. They also provide the first ex-
which may be assigned to HBr and its ollgomers..Thgse I"";E)erimental measurement of tig stretching mode in ThBr.
ter features appeared at considerably lower vaporization tem-
peratures than the metal tetrabromide absorptions, and theér
positions corresponded very closely to the absorptions previ--
ously reported for HBr in argon over a range of If the actinide tetrabromides, UBand ThBy, have tet-
concentrations? It is particularly significant that no absorp- rahedral geometries then the transformation properties of the
tions were observed in the U—@r Th-0O stretching region metal 7%, 6p, and & orbitals and the halogensdand 4p
(typically 700—-1000 cm?) indicating that under the vapor- orbitals can be readily determined. Also, metéldbitals in
ization conditions used, no uraniufor thorium oxybro- T4 symmetry transform asa;, t;, andt,. One way of un-
mides were produced. derstanding the valence energy level ordering as well as the

Previous studies on UBhave assumedy; symmetry in  character of each valence level in these lyIBlecules is to
the gas-phas®®2*In an experimental gas-phase infrared compute the valence energy levels of the Broup, at the
study, a single infrared-active band has been reported @eometry it has in the MBrneutral molecule, and study the

Photoelectron spectra
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FIG. 2. Computed orbital energies for M, Br, Brand MBr, obtained from
non-relativistic density functional calculations f@ M=Th and(b) M=U.
The 1a, molecular orbital in the MBy compounds is essentially a meta 6
orbital. It is the lowest energy molecular orbital in the MBompounds and
is too low in energy to be shown i@ and (b).
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FIG. 3. He) photoelectron spectrum obtained fay ThBr, and(b) UBr,.

3t,<le<1t;<3a;<4t,.

These symmetry orbitals interact with the orbitals of the cen-
tral atom, i.e., ®(ty), 5f(a;+t;+t,), 6d(e+t,), and
7s(a;) and the order changes to

3a;<3t,<le<1t;<4t,.

In ThBr,, these are the outermost occupied five levels.
Mulliken analysis of the occupied levels in ThBshows that
the next deepest levels, thé,2and 2a; levels, are essen-
tially ligand 4s symmetry combinations with thet2 level
having some metal (t,) character. The next lowest level,
the 1t, level, is almost completely composed of Tp(&,)
orbitals. UBy, has two more electrons than ThBand these
go into the 3, level which has metal 6and & character.

The experimental He®) photoelectron spectra of UBr
and ThBy, are shown in Figs. (8 and 3b). The 10.0-13.5
eV ionization energy regions of these spectra exhibit a re-
markable similarity and each spectrum shows eight repro-
ducible band maxima, labeled A—H in Fig. 3. UBhows an
extra band which is not present in the ThBpectra. This
has a vertical ionization enerdyIE) of (9.65+0.02 eV and
an adiabatic ionization energyAlE) (band onsetof (9.35
+0.10 eV. These values compare with the only previously
determined value for the first AIE of UBr from electron
impact mass spectrometry, ¢9.6+0.3) eV.!! The corre-

effect of the introduction of the central metal M. This has sponding values in ThBr the band maximum and band on-
been done for ThBrand UBL. The eigenvalues obtained set of band A in Fig. @), are(10.92+0.02 eV and(10.28
from non-relativistic ADF density functional calculations =0.05 eV, which compare with the earlier value, from

have been plotted for M, By and MBr, (for M=Th and U
in Figs. 4a) and 2b).

electron impact mass spectrometry (£0.4+0.3) eV.°
Scans in the higher ionization energy regid®.5-21.0 ey

The following order of the Br# symmetry orbitals was showed no bands that could be attributed to these tetrabro-

obtained for the By unit

mides, although it was noted that the bands in the 10.0-13.5
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TABLE Il. Comparison of experimental and computed VI@s eV) of ThBr,, with band assignments.

Orbital Th 5d core
Non Th 6p Thsd Shifted
relativistic Relativistic core core values Experiment Assignment

at, 6us, 10.83 10.82 10.92 10.92 A
4t, deg), 10.86 11.08 11.18 11.23 C
1t 5ug, 11.02 11.00 11.10 11.12 B
1t deq, 11.19 11.16 11.26 11.33 D
le 4ug, 11.60 11.56 11.65 11.85 E
3t, 3ugp, 12.01 11.93 12.02 12.11 F
3t, 3es)n 12.23 12.23 12.32 12.40 G
3a; 3ey, 12.43 12.40 12.50 12.67 H
2t, 2Ugp, 23.35 22.84 22.94 a
2t, 2es), 23.37 23.39 23.49
2a; 2ey 23.59 23.56 23.66
1t, 1ugp, 26.33 26.43
1t, les, 32.67 32.77
la, ley 49.87 49.97

@Bands outside the photon energy range used.

eV region were lower in intensity than the correspondingto all computed VIEs. This shift was 0.10 eV for ThBand
bands observed for the tetrafluorides and tetrachlorides, ar@l08 eV for UBy. The spread in the computed VIES, both
hence any weak metal tetrabromide bands in the 13.5-21\jth and without the metal 6 orbitals in the valence region,
eV region would be difficult to detect. for bands A—H(1.60 and 1.58 eV for ThBr, 1.73 and 1.70
Tables Il and 1l show the computed VIEs for ThBand ey for UBr,) compares very favorably with the experimental

UBr, with the metal orbitalga) frozen up to the f level spread(1.75 eV for ThB; and 1.70 eV for UBy) for both
(the M 6p core in Tables Il and I)land(b) frozen up to the metal tetrabromideésee Tables Il and )l

5d level (the M 5d core in Tables Il and I)l As can be seen, The assignment of the bands shown in Fig&) @nd

the.computed VIEs are all slightly too .Iow..Thls is attributed 3(b) relies on the computed VIES of ThBand UBg shown
to (i) the use of a relatively small basis sét) the use of a | _ . .
gin Tables Il and lll and the assignment achieved previously

frozen core, andiii) the use of the transition-state metho . X
which neglects some electron correlation energy change of¢" the UV photoelectron spectra of the uranium and thorium

ionization, although the gradient corrected functional in-tétrafluorides and tetrachloridésyhich is also based on
cludes some electron correlation in each state involved in th¥/Es computed with relativistic density functional calcula-
ionization process. In order to compare computed and exions.

perimental VIEs, for both tetrabromides the computed VIE It is well established that the spin-orbit splitting of the
of band A[the first (4,) ! VIE] was shifted to match the outermost occupied, level in ThF, and ThC}, the 4,
experimental VIE of band A, and this shift was then appliedlevel, is responsible for the first two bands in their UV pho-

TABLE Ill. Comparison of experimental and computed VI&s eV) of UBr,, with band assignments.

Orbital U 5d core

Non Uép U 5d Shifted

relativistic Relativistic core core values Experiment Assignment
5t, Tug, 9.46 9.30 9.37 9.65 U(fB6d)
at, 6Us, 10.88 10.91 10.99 10.99 A
at, deg), 10.88 11.17 11.25 11.28 C
1ty 5ug, 11.10 11.09 11.16 11.18 B
1t ey, 11.30 11.27 11.34 11.42 D
le 4ug, 11.64 11.61 11.68 11.88 E
3t, 3ugp, 12.03 11.99 12.06 12.12 F
3t, 3es), 12.24 12.28 12.35 12.42 G
3a; 3ey, 12.61 12.61 12.68 12.69 H
2t, 2ug), 23.41 23.08 23.16 a
2t, 2es), 23.42 23.51 23.58
2a; ey 23.69 23.67 23.74
1t, 1ug, 27.17 27.25
1t, les, 34.48 34.56
la; leyy 54.74 54.81

@Bands outside the photon energy range used.
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FIG. 4. Comparison of the ultraviolet photoelectron spectra of ,ThF
ThCl,, and ThBy, and correlation of the ionic state assignment of the FIG. 5. Comparison of the ultraviolet photoelectron spectra of ,UFCl,,
bands. and UBp, and correlation of the ionic state assignment of the bands.

toelectron spectra. This arises because thdelel contains

a small amount of thorium |6 character and the Thor-  bands is approximately 2:1. This splitting is not resolved in
bital shows a large spin-orbit splittinghe spin-orbit split- the ThF, and ThC}, spectra(or the UF; and UC), spectra.

ting in the 1, level of ThBr,, which is mainly Th in  The computed separations of thg, andes;,, components in
character, is 6.3 eV; similar values are also obtained for thighF,, ThCl,, and ThBy, are 0.08, 0.10, and 0.30 eV consis-
splitting in the other uranium and thorium tetrahaliddsor  tent with a large halogep and a small metal 6 contribution
ThF,, ThCl,, and ThBy the experimental spin-orbit split- to this level. The measured splitting of bands F and G in the
ting of the outermost, level stays approximately constant at UBr, and ThBy, spectra are 0.30 and 0.29 eV, consistent
(0.35+0.06 eV with values of 0.41, 0.35, and 0.31 eV being with the computed splittings of 0.29 and 0.30 eV obtained
measured. Table Il confirms the origin of this splitting as it isfrom calculations with the metalG orbitals in the valence
only reproduced when the metap@rbitals are not frozen region. These computed splittings reduce slightly, to 0.21
and included in the valence space. Thg level is almost and 0.22 eV, on putting the metap6orbitals in the core.
completely halogen in character, and the computed spin-orbBand H is assigned to ionization from tha3orbital, which
splittings in Thiz, ThCl,, and ThBy are 0.03, 0.05, and is 3ey, relativistically.

0.16 eV. This splitting is only resolved in the photoelectron A comparison of the assignment of the ThFThCl,,
spectra of ThBy and UBr and these components are as-and ThBy, spectra, and the UF UCl,, and UBy, spectra are
signed to bands B and D. Although the,4evel is split into  presented in Figs. 4 and 5. Apart from the extra band seen in
Us» andes, levels with theus, level lying lower (expected the uranium tetrahalide spectra at low ionization energy,
degeneracy ratio 2)land the 1; level is split intous, and  which arises in each case from ionization from the outermost
ey, levels with theus,, level lying lower (expected degen- 5t,(7us),) level, the assignments of the uranium and thorium
eracy ratio 2:], the bands A, B, C, and D in the experimen- spectra are remarkably similar. The splitting of the ionic
tal UBr, and ThBy, spectra are not sufficiently well resolved states that arise from the (4~ ionization in Thi, ThCl,,

to estimate the A:C relative intensityhe 4, components  and ThBj, (0.41, 0.35, and 0.31 e\and in UR, UCl,, and
and the B:D relative intensitfthe 1t; components The le UBr, (0.30, 0.36, 0.2Pare approximately constant, consis-
level is ug, relativistically and ionization from this level is tent with it being associated with a spin-orbit splitting arising
assigned to band E in ThBfand UBy). The (,) *ion-  from a metal  contribution to the 4, level. In contrast, the
ization is expected to give two componentg, and es,, 1t; and 3, levels have spin-orbit splittings which are ex-
degeneracy ratio 2:1. Bands F and G in Fig®) &nd 3b)  pected, from the computed VIEs, to increase on going along
are assigned to these ionizations and support for this assigthe series M, MCl,, MBr, (with M=Th or U) consistent
ment is provided by the fact that the intensity ratio of thesewith these levels being halogen np in origin. This is consis-
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