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Quantitative analysis was done of the valence electrons X-ray photoelectron spectra structure in the
binding energy (BE) range of 0 eV to ~35 eV for crystalline dicaesium tetrachloro-dioxouranium
(VI) (Cs,UO,Cly). This compound contains the uranyl group UO,2+*. The BE and structure of the
core electronic shells (~35 eV-1250 eV), as well as the relativistic discrete variation calculation re-
sults for the UO,Cl, >~ (Dy,) cluster reflecting U close environment in Cs,UO,Cl, were taken into
account. The experimental data show that many-body effects due to the presence of cesium and
chlorine contribute to the outer valence (0-~15 eV BE) spectral structure much less than to the in-
ner valence (~15 eV-~35 eV BE) one. The filled U5f electronic states were theoretically calculated
and experimentally confirmed to be present in the valence band of Cs,UO,Cl,. It corroborates the
suggestion on the direct participation of the U5f electrons in the chemical bond. Electrons of the
U6p atomic orbitals participate in formation of both the inner (IVMO) and the outer (OVMO) va-
lence molecular orbitals (bands). The filled U6p and the O2s, Cl3s electronic shells were found to
make the largest contributions to the IVMO formation. The molecular orbitals composition and
the sequence order in the binding energy range 0 eV-~35 ¢V in the UO,Cl? cluster were estab-
lished. The experimental and theoretical data allowed a quantitative molecular orbitals scheme for
the UO,CIl? cluster in the BE range 0-~35 eV, which is fundamental for both understanding the
chemical bond nature in Cs,UO,Cl, and the interpretation of other X-ray spectra of Cs,UO,Cl,.
The contributions to the chemical binding for the UO,Cl 2 cluster were evaluated to be: the

OVMO contribution - 76%, and the IVMO contribution - 24 %.
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INTRODUCTION

Uranium compounds are important in atomic in-
dustry all the way from nuclear fuel production to radio-
active waste management and disposal, as well as solu-
tion of ecological problems of environment reha-
bilitation. Therefore, electronic structure and chemical
bond nature in uranium, in particular uranyl, com-
pounds, is a topic of a great interest [1-5]. The XPS
method is used in studies of uranyl compounds also [6].
These compounds contain an almost linear group
UO," [6]. The valence XPS of U(IV) compounds ex-
hibit a sharp peak attributed to the quasi atomic US5f
electrons around zero binding energy (BE) [7-9]. This
peak is absent in the XPS of U(VI) compounds [1-3]. In
the U6p;,, BE range the XPS of uranyl compounds in-
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stead of a sharp single peak exhibit the two explicit, sev-
eral eV distant from each other, peaks [1-4]. Peaks in the
valence band are several eV wide, which is sometimes
wider than the corresponding core electron peaks [5, 6].
For example, the Ols peak (£, =531.6 ¢V) full width at
half maximum (FWHM) (I, eV) for Cs,UO,Cl, is "=
= 1.6 eV, while the corresponding O2s (£,~24.5 eV)
peak is ~4 eV wide and structured. It contradicts the
Heisenberg uncertainty ratio AEAt= h/2m, where AE is
the natural width of a level from which an electron was
extracted, At — the hole life-time, and /4 — the Planck
constant. Since the hole lifetime (A7) grows as the abso-
lute atomic level energy decreases, the lower BE XPS
atomic peaks are expected to be narrower. For
Cs,UO,Cl, [5] and UO,X, (X =Br, CL, F) [4] it is vice
versa. It shows that the peaks observed inthe 0 - ~35eV
BE range are not purely atomic. This fact stimulated ex-
perimental and theoretical studies of the low BE XPS
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structure in compounds of actinides [6], lanthanides
[10] and other elements [5]. One of the reasons for such
an XPS structure formation was established to be the
outer (OVMO; 0-~15 eV BE) and the inner (IVMO;
~15-~35 eV BE) valence molecular orbitals formation,
with significant participation of the An6p and the O2s
filled atomic shells [5, 6]. Practically, these spectra re-
flect the valence band (0 eV-~35 eV BE) structure. They
are observed as bands several eV wide. These data
agree qualitatively and some quantitatively, with theo-
retical non-relativistic [3, 4] and relativistic [11-14] cal-
culation results.

A special attention has been paid to the study of
the uranyl group, whose electronic structure was con-
sidered in the non-relativistic approximation in
[15-17]. Position of Cs* ions regarding to the uranyl
group containing clusters for some of the U(VI) com-
pounds and the correlation of the U4f— O1s BE differ-
ence with the R, interatomic distance, are given in
[18]. The participation of the U6p and the O2s elec-
trons in the U-O binding in uranyl group was consid-
ered in [19-22]. Despite the fact that correlation of the
OVMO- and IVMO- related structure parameters with
physical and chemical properties of uranium com-
pounds have been thoroughly studied, the role of the
U6p electrons in the chemical bond is still not clear.

The XPS study of oxidation states and chemical
bond nature in compounds [5], including those of
lanthanides [10] and actinides [6], beside peak intensi-
ties (/,) and chemical shifts (AE,), employs BE differ-
ences between core and valence levels (AE;) and spec-
tral structure parameters. The XPS structure can result
from the OVMO and IVMO formation, spin-orbit
splitting (AE), multiplet splitting (AE,,), induced
charge (AE;,;), many-body perturbation (AE,), dy-
namic effect (gigantic Coster-Kronig transitions), Au-
ger process, efc. [5, 6, 10].

Several mechanisms of the structure formation,
exhibited simultaneously with similar probability, do
not allow a correct interpretation of the XPS spectra. If
one of the structure formation mechanisms prevails,
parameters of such a structure correlate quantitatively
with physical and chemical properties of the studied
compound. These structure parameters provide infor-
mation on: degree of delocalization and participation
of electrons in chemical binding; electronic configura-
tion and oxidation states of An(N) ions; density of the
uncoupled An5f electrons on paramagnetic ions; de-
gree of participation of filled electronic shells of met-
als and ligands in the OVMO and IVMO formation,
structure and nature of the molecular orbitals (MO);
local environment structure, efc. [7-9, 14, 23-26].

The 0-~35 eV BE XPS range is especially im-
portant since it reflects the MO structure and with the
photoionization cross-sections in mind, reflects the to-
tal valence density of occupied states. However, this
BE range XPS interpretation requires understanding
of how effective (experimentally observable) struc-

ture formation mechanisms manifest. Therefore, the
core (~35-1250 eV BE) XPS structure has to be stud-
ied in order to evaluate the contributions of certain
structure formation mechanism to the valence band
XPS [5, 6, 10].

The quantitative interpretation of the valence
XPS structure of uranyl compounds, taking into ac-
count the photoelectron, conversion, emission and
other X-ray spectral data and relativistic calculation
results, was done for -UO; [14, 27] and UO,F, [26].

The present work quantitatively interpreted the
valence XPS structure of Cs,UO,Cl, single crystal in
the BE range 0-~35 eV. In order to understand the
chemical bond nature and to evaluate the contributions
of the OVMO and the IVMO electrons to this bond, the
binding energies, core-valence BE differences, core
electron spectral structure parameters (~35-1250 eV
BE), as well as the relativistic, self-consisting field dis-
crete variation (SCF RDV) calculation results for the
UO,Cl,> (D) cluster, reflecting U close environment
in Cs,UO,Cl,.

EXPERIMENTAL
Samples

Crystalline double cesium uranyl chloride
Cs,UO,Cl, was prepared the same way as in [28] by
adding of the stoichiometric quantity of cesium chlo-
ride to uranyl acetate solved in weak hydrochloric
acid, followed by re-crystallization. For the XPS
study, the~7 x 3 x 1 mm? Cs,UO,Cl, crystal was glued
with conductive glue to a metallic substrate. During
the XPS measurements, the sample surface was
cleaned mechanically with a scraper. The CsCl sample
was prepared as a tablet from finely dispersed powder
pressed in In on Ti substrate.

X-ray photoelectron measurements

XPS spectra were measured with an electrostatic
spectrometer HP 5059A using AIK,, , (hv = 1486.6
eV) radiation under 1.3-10~7 Pa at room temperature.
The low-energy electrons gun was used for the com-
pensation of sample charging during the photo emis-
sion. The device resolution measured as the full width
on at the half-maximum (FWHM) of the AU4{; , peak
was 0.7 eV. The binding energies E,(eV) were mea-
sured relatively to the BE of the C1s electrons from hy-
drocarbons absorbed on the sample surface that was
accepted to be equal to 285.0 eV. The error in the deter-
mination of the BE and the peak widths did not exceed
0.1 eV, that of the relative peak intensity — 10 %.
The FWHM are given relatively to that of the C1s XPS
peak from hydrocarbon on the sample surface, being
1.3 eV. The background due to the inelastically scat-
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tered electrons was subtracted by the Shirley method
[29].

The valence and the core electron XPS structure
for the studied sample in the BE range 0 eV-1250 eV is
typical for Cs,UO,Cl,. It confirms unambiguously the
presence of Cs,UO,Cl, on the substrate surface [30]. The
studied samples were proven not to contain more than
0.5 weight % of impurities, since foreign peaks were not
observed in the whole XPS BE range 0 eV-1250 eV.

The quantitative elemental analysis of several
nanometer-deep layers, of the studied samples, was
done. It was based on the fact that the spectral intensity
is proportional to the number of certain atoms in the
studied sample. The following ratio was used: n;/n; =
= (S/S))(k/k;), where n;/n; is the relative concentration
of the studied atoms, S;/S; — the relative core-shell
spectral intensity, and k;/k; — the relative experimental
sensitivity coefficient. The following coefficients
were used: 1.00 (Cls), 2.80 (Ols), 2.92 (Cl2p), 1.48
(Cl 2s and, 36.00 (U4f;;,) (see e. g. [31]). The
stoichiometric composition was satisfactory for
Cs,UO,Cl,.

CALCULATIONS

In Cs,UO,Cl, uranium is surrounded by two ox-
ygen ions in the axial directions (uranyl group UO,?")
and by four chlorine ions in the equatorial plane. The
crystal structure parameters are: Ry o = 0.1774(4) nm
and Ry =0.2671(1) nm [32]. As it is expected, these
parameters are comparable to those of Cs,NpO,Cl,:
Ryp0 = 0.1758(2) nm, Ry, ¢ = 0.2657(5) nm [16],
and Cs,PuO,Cly: Rp,.o = 0.1752(3) nm and Rp, ¢ =
=0.26648(8) nm [33]. In order to evaluate the influ-
ence of interatomic distances on the MO energies in
the C13s BE range,the electronic structure calculations
were done for the three clusters of UO,Cl,>~ with in-
teratomic distances: (a) Ry = 0.171 nm and Ry ¢; =
=0.262nm; (b) Ry =0.174nm and Ry; ;= 0.264 nm;
(¢) Ry.0=0.1772 nm and Ry ;= 0.2671 nm (equilib-
rium position). To evaluate the orbital forces, the cal-
culations were done for: (a) R o = 0.1772 nm and
Ry.c1=0.2671 nm; (b) Ryy.o = 0.1792 nm, and Ry =
=0.2671nm; (¢) Ry.o=0.1772nm and Ry, ;=0.2691.

For the case of the UO,Cl,>" cluster, the re-nor-
malization of the valence oxygen and chlorine atomic
orbital (AO) populations during the self-consistency,
was done. The latter model of small cluster boundary
condition also allows one to include into the iterative
scheme the stoichiometry of the compound and the
possibility of charge redistribution between the outer
atoms in the cluster and the surrounding crystal.

In the present paper, the electronic structure is
calculated in the density functional theory (DFT) ap-
proximation using the original code of the fully rela-
tivistic discrete variation (RDV) cluster method [34,
35], with exchange-correlation potential [36]. The

RDV method is based on the solution of the
Dirac-Slater equation for 4-component wave func-
tions transforming according to the irreducible repre-
sentations of the double point group (D, in the present
calculations). For the calculation of symmetry coeffi-
cients, we used the original code, which realizes the
projection operators technique [34] and includes the
matrices of the irreducible representations of double
point groups [37] and the transformation matrices pre-
sented in [38]. The extended basis of the 4-component
numerical atomic orbitals, obtained as the solution of
the Dirac-Slater equation for the isolated neutral at-
oms, also included the U7p, , and the U7p5), functions
in addition to the occupied AO. The use of such “most
natural basis orbitals” and the absence of any muf-
fin-tin (M-T) approximation to potential and elec-
tronic density, allow one to describe the formation of
inter-atomic bonds. In such an approach, this descrip-
tion is more illustrative than that obtained in the band
structure approach. Numerical Diophantine integra-
tion in matrix elements calculations was carried out for
22000 (UO,Cl,%) points distributed in the cluster
space. It provided the convergence of MO energies
better than 0.1 eV.

RESULTS AND DISCUSSION

As mentioned previously, the valence (0-~35 eV
BE) XPS structure of Cs,UO,Cl, must reflect the MO
structure. In order to evaluate the contribution of other
mechanisms to the valence XPS formation, the core
electron XPS structure of Cs,UO,Cl,, was analyzed.

Core-electron XPS structure of Cs,UO,Cly

Electron BE in the 0-1250 eV range for
Cs,UO,Cl, are given in tab. 1. The data for UO,F,
[26], metallic U [39, 40] and calculation results for
atomic U [41], as well as photo-ionization cross-sec-
tions [42, 43] are given for comparison. The data for
CsCl are given in square brackets (tab. 1) atthe end of
the column for UO,F,. The basic peaks of CsCl XPS in
the BE range 0-1250 eV are intense and contain the
many-body perturbation-related structure at the higher
BE side. This structure makes the identification of ura-
nium peaks in the Cs,UO,Cl, XPS difficult. There-
fore, the valence and core XPS structure of CsCl was
studied carefully in the BE range 0-1250 eV. For ex-
ample, the Cs3d XPS (E,(Cs3ds),) = 724.5 eV) exhib-
its the 20 % and 50 % intensity regarding to the basic
peaks satellites 11.8 eV and 23.6 eV away from the ba-
sic peaks, respectively. The C12p XPS (E,(Cl2p;),) =
=198.7 eV) exhibits such satellites which are 8 %
and 25 % intense, 10.0 eV and 19.0 eV away from the
basic peaks, respectively [6]. Since intensity of such
satellite is known to drop as the BE decreases [10], the
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Table 1. Electron binding energies E;, [eV] and photoionization cross-sections c* at 1486.6 eV

8223 Cs,U0,Cl4 UO,F,’ U0y U Utheo o
Usf N - 19(1.5) 0.5 (2.0) 0.5 220
Ubps» 19.185(;1)f %3?82% 18.0(3.1) 16.8 18.3 5.14
Ubpya 309 28.5(3.5) 268 283 178
Ubs 48.2(7.0) 49.3(6.0) 47.0(6.0) 439 493 2.8
Usdss 98.1(2.3) 992(22) 97.3(2.5) 942 93 470
Usdys 106.92.7) 107.92.7) 105.5(3.9) 102.8 107.6 321
Uspas - 1977 197.4(7.8) 194.8 205.9 302
USpia - 264.1(7.0) _ 2584 261.1 9.16
USs - - N 3237 327.9 10.0
Udtyn 382.1(1.6) 383.4(2.1) 380.9(2.1) 3774 379.3 372
Udfys 393.0(1.6) 394.1(2.1) 391.8(2.1) 388.2 390.7 291
Udds 740.6 741.5(4.7) 739.3(5.9) 736.2 741.9 233
Uddy, 783.1(4.7) 784.0(4.7) 781.6 (6.0) 778.3 784.5 153
Udyss 1044.9(7.3) 1048.2(7.8) 1046.7(7.4) 1043.0 1050.6 106
02p ~5.6(2.9) ~6.1(4.2) ~6.1(5.0) 027
s 245 25.03.5) 233 1.91
Ols 531.6(1.6) 532.4(1.8) 530.5(1.6) 40.0
Csbs 0.16
Cspya 10.4(1.4) [10.1(12)° 452
Cs5pun 12.0 117 231
Csss 23.8(2.0) [23.4(1.4)] 2.50
Cl3p [4.4(1.4)] 235
CB3s 16.0(2.3) [15.0(1.2)] 2.52
Clpsa 198.7(12) [198.6(1.2)] 206

@ Photo-ionization cross-sections o (kilo barn (10> m?) per atom) from [42]; ®Values for UO,F, from [26]. Ey(F2s) =29.9 eV and

Ew(F1s) = 685.3 eV; © Values for UO, from [27]; © Values for metallic U from [39, 40]; © Calculation data from [41], Values given relative
to the U5f peak from metallic U; © FWHM relative to I'(Cls) = 1.3 ¢V are given in parentheses; © Values on CsCl are given in brackets

satellites in the valence XPS are expected to be the
least intense. The Cs and C1 XPS structure, as well as
the satellite structure, complicate significantly the in-
terpretation of Cs,UO,Cl, XPS in the 0-1250 eV BE
range.

The O1s XPS of Cs,UO,Cl, was observed as a
widened single peak at £ (Ols) = 531.6 eV and
FWHM I'(Ol1s) = 1.6 eV (fig. 1). The U4f XPS from

Intensity [in arbitrary units]

545 540 535 530 525 520
Binding energy [eV]

Figure 1. O1s XPS from Cs,UO,Cly

Cs,UO,Cl,, at the highest probability, shows the
many-body perturbation-related structure attributable
to an extra electronic transition within the filled and
the vacant valence levels during the U4f photo emis-
sion (fig. 2). It appears as shake-up satellites, whose
parameters reflect the MO structure. As a result, the
U4f XPS consists of the spin-orbit split doublet with
AE4(U4f) =10.9 eV, and the shake-up satellites at the

Intensity [in arbitrary units]

T T T T T T
420 410 400 390 380 370
Binding energy [eV]

Figure 2. U4f XPS from Cs,UO,Cly
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higher BE side with AE,, = 3.8 eV. The satellite inten-
sity (I, = 1/1,) calculated as the ratio of the XPS satel-
lite area (/) to the basic peak area (,) was 19 %. Such
structure parameters can determine the actinide ion
oxidation state as An(VI). The U4f XPS structure is
typical for actinide oxidation state An(VI): U(VI) [9,
14, 24, 26], Np(VI) and Pu(VI) [6]. The shake-up sat-
ellites are known to appear in the XPS of any core lev-
els of uranium compounds, and the satellite intensity
decreases as the level BE decreases [10]. Unfortu-
nately, such satellites are not well observed in the U4d
XPS from Cs,UO,Cl,,which is expected to exhibit a
spin-orbit split doublet (AE (U4d) =42.5eV).Itis due
to the relatively high U4d,;, FWHM ([ (U4ds,) =
= 4.7 eV) and the extra structure in all the U4d XPS BE
range, as well as to the superposition with the
Cs3ds,, XPS (fig. 3). It does not allow an accurate de-
termination of the U4ds, BE, FWHM and the
shake-up satellite position. Since the spin-orbit split-
ting AEG(U4d) = 42.5 eV for UO,F, [26] and
AE4(U4d) geor = 42.1 €V [41], the U4ds), peak is ex-
pected at £4,(U4d;,,) =740.6 eV (fig. 3 and tab. 1). The
U4p,,, peak was observed at £, (U4ps,) = 1044.9 eV.
The U4p;,, BE range XPS exhibits the complex struc-
ture that does not allow a correct determination of the
FWHM and the shake-up parameters.

The multiplet splitting caused by the presence of
the uncoupled Ln4f electrons in lanthanide com-
pounds results in the Ln4d XPS structure [10]. There-
fore, the multiplet splitting was expected to show up
with the higher probability in the U5d XPS [6, 9].
Since the U(VI) ion does not contain the U5f electrons,
the U5d XPS is not expected to exhibit the multiplet
splitting. However, the U5d spectrum instead of a
spin-orbit split doublet (AE (U5d) o, = 11.3 €V [41])
exhibits a complicated structure with the U5ds, maxi-
mum at 98.1 eV (fig. 4). The U5d structure is superim-
posed with the Cs 4d satellite structure. The maxima of
these satellites should be observed at ~87, ~99, and
~122 eV BE. However, these satellites are wide and
contribute mostly to the spectral background. The U5d
XPS consists of the two components with the shake-up

Intensity [in arbitrary units]

T T T
820 800 780 760 740
Binding energy [eV]

Figure 3. U4d XPS from Cs,UO,Cl,

Intensity [in arbitrary units]

Sat from Cs4d

T T T T
140 130 120 110 100 90 80
Binding energy [eV]

Figure 4. USd XPS from Cs,UO,Cly; AE is a theoretical
value (tab. 1)

satellites at the higher BE side. Similar structure was
observed in the U5Sd XPS from UO,F, and y-UO; [6].
The calculated AEG(U5d)yeor = 11.3 €V is much
higher than the corresponding values 8.8 and 8.7 eV
for Cs,UO,Cl, and UO,F, (tab. 1). For thorium com-
pounds that do not contain the Th 5f electrons, the cal-
culated AEG(Th5d) o= 7.08 €V [41] agrees satisfac-
torily with the experimental value 7.0 eV for ThO, and
ThF, [6]. Special studies are required to understand
the difference between the calculated and the experi-
mental spin-orbit splitting AEG(U5d).

Despite this, the Cs,UO,Cl, U5d XPS structure
can be explained by the multiplet splitting superim-
posed with the shake-up satellites. Therefore, it is dif-
ficult to separate the satellite-related structure and to
determine the satellite intensities. On moving from
U0, to Cs,UO,Cl, the U5d XPS structure changes
significantly. The distance between the most explicit
peaks grows from 8.2 eV to 8.8 eV (tab. 1), and the
shake-up satellites are observed at 3.8 eV instead of
6.9 eV [6] (fig. 4). On the basis of the above men-
tioned, one can conclude that the multiplet splitting
does not complicate the valence XPS structure. This
splitting must not show up in the US5s and the U6s XPS.

The dynamic effect related to the gigantic
Coster-Kronig transitions, shows up in e. g. the U5p
XPS of y-UO; in the BE range ~190-270 eV [6]. The
low intensity USp XPS of Cs,UO,Cl, in this BE range
is superimposed with the intense C12p (~199 eV BE),
Cs4s (~230 eV BE) and CI2s (~270 eV BE) peaks and
their satellites. It does not allow one to separate the
US5p-related components (tab. 1). With the data on the
U5p XPS structure of y-UO; [6], UO,F,, the Badp
XPS [44], and the Ln 4p XPS of lanthanide oxides [10]
in mind, one can attribute the U 5p XPS structure of
Cs,UO,Cl, to the dynamic effect. It results in the U ion
complex final state consisting of the ground one-hole
state U5p>5d'95f° and the excited two-hole state
U5p®5d®5f!. This suggestion is based on the USp and
the U5d BE ratio E,(USp;,) = 200 eV and
E(PU5ds)5).= =98.1 eV, which satisfies the condi-
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tion: £, (USps,) = 2 X £, (U5ds),). Asaresult, the prob-
ability of an extra-excited two-hole final state
U5p®5d®5f! after the USp photo emission, grows.

The U5s XPS of Cs,UO,Cl, is expected around
E(USs) ~323.7 eV [39,45]. However, the complex
structure does not allow a reliable measurement of this
spectrum. This structure can be attributed to the dy-
namic effect. The U6s XPS shows a widened (I (U6s)
=7.0eV) structured line at 48.2 ¢V BE. One of the rea-
sons for this U6s XPS structure can be suggested as the
dynamic effect with the interaction of the configura-
tions of the final states like U6s'6p®d’5f° and
U6s26p*d!5f°. Indeed, for the E,(U6s) = 48.2 eV,
E(Ubp;),) = 19.8 eV and Ey(Ubp,,,) = 30.9 eV, the
condition £ (U6s) ~E,(Ubp;,,) + E(Ubp,,) is satis-
fied, which does not contradict the possibility of the
suggested configurations. The multiplet splitting- and
the shake-up satellite-related structures are also possi-
ble in these spectra. This complicates the conclusion
on the U6s electrons participation in the MO forma-
tion on the basis of the U6s XPS parameters.

As it was noted, multiplet splitting does not con-
tribute much to the valence (0 - ~35 eV BE) XPS struc-
ture. The dynamic effect- related extra structure in this
BE range is also low probable, since the atomic elec-
tronic states are absent in the valence BE range. As a
result, the valence XPS structure can be associated
with the MO formation, except for the spin-orbit split
doublet at E,(Cs5p;,) = 10.4 eV with AEy(Cs5p) =
= 1.6 eV; and the Cs5s peak at £, (Cs5s)=23.8 eV (fig.
5). As it was noted, the extra structure in this BE range
can also take place due to the electron energy loss ap-
peared at the higher BE side from the Cs5p and Cs5s
XPS peaks. Therefore, fig. 5(b), under the low BE
Cs,UO,Cl, XPS gives the corresponding CsCl XPS
normalized by the Cs5p intensity in order to show the
Cs5p,5s contribution to the Cs,UO,Cl, XPS.

Electronic structure of the UO,CL* cluster

Electronic configuration of uranium ground
state SLq can be presented as [Rn]6s26p®5f36d!7s27p°,
where [Rn] radon electronic configuration, and the
other electronic shells are valence and can participate
in the MO formation with the 02s?2p® and
Cl3s2°p°AO0s in the UO,Cl,>" cluster. Results of the
RDV electronic structure calculation of the UO,Cl,>
(Dgy,) cluster reflecting U close environment structure
in Cs,UO,Cl, are given in tab. 2. This calculation tech-
nique employed the MO LCAO (molecular orbitals as
linear combinations of atomic orbitals) method, which
allowed a discussion of the chemical bond nature in
terms of atomic and molecular orbitals.

The chemical bond formation and the AO over-
lapping, result in the OVMO and the IVMO forma-
tion. Beside the U6s,6p,51,6d,7s, O2s,2p, and C13s,3p
AO, these MO include the U7p states, which are ab-
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Figure 5. Valence band XPS: (a) — XPS from Cs,UO,Cl,
with the secondarily scattered electrons background; the
vertical bars show the calculated (RDV) spectrum; (b) —
XPS from CsCl with the subtracted secondarily scat-
tered electrons background; spectra normalized by the
Cs5p intensity

sent in atomic uranium. The RDV calculations show
that the U6s AO, as well as the U7s and U7p AO, par-
ticipate insignificantly in the MO formation (tab. 2).
While the U5f AO participate mostly in the OVMO
formation, the U6p,6d AO participate in formation of
both the OVMO and the IVMO. The largest Ubps, ; »
and the O2s AO mixing of the neighboring uranium
and oxygen was observed for the 21y, (4) and 19y,
(9) IVMO (tab. 2). The U6bp, , — O2s AO mixing in the
197 (9) and the 18y, (10) IVMO is much higher than
that in UO, because the interatomic distance Ry in
the uranyl group is lower than that in UO,. A signifi-
cant mixing was observed only for the U6ps, and the
CI3s AO with formation of the 15y, (5) and the 14y~
(7) IVMO. The obtained results suggest subdividing
the valence MO into the three groups. The first group:
25y,"-21ys" OVMO. The second group: 21y, (4),
19757 (8), 1975 (9), 18y, (10) and 18y," IVMO char-
acterizing the U-O binding in the axial direction. The
third group: from 15y~ (5), 20y, 15757, 207" (6),
14y, (7) IVMO characterizing the U-Cl binding in the
equatorial plane (tab. 2). These results allow one to un-
derstand the valence XPS structure of Cs,UO,Cl,.
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Table 2. MO composition (parts) and energies Eo(a) [eV] for the U02C142' cluster (RDV) and photo-ionization cross-sections o-i(b

)

