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On the basis of the X-ray photoelectron spectroscopy data and results of theoretical calcula-
tions for the N O,Cl?~ (Dy,) cluster, the electronic structure and the chemical bond nature in
Cs,NpO,Cl, single crystal, containir%lguthc neptunyl group NpO,2+, was done in the binding
energy range of 0 eV to ~35 eV. The filled Np 5f electronic states were established to form in
the valence band of Cs,NpO,Cl,. This was attributed to the direct participation of the Np 5f
electrons in the chemicaf bonding. The Np 6p electrons were shown to participate in for-
mation of both the inner valence band glg eV-~35 eV) and the outer valence band (0
eV-~15 eV). The filled Np 6p and the O 2s, Cl 3s electronic shells were found to make the larg-
est contribution to the formation of the inner valence molecular orbitals. The molecular
orbitals composition and the sequence order in the binding energy range 0 eV-~35 eV in
Cs,NpO,Cl,, were established. For the first time the quantitative scheme of molecular
orbitals for the NpO,Cl?- cluster in the binding energy range 0 eV-~35 eV, was built. This
scheme reflects neptunium close environment in the studied compound and is fundamental
for both understandinf the chemical bond nature in Cs,NpO,Cl, and the interpretation of
other X-ray spectra of Cs,NpO,Cl,. The contributions to the chemical binding for the
NpO,Cl,?- cluster were evaluated to be: the outer valence molecular orbitals contribution —
73»P %, and the inner valence molecular orbitals contribution - 27 %.
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INTRODUCTION

The valence X-ray photoelectron spectra (XPS)
range of actinide compounds is especially important since
it reflects the total density of states (DOS) of the valence
electrons with photoionization cross-sections in mind
[1-5]. However, interpretation of the valence XPS struc-
ture requires understanding of how effective (experimen-
tally observable) a certain structure-formation effect ap-
pears in this binding energy (BE) range. It requires the
studies of the core XPS spectra ~35 eV-1250 eV BE [5].

This paper presents the results of the quantitative
analysis of the valence XPS structure (0~35 eV BE) of
Cs,NpO,Cl, single crystal synthesized in [5]. For the
first time the quantitative scheme of molecular orbitals
(MO) was built, contributions of electrons of the outer
(OVMO) and the inner (IVMO) valence molecular
orbitals to the chemical binding were evaluated. The
analysis was carried out taking into account the electron
BE, core-outer electronic level BE differences and the

* Corresponding authors; e-mail: teterin_ya@nrcki.ru

core electron (~35 eV-1250 eV BE) XPS structure pa-
rameters measured in [5], as well as the novel relativistic
calculation results for the NpO,Cl,%~ (D) cluster, re-
flecting neptunium close environment in Cs,NpO,Cl, at
various interatomic distances.

CALCULATIONS

The electronic structure of the NpO,Cl,>~ (Dyy,)
clusters was calculated in the density functional theory
(DFT) approximation using the original code of the
fully relativistic discrete variation (RDV) cluster
method with exchange-correlation potential. The
more detailed information can be found in [6].

In Cs,NpO,Cl, neptunium is surrounded by two
oxygen ions in the axial directions (neptunyl group
NpO,%") and by four chlorine ions in the equatorial
plane. The crystal structure parameters are: Ry, o=
=0.1758(2) nmand Ry, ;= 0.2657(5) nm [3]; Ry, 0=
=0.1775(17) nm, and Ry, ;= 0.2653(3) nm [7]. In or-
der to evaluate the influence of interatomic distances
on the MO energies in the Cl 3s BE range, the elec-
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tronic structure calculations were done for the three
clusters NpO,Cl,>~ with interatomic distances: (a)
Ryp-0=0.1710nm and Ry, =0.2620 nm; (b) Ry, 0=
=0.1740 nm and Ry, = 0.2640 nm; (¢) Ry,0 =
0.1760 nm and Ry, = 0.2660 nm. To evaluate the or-
bital forces, the calculations were done for: (a) Ry,.0 =
=0.1758 nm and Ry, ¢ = 0.2657 nm; (b) Ry,0 =
=0.1778 nm, and Ry, ¢; = 0.2657 nm; (¢) Ry, =
=0.1758 nm, and Ry, ¢; = 0.2677 nm. For the case of
the NpO,Cl,2" cluster, the re-normalization of the va-
lence oxygen and chlorine atomic orbitals (AO) popu-
lations during the self-consistency, was done.

RESULTS AND DISCUSSION

XPS structure of CsCl and valence
XPS structure of Cs,NpO2Cl,

The XPS structure of Cs,NpO,Cl, in the whole
BE range of 0 eV-1250 eV is typical for this compound
and corresponds to neptunium oxidation state Np(VI)
([5], tab. 1).

The basic peaks of CsCl XPS are intense and
contain the many-body perturbation related structure
at the higher BE side. This structure in the BE range
0-1250 eV was studied and discussed in details in [13].
It was established that in the core level Cs and C1 XPS
spectra satellites appear. Intensity of such satellites
drops in the low BE valence range. This structure was
taken into account on interpretation of the
Cs,NpO,Cl, valence XPS structure.