MO composition
MO —E, Pu O Cl
[eV] 6s 6p12 | 6psp | 6d3n | 6dsp 7s Stsp | Stin | Tpin | Tpsn 2s 2p 3s 3p
o;1.14| 0.89 1.29 | 0.61 0.55 0.12 3.67 | 348 | 0.07 | 0.10 | 096 | 0.07 1.26 | 047
287" | -16.14 0.28 | 0.49 0.08 0.07 | 0.06 0.02
3lys | —9.56 0.01 0.03 | 003 | 0.87 | 0.01 0.01 0.02 0.02
22y," | 9.18 0.06 | 0.72 0.04 | 0.02 | 0.15
30y, | —8.91 0.01 0.01 0.95 0.01 0.02
21y, | -8.80 032 | 0.46 0.13 | 0.02 | 0.07
24y, | -8.78 0.01 0.96 0.02 | 0.01
277" | -8.66 042 | 0.32 0.03 0.18 0.06
26ys" | -8.05 0.06 | 0.01 0.78 0.02 | 0.02 | 0.11
2975 | —7.45 0.01 0.07 0.12 | 034 | 0.06 0.02 | 0.37 0.01
20y, | -5.72 0.41 0.42 0.17
23y, | —4.29 0.10 | 0.64 0.01 0.22 0.03
28y | —3.95 043 | 0.28 0.21 0.08
27y | —3.03 0.03 | 0.84 | 0.01 0.02 0.10
22y, | 22,77 0.06 | 0.85 0.09
21y, | =2.22 0.76 | 0.09 0.15
20y, | —1.95 0.79 | 0.17 0.01 0.03
257 0.00 1.00
% 26y, | 0.12 0.03 0.03 | 0.03 0.01 0.08 0.82
> 197, | 0.26 0.01 0.07 0.92
© 24y | 0.27 0.01 0.06 0.93
19y, 0.43 0.01 0.03 | 0.02 0.01 0.02 0.91
18y, | 0.53 0.01 0.03 | 0.04 0.02 0.90
25y, | 0.57 0.08 | 0.01 0.91
17y, | 0.59 0.15 | 0.01 0.01 0.83
24y | 0.85 0.01 0.03 | 0.04 | 0.02 0.02 | 0.01 0.87
18y, | 1.24 0.07 | 0.10 0.83
23ys" | 1.60 | 0.01 0.01 0.01 0.05 0.11 0.02 | 0.79
17y, | 1.65 0.07 | 0.09 0.03 | 0.81
23y, | 2.06 0.01 0.07 0.11 0.27 | 0.01 0.02 0.34 0.17
16y, | 3.24 0.02 0.08 | 0.17 0.71 0.02
227" | 3.28 | 0.01 0.01 0.04 0.03 0.06 | 0.78 | 0.01 0.06
22y | 3.49 0.01 0.19 | 0.06 0.74
16y," | 3.74 0.05 | 0.16 0.76 0.03
21y | 3.84 0.05 | 0.07 0.75 0.03
21y | 10.72 0.01 0.33 0.01 0.01 0.01 0.45 | 0.10 | 0.08
15y, | 11.83 0.12 0.01 0.01 0.86
20ys | 12.46 0.02 | 0.01 0.01 0.01 0.06 0.89
157," | 12.55 0.02 | 0.03 0.94 | 0.01
o 206" | 12.64 0.01 0.01 0.03 0.94 | 0.01
= 14y, | 16.02 0.83 0.02 | 0.13 | 0.02
E 197" | 17.95 | 0.02 0.05 | 0.06 0.85 | 0.02
19y, | 20.50 025 | 041 0.01 0.01 0.27 | 0.03 | 0.01 0.01
18y | 26.55 0.69 | 0.06 0.01 0.19 | 0.05
1875~ | 42.67 | 0.96 0.02 | 0.02

@ Levels shifted by 7.08 eV toward the positive values (upward); ® photoionization cross-section o; — kilo barn (1072* m?) per electron,
for O and Cl from [42] and U from [43]; © HOMO (highest occupied MO) (two electrons), occupation number for all the orbitals is 2

Valence XPS structure of Cs,UO,Cl,

The experimental valence band XPS of
Cs,UO,Cl, exhibits a complicated structure, fig. 5(a).
It can be suggested to consist of the XPS of the
UO,Cl,* ion and two Cs" ions. The valence XPS of
the UO,Cl,>" cluster is superimposed with the
Cs5s5%5p%6s” XPS of two Cs™ ions. Therefore, the CsCl
XPS is given under the Cs,UO,Cl, XPS, fig. 5(b) for
comparison. For comparison, the XPS spectra were
normalized by the Cs5p intensity. The low BE CsCl

XPS contains extra peaks at the higher BE side from
the basic Cs5s and Cs5p peaks attributed to the
shake-up satellites and other energy loss spectra.
These extra peaks complicate the interpretation of
the Cs,UO,Cl, XPS. The contribution of this extra struc-
ture was taken into account on the analysis of the
Cs,UO,Cl, and CsCl satellite structure in the 0-1250 eV
BE range. It has to be taken into account that the XPS
from Cs" ion in Cs,UO,Cl, can change compared to that
from Cs" in CsCl. To evaluate this contribution, the dif-
ference spectrum was drawn. It was obtained by subtrac-
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Figure 6. The difference of the valence XPS of Cs,UO,Cl,

and 2 Cs" ions with the subtracted secondarily scattered

electrons background (see fig. 5)

tion of the Cs* XPS, consisting of the Cs5s,5p peaks with
satellites, from the Cs,UO,Cl, XPS, without taking into
account the back scattering-related background (fig. 6).
Despite the approximation inaccuracy, the resulting
spectrum agrees qualitatively with the calculated spec-
trum for the UO,Cl,>" cluster.

To draw the difference spectrum, the XPS
Cs,U0O,Cl, and CsCl intensities were normalized to
the Cs 5p intensity. It has to be noted, that on moving
from CsCl to Cs,UO,Cl,, the Cs5s and the Cs5p peaks
shift to the higher BE region by 0.4 ¢V and 0.3 eV, re-
spectively, and the CI3s peak —shifts by 1.0 eV (tab. 1).
The difference spectrum was drawn for the two cases:
(a) without secondary scattered electrons-related
background subtraction from the initial spectra; (b)
with secondary scattered electrons-related back-
ground subtraction from the initial spectra (fig. 6). De-
spite the complicated structure, the difference spectra
are in a satisfactory qualitative agreement.

The difference XPS characterizes the electronic
structure of the UO,Cl,> cluster and reflects its valence
electrons structure (fig. 6). In the 0 -~35 ¢V BE range it
can be conditionally subdivided into the two ranges.
The first range 0 eV-~15 eV exhibits the OVMO-re-
lated structure. These OVMO are formed mostly from
the U5f, 6d, 7s, 7p, the O2p and the C13p AO of the
neighboring atoms. The second range ~15 eV-~35 eV
exhibits the [VMO-related structure. These IVMO ap-
pear mostly due to the strong interaction of the com-
pletely filled U6p and 02s,CI3s AO.

The OVMO XPS structure of the UO,Cl,> clus-
ter has its typical features and can be sub-divided into
the three components (1-3) at 4.9, 6.1, and 7.2 ¢V BE,
respectively (fig. 6, tab. 3). The peak at 4.9 eV BE is
mostly due to the quasi-atomic U5f electrons of the
25ys"-24y, OVMO participating in the chemical
binding. The U5f electrons contribute significantly to
the intensities of the bands at 6.1 eV and 7.2 eV. The
fact that the calculated XPS OVMO (53.4 %) intensity
is comparable with the corresponding experimental

intensity (58.6 %),can be explained by the fact that the
USfelectrons do not lose their f~nature participating in
the chemical bond. It results in the widened XPS band
in the OVMO BE range of Cs,UO,Cl,, which agrees
qualitatively with the calculation data (fig. 6, tab. 2).

The IVMO BE range exhibits explicit peaks and
one can qualitatively pick out seven components
(4-10; fig. 6). Despite the formalism of such a division,
it allows qualitative and quantitative comparison of
the XPS parameters with the relativistic calculation re-
sults for the UO,Cl,% (D,;,) cluster.

Results of these calculations are given in tab. 2.
Since photo emission results are given for an excited
state of an atom with a hole in a certain shell, for a
stricter comparison of the theoretical and experimen-
tal BE, the calculations must be done for transition
states [46]. However, the valence electrons BE, calcu-
lated for transition states, are known to differ from the
corresponding values for the ground state by a con-
stant shift toward the higher energies. Therefore, the
present paper gives the calculated BE (tab. 2) shifted
by 4.17 eV (tab. 3). Taking into account the MO com-
positions (tab. 2) and the photo-ionization cross-sec-
tions [42, 43], the theoretical intensities of several
XPS ranges were determined (tab. 3). Comparing the
experimental XPS to the theoretical data, one should
keep in mind that the Cs,UO,Cl, XPS reflects the band
structure and consists of bands widened due to the
solid-state effects. Despite this approximation, a satis-
factory qualitative agreement between the theoretical
and the experimental data was obtained (fig. 6).

The corresponding theoretical and experimental
FWHM and the relative intensities of the inner and
outer valence bands are comparable (tab. 3, fig. 6). A
satisfactory agreement between the experimental and
calculated BE of some MO was also reached (tab. 3).
As previous noted, for the more accurate determina-
tion of the position of the 21y, OVMO (characteriz-
ing U-O bond) relative to the quasi-atomic
207¢-,15y7,%, 20y, (6) IVMO of chlorine, the calcula-
tions of UO,Cl,*" electronic structure at three inter-
atomic distances around the equilibrium value: (a)
Ry.o=0.171 nm and Ry = 0.262 nm; (b) Ry =
=0.174 nm, and Ry = 0.264 nm; (c) Ry =
=0.1772 nm and Ry = 0.2671 nm, were done. On
moving from (a) to (b) and (c), as it was expected, the
outer and the inner valence bands narrow by 0.56 eV
and 1.07 eV, respectively. The BE difference between
the 15y, (5) and the 21y, (4) IVMO decreases by
0.29 eV, and the mean BE of the quasi-atomic chlo-
rine-related IVMO 15y,%, 20y, 20y," (6) decreases
by 0.12 eV. The alterations in the interatomic distances
do not result in any significant changes of the XPS
structure and position of the 21y, IVMO relative the
quasi-atomic (6) IVMO of chlorine. These data prove
the RDV method to be effective and allow the quanti-
tative MO scheme for understanding the nature of in-
teratomic bonding in Cs,UO,Cl,.
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Table 3. Valence XPS parameters for Cs,UO,Cl, and for the U02C142' cluster (RDV), and the orbital forces® foandfq,

U6p and USf electronic state densities p;(e’)

XPS
Amo6p, 5f DOS p;, e (electrons
MO —E® [eV]| f0, 10N | fo, 10° N | Energy © [eV] Intensity [%] mop pie ( )
Experiment Theory Experiment 515, 515, 6p1n 6psn
257, 9 4.17 —0.18 0.07 22 0.06 0.06 0.06
267 4.29 -0.18 0.03 3.0
197" 4.43 -0.13 0.08 2.1
24y," 4.44 -0.14 0.08 2.1
19y, 4.60 -0.18 0.08 47 0.06 0.04 0.02
18y, 470 -0.18 0.07 4.9(1.5) 2.7 30.3 0.06 0.08 0.02
257 474 -0.18 0.11 3.3 0.16
17y, 4.76 -0.19 0.10 45 0.30 0.02
O 24y, 5.02 -0.19 0.07 32 0.06 0.08 0.02
= | sy 5.41 2017 0.16 23
@) 23y," 05.77 -0.19 0.09 2.0
177" 5.82 -0.17 0.13 24
23y, 6.23 0.14 0.00 6.1(1.5) 7.2 17.7 0.22 0.54 0.02 0.14
16y, 7.41 0.56 -0.03 45 0.16 0.34 0.04
227" 7.45 0.35 -0.02 0.9
22y 7.66 0.62 -0.04 7.2(1.5) 45 10.9 0.38 0.12 0.02
16y, 7.91 0.60 -0.02 0.9
21y 8.01 0.61 -0.01 0.9
xf© 0.80 0.95 53.4 58.9 1.30 1.44 0.04 0.30
(64.5%) | (82.6 %)
21y 14.89 —0.44 -0.05 ~14.9 438 0.02 0.02 0.02 0.66
157, 16.00 -0.12 0.01 16.0(2.3) 5.7 23.6 0.24
2075 16.63 —0.22 0.10 5.7 0.02 0.04 0.02
15y, 16.72 -0.19 0.13 ~16.7 5.6
207" 16.81 -0.18 0.14 5.6
o 14y, 20.19 -0.10 0.08 20.9(2.5) 5.7 10.2 1.66
E 1976 22.12 0.51 -0.05 22.0(2.5) 42
— 1975 24.67 0.38 -0.02 26.3(2.2) 5.1 42 0.02 0.02 0.50 0.82
187 30.72 0.78 ~0.06 31.1(2.3) 42 3.1 0.02 1.38 0.12
%0, ® 46.6 41.1 0.06 0.06 1.94 3.52
1875 46.67 0.02 -0.07 48.2(7.0) ~4.9
35 © 0.44 0.20
(35.5%) | (17.4 %)
™ 1.24 1.15

@ Orbital force, newtons (N) per one ligand: f;, for U-O bond and fg; for Pu-Cl bondos; positive forces mean attraction, negative — repulsion
® Calculated energies (tab. 2) shifted by 4.17 eV toward the negative values (downward) so that the 15 7, MO energy is 16.0 eV

©YFWHM in eV given in parentheses

D HOMO (highest occupied MO) (2 electrons), occupation number for all the orbitals is 2
© The sum of the OVMO orbital forces peak intensities and the U6p,5f DOS

® the sum of peak intensities and the U6p,5f DOS
® the sum of the IVMO orbital forces
™ the sum of the OVMO and IVMO orbital forces

Thus, the outer valence band intensity is formed
mostly from the outer valence U5f,6d,7s,7p and
02p,Cl3p AO, and to a lesser extent from the inner va-
lence U6p and O2s, C13s AO. The U5f electrons con-
tribute significantly to the OVMO intensity (tabs. 2
and 3). Because the U5f photo-emission cross-section
is high (tab. 2), the U5f electrons contribute signifi-
cantly to the OVMO XPS intensity if they do not lose
the f~nature. Thus, the U5f electrons can be promoted
to e. g. the U6d level first, and then to participate in the
chemical bond formation losing the f~nature. The cal-
culation shows that the US5f electrons participate di-
rectly in the formation of the chemical bond (tab. 2).
The calculated OVMO/IVMO intensity ratio for the
UO,Cl,>~ XPS was found to be 1.15, which differs
from the experimental value 1.43 (tab. 3) due to the er-

ror in the XPS difference spectrum. This intensity ratio
is an important quantitative characteristic of the
UO,Cl,> electronic structure. These results yield a
conclusion that the U5f electrons can participate di-
rectly in the chemical bond formation in UO,Cl,> par-
tially losing the f~nature. These electronic states are
distributed within the outer valence band (tab. 2). It
agrees with the OVMO XPS shape. The U6d elec-
tronic states are located mostly at the bottom of the
outer valence band. The U6p;,, AO take a significant
part in the OVMO formation. This agrees with the the-
oretical and the experimental data for y~-UO; [14] and
UF,0, [26].

In the IVMO XPS BE range a satisfactory agree-
ment was reached e. g. for the 21y, (4) and 18y, (10)
MO responsible for the width AE of this XPS band. The
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Figure 7. MO scheme for the U02C142' (Dyp) cluster built taking into account theoretical and experimental data; chemical
shifts are not indicated; arrows show some measurable levels BE differences; experimental BE [eV] are given to the left;

the energy scale is not kept

calculated AEy,. = 15.83 eV agrees with the experi-
mental AE,,, = 16.2 ¢V without taking into account the
FWHM (tab. 3). It has to be noted that the theoretical
(1.15) and experimental (1.4) OVMO/IVMO intensity
ratios are comparable. It confirms correctness of the ap-
proximations used in the calculation (tab. 3). The calcu-
lated and the experimental relative intensities of some
individual IVMO peaks, except for the 14y, (7), 19y,
(8) ones, are in a qualitative agreement.

Taking into account the experimental BE differ-
ences between the outer MO and the core levels in the

UO,Cl,* cluster and metallic U [39, 40], as well as the
relativistic MO LCAO calculation data for the
UO,Cl, > (Dy,) cluster, a quantitative MO scheme for
this cluster was built (fig. 7). This scheme allows one
to understand the real XPS structure and the chemical
bond nature in the UO,Cl,*" cluster. In this approxi-
mation, one can pick out the anti bonding 21y, (4)
and 15y, (5) and the corresponding bonding 19y, (9)
and 14y, (7) IVMO, as well as the quasi-atomic 20y,
15y,%, 207" (6) ones attributed mostly to the C13s and
the 19y, (8) attributed mostly to the O2s electrons and
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the 18y, one.The experimental data show that the
CI3s- related quasi-atomic IVMO BE have to be close
by an order of magnitude.

Indeed, the CI3s XPS peak of CsCl (Eb(Cl13s) =
=15.0 eV) is 1.2 eV wide. In Cs,UO,Cl, XPS this
peak is observed at £ (Cl13s) = 16.0 eV and is 2.3 eV
wide (tab. 1). The BE shift and widening is associated
with the C13s AO participation in the [IVMO formation
(fig. 7).

The Cs5p XPS was observed as a spin-orbit split
doublet in the band-gap between the OVMO and
IVMO at E(Cs5ps,) = 10.4 eV and AE4(CsS5p) =
= 1.6 ¢V, fig. 5(a).

The Cs 5s peak in the Cs,UO,Cl, XPS was ob-
served single at E,(Cs5s) = 23.8 eV and I'(Cs5s) =
=2.0 eV. It was superimposed with the O2s peak at-
tributed to the uranyl group UO,2". It has to be noted
that cesium peaks were observed intense in the whole
BE range 10-1250 eV. The Cs XPS of CsCl exhibits an
extra structure at the higher BE side from the basic
peaks AE,;, =9.4eVand AE,,=23.4eV.Itcanbe at-
tributed to the electron energy loss processes during
photo emission. Such a structure was observed in the
core chlorine XPS of CsClatAE,;=19.3 eV, seee. g.
fig. 5(b). This structure complicates the interpretation
of the valence Cs,UO,Cl, XPS.

The Ols peak was observed symmetric and 1.6 eV
wide (fig. 1), while the BE of the quasi-atomic 19y," (8)
IVMO should be about 23.6 €V since AE = 508.0 eV
and the Ols BE in Cs,UO,Cl; XPS is £ (Ols) =
=531.6 eV (tab. 1).

The experimental AEy; = 360.6 eV [39, 40] is
comparable with the calculated value 361.0 eV [41],
and the difference AE, =367.2 eV, one can find that
A, =AE - AE is 6.6 eV (fig. 7). Since the BE differ-
ence between the 21y, (4) and 18y, (10) IVMO is
16.2 eV, and the U6p spin-orbit splitting, according to
the calculation data [41], is AE' (U6p) = 10.0 eV and
that according to the experimental data— 10.0 eV [39,
40], one can evaluate that the perturbation A; =6.2 eV
agrees satisfactorily with the corresponding value of
6.6 eV, found from the BE difference between the core
and the valence MO. The observed difference (0.4 eV)
must be attributed to the [IVMO formation peculiarities
and such a comparison may not be quite correct. How-
ever, these data show that the 21y~ (4) IVMO has a
significant anti bonding nature.The IVMO FWHM
cannot yield a conclusion on the IVMO nature (bond-
ing or anti bonding), however, one can suggest that the
admixture of 10 % ofthe O2p and 2 % of the USfAO in
the 21y~ (4) IVMO leads this orbital to loosing of
itsanti-bonding nature (tab. 2, fig. 7, see also [6]).
Thus, the quantitative MO scheme for UO,Cl,%", built
on the basis of the experimental and the theoretical
data, allows one both to understand the nature of
chemical bond formation in Cs,UO,Cl, and to inter-
pret the structures of other X-ray spectra as it was
shown for y-UO; [14] and UO,F, [26].

Chemical bond in the UO,Cl,*" cluster

As it was noted, the calculation data show that
the MO system of the UO,Cl,>~ cluster can be subdi-
vided into several groups (tab. 2, fig. 7). One group as-
sociated with the UO," ion includes the 18y, 18y,
(10), 1975 (9), 197" (8), and 21y, (4) IVMO charac-
terizing the U-O bond in the axial direction. Another
group from the 14y, (7) to the 15y, (5) IVMO con-
sists of the CI3s and U6p AO. Another one — from the
21y," to the 25y, OVMO represents the valence band.
In the lower part of this band there are the O 2p-type
bonding MO with the admixtures of U valence states,
the middle and the upper parts — consist of the CI3p
MO with admixtures of metal MO (tab. 2).

By the present time there is no method to evalu-
ate quantitatively a contribution of certain separate
MO into the chemical bond even for diatomic mole-
cules. Such a method has to be additive, i. e. the sum-
mation of contributions of separate MO with electron
populations in mind has to yield the total chemical
bond value. The work [5] considers three methods of
evaluation of the MO nature (bonding, non-bonding,
anti bonding) on the basis of: (a) population by
Mulliken, (b) full energy separation with subtraction
of resonance energy characterizing the covalence of
the chemical bond, and (c) orbital forces.

The orbital forces £, (10® N) are equal approxi-
mately to the derivatives of the MO energies £ (108 N)
upon the interatomic distances [5]. Therefore, this work
presents the dependence of the MO energies for the
UO,CI1,> cluster on the interatomic distance in the axial
direction Ry, (Z-axis) and in the equatorial plane Ry;_¢.
To evaluate the orbital forces in addition to the calcu-
lation for the equilibrium atomic positions (Ry.q =
=0.1772 nm, Ryy.¢; = 0.2671 nm), two more calcula-
tions were also done. One for R, , = 0.1792 nm and the
invariable positions of chlorine ions, and another one —
with equal positions of oxygen ions but with increased
U-Cl distance to the four chlorine ions Ry = 0.2691
nm. It yielded the orbital forces f; (derivatives E;' of the
OVMO and IVMO energies E; upon the interatomic
distances Ry and Ry ¢ (tab. 3).

As it follows from tab. 3 and the MO scheme
(fig. 7), the 18y,",18y, (10), 1975 (9), 197" (8)
IVMO from this group, bring a significant bonding
contribution (1.69-10-% N) to the U-O binding and a
slight anti-bonding contribution (-0.20-10~% N) to the
U-Cl interaction. On the other hand, the IVMO of the
other group from the 14y, (7) to the 15y, (5) contain-
ing the CI3s states, bring a significant bonding contri-
bution (0.46-10"8 N) to the U-Cl interaction and an
anti-bonding contribution (-0.81-10°% N) to the U-O
binding. As it was expected, the bonding OVMO
around the valence band bottom (21y,"-23y,") contrib-
ute significantly (2.88-10°% N) to the U-O binding,
even despite the anti-bonding nature (—2.08-10 N) of
the other OVMO of this group. The total OVMO con-
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tribution to the U-O bond is 0.80-10°® N. The total
OVMO contribution to the U-Cl binding per one bond
is 0.95-10® N, which is comparable to that for the U-O
bond. On the basis of these data the relative IVMO
contribution to the U-O binding per one bond in the
UO,Cl,> cluster was evaluated as 33.5 %, and that of
the OVMO contribution — 64.5%. The relative IVMO
contribution to the U-Cl binding is 17.4 %, that of the
OVMO - 82.6% (tab. 3).

The structures of irreducible representations of
the double D,;, group allows comparisons of the U6d
and the U5f AO participation in the chemical bond
since the y, " and ;" orbitals contain the 6d states and
do not contain the 5f states, while the ¥4~ and the y,~
MO — vice versa, contain the 5f states and do not con-
tain the 6d states. Table 3 shows that among the six
bonding MO in the lower part of the OVMO band
there are three orbitals of each type. The fractions of
the 6d AOinthe 21y,", 16 ;" and 22 y,* MO are 0.22,
0.21, and 0.05, respectively, while the fractions of the
5fAOinthe 22y, 16y, and 23 " MO are 0.25, 0.25,
and 0.38, respectively (tab. 2). Despite the fact that the
fraction of the 5f AO is greater than that of the 6d AO,
their contributions are comparable, and the last 23y,~
orbital shows the least orbital force (0.14-10~% N)
among the six considered bonding MO. Among the
U-Cl bond-related OVMO, the upper MO starting
with the 17y," show the highest orbital forces. The
bonding role of the 6d states in the U-Cl binding is also
slightly higher than that of the 5f states. These results
agree with the values of the overlapping populations
for the corresponding orbitals, found in the present
work. These results also agree with the data on the co-
valent contribution of the uranyl group UO,** with
Ry.0=0.173 nmto the IVMO. For the uranyl group the
method of the full energy separation and Xa-DV de-
termination of the resonance energy £,%(eV) showed
that the IVMO electrons contribution to the covalent
component of the chemical bond is 37 % of the total
contribution of all the MO [5]. It agrees with the fact
that the IVMO electrons play a significant role in the
chemical bond in Cs,UO,Cl,. The obtained data agree
qualitatively with those for Cs,PuO,Cl, [47].

CONCLUSIONS

With the core electron XPS structure, BE differ-
ences between the core and the valence electronic lev-
els and the relativistic calculation results of the elec-
tronic structure of the UO,Cl,>~ (D,;,) cluster in mind,
a quantitative interpretation of the valence XPS struc-
ture in the BE range 0 eV to ~35 eV for Cs,UO,Cl,,
was done. The correlation of the XPS structure param-
eters with the mechanisms of its formation was estab-
lished.

The USf (2.86 U5f ¢") electrons, delocalized
within the outer valence band, were theoretically

shown and experimentally confirmed to participate di-
rectly in the chemical bond formation in Cs,UO,Cl,
partially losing their f-nature.

The U6p electrons, in addition to the effective
(experimentally measurable) participation in the
IVMO formation, were found to participate noticeably
(0.34 U6p ¢) in the filled OVMO formation.

The largest part in the IVMO formation in
Cs,UO,Cl, was established to be taken by the
U6bp, ) 3, and the O2s AO, and to a lesser extent — by
the U6ps,, and the CI3s AO, of the neighboring ura-
nium oxygen and chlorine ions.

The MO sequent order in the BE range of 0 eV to
~35 eV for the UO,Cl,*" cluster was defined and the
corresponding MO composition was obtained. This
yielded a fundamental quantitative MO scheme,
which is important for understanding the nature of in-
teratomic bonding in UO,Cl,>" and for the interpreta-
tion of other X-ray spectra of Cs,UO,Cl,.

The OVMO and IVMO contributions to the
chemical bond were evaluated for the UO,Cl,* clus-
ter. The relative OVMO contribution to the chemical
binding was shown to be 76 %, and that of the VMO —
24 %. Despite the approximations used for the evalua-
tion of the IVMO and OVMO contributions were not
perfect, one can conclude that the theoretical and ex-
perimental studies of chemical bond cannot neglect
the IVMO formation effect in actinide compounds.
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BAJEHTHA CTPYKTYPA PEHATI'EHCKHNX ®OTOEJIEKTPOHCKHX
CIIEKTAPA 1 XEMUJICKA BE3A Y Cs:UO02Cl4

O06aBbeHa je KBaHTUTATHBHA aHANIN3a CTPYKTYPE PEHATeHCKUX (POTOCIEKTPOHCKHX CIIeKTapa
BAJICHTHUX €JIeKTpoHa y oOsactu eHepruja Beze of 0 eV pmo ~35 eV y KpuCTaqHOM JULE3NjyM
TeTpaxiopugokcoypanujymy (Cs,UO,Cl,), jenumemy Koje caapxu ypauwi rpymy UO,>*. Tlpu Tome cy
ypadyyHaTe eHepruje Be3e U CTPYKType elIeKTPOHCKUX JbyCKH jedrpa (~35 eV-1250 eV), Kao u pe3yaratu
PETaTUBUCTUYKOT IMCKPETHOT Bapujanronor npopayyna UO,Cl,> (D) Kiacrepa Koju ofjpaxkaBa OJIMCKY
OKOJIMHY ypaHijMa y Cs,UO,Cly. ExcniepuMeHTatHi nojanu MOKa3yjy Aa egekTu BHILE Tesa yciep
MpHUCYCTBa LIe3UjyMa 1 XJIopa JOIPUHOCE CHOII)aHIH)OJ BAJICHTHO] CIIEKTPAIIHO] CTPYKTypH (enepruje Be3e
0-~15 eV) MHOrO Makbe Hero yHyTpaiimoj (eHepruje Besze ~15-~35 eV BE). TeopeTcku je POpAYYHATO
CKCNIEPUMEHTAHO MOTBpheno pa cy ywera USf eneKTpOHCKa CTama NPUCYTHA Yy BAJCHTHO] 30HH
Cs,UO0,Cl,. To noTkpensbyje NpeTHOCTaBKy O HemocpefHoM ypaeny USf eleKkTpoHa y XeMHjCKOj Be3H.
Enextponu U6p aToMcKuxX OopOUTa y4ecTBYjYy Y HACTAHKY U YHYTPALUIHBUX M CHOJbAIIHUX BaJIEHTHHX
MOJIEKYJICKUX opOuTa (30Ha). Y cTaHOBIbEHO je ja U6p, O2s u Cl3s eneKTpOHCKe JbyCKe HajBUIIIE TOIPUHOCE
HACTaHKY YHYTpaIlllbUX BAJIEHTHUX MOJIEKYJICKuX opouTta. Ofpebenn cy komno3unnja u CeKBEHIINjATHA
nopeflak MOJIEKYJICKMX opOuTa y obnactn eHeprmja Bese of 0 eV po ~35 eV 3a UO,Cl,>~ knacrep.
ExcnepuMmeHTanH ¥ TEOPETCKH MOJlally JOMYIITAjy Jla ce KBaHTU(HUKY]je 1IeMa MOJIEKYJICKUX opOuTa 3a
UO0,Cl,, knactep y obaactu enepruja sese of 0 eV 1o ~35 eV, mTo je GUTHO U 32 pazyMeBame MPUPOfe
XeMHjCKEe Be3e U TyMmauewmy Jpyrux pesjresHckux crnexkrapa Cs,UO,Cl,. IIpouemeHo je ga JONpUHOC
CHOJbAIIEAX BAJIEHTHAX MOJIEKYJICKAX OpOHMTa XeMHIjcKOM Be3uBamby UO,Cl,%>~ knactepa usnocu 76 %, 10K
je JoNpUHOC YHYTpalbux opouta 24 %.

Kwyune peuu: akiiuHuo, ypanujym, eaAeKiipoHcKa CIpyKiypa, peH0ZeHcKa oilioeneKiipoHcKa
ClleKIupoCcKouUja, peaatuusUCUUYKU UPOPaAHYH