The experimental valence band XPS of
Cs,NpO,Cl, exhibits a complicated structure, fig. 1(a). It
can be suggested to consist of the XPS of the NpO,Cl,>
ion and two cesium Cs* ions. The valence XPS of the
NpO,Cl,% cluster is superimposed with the Cs 5s>5p°6s’
XPS of the two Cs* ions. Therefore, the CsCl XPS is
given under the Cs,NpO,Cl, XPS, fig. 1(b).

The low BE CsCl XPS contains extra peaks at
the higher BE side from the basic Cs 5s and Cs 5p
peaks, attributed to the shake-up satellites and other
energy loss spectra. These extra peaks complicate the
interpretation of the Cs,NpO,Cl, XPS, although they
can be taken into account. The contribution of this ex-

Table 1. Electron binding energies E;, [eV] and photo-ionization cross-sections o at 1486.6 eV

I\épn’“l]l/ Cs:NpO.Cly | CssNpO-Cly NpO,© Np® Nprieo® 5@
Np 5f 3.2(1.3)@ 2.5 1.7 (1.3) 0.3 0.3 24.6
Np 6ps 16.1(2.1) 15.7 172 (3.1) 17.5 5.33
20.0 18.6

Np 6p12 30.1(3.0) 30.0 29.0(2.8) 29.1 1.81
Np 6s 50.2(6.8) 48.7(6.8) 46.7(5.5) 50.1 234
Np 5ds; 102.4(2.1) 101.1(2.7) 100.4(4.1) 100.0 493
Np 5d3, 112.1(3.3) 110.0(3.1) ~108.9(9.5) 1133 33.5
Np 5ps 208.7 207.3 201.5 213.7 31.4

206.0
Np 5pi 273(10) 273.6 9.22
Np 5s ~338.5 ~335.2 ~337 3422 10.2

~346
Np 4fy, 404.6(1.6) 403.4(1.6) 402.6(1.6) 400.1 401.3 396
Np 4fs 416.4(1.6) 415.2(1.6) 414.3(1.6) 411.8 413.8 310
Np 4ds;, 771.4(6.1) 770.3(4.3) 769.5(5.0) 772.5 238
Np 4ds 816.4 815.4 814.5(5.0) 817.8 156
Np 4psp 1087.4(8.4) 1086.1(7.4) 1084.8(13.6) 1089.5 108
02p ~5.1 ~4.9 ~3.9(2.9) 0.27
~6.4(1.8) 1.91

02s ~25.8 ~26.2 ~21.6
O ls 531.8(1.8) 531.6(1.8) 529.7(1.0) 40.0
Cs 6s 0.16
Cs 5p3n 10.4(1.2) 10.4(1.2) [10.1(1.2)] 4.52
Cs 5pip 2.31
Cs 5s 23.6(1.3) 23.5(1.3) [23.4(1.4)] 2.50
Cl3p [4.4(1.4)] 2.35
Cl 3s 16.0(1.8) 15.7(1.8) [15.0(1.2)] 2.52
Cl 2psp 198.6(1.2) 198.5(1.2) [197.6(1.2)] 20.6

@NpO, values from [8]; ® Values for metallic Np from [9, 10]; © Calculation data from [11], Values given relative to the Np5fpeak from metallic

—25_ 2

Np; Y Photoionozation cross-section o (kilo barn (10 **m?) per atom) from [12]; and  FWHM are given in parentheses, values for CsCl are given

in brackets. FWHM given relative [ (Cls) = 1.3 eV
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Figure 1. Valence band XPS: XPS from Cs,NpO,Cl, with
the secondarily scattered electrons background. The
vertical bars show the calculated (RDV) spectrum (a);
XPS from CsCl with the subtracted secondarily
scattered electrons background (b). Spectra
normalized by the Cs 5p intensity

tra structure was taken into account on the basis of the
analysis of the Cs,NpO,Cl, and CsCl satellite struc-
ture in the 0-1250 eV BE range. It has to be taken into
account that the XPS from Cs™ ion in Cs,NpO,Cl, can
change compared to that from Cs* in CsCL.

To evaluate this contribution, the difference
spectrum was drawn. It was obtained by subtraction of
the Cs™ XPS consisting of the Cs 5s, 5p peaks with sat-
ellites from the Cs,NpO,Cl, XPS without taking into
account the background related to backscattering (fig.
2). Despite the approximation inaccuracy, the result-
ing spectrum agrees qualitatively with the calculated
spectrum for the NpO,Cl,>~ cluster, reflecting neptu-
nium close environment in Cs,NpO,Cl,.

To draw the difference spectrum, the XPS
Cs,NpO,Cl, and CsCl intensities were normalized to
the Cs 5p spin-orbit doublet (AE (Cs5p)=1.6 eV) in-
tensity. It has to be noted that on moving from CsCl to
Cs,NpO,Cly, the Cs 5s and the Cs 5p peaks shift to the
higher BE region by ~0.2 eV, and the CI 3s peak —
shifts by 1.0 eV (tab. 1). The difference spectrum was
drawn for the two cases: (a) without subtraction of the

50 40 30 20 10
Binding energy [eV]

Figure 2. The difference of the valence XPS of Cs,NpO,Cl,
and Cs" ions with the subtracted secondarily scattered
electrons background (see fig. 1)

background related to secondary scattered electrons
from the initial spectra; (b) with subtraction by Shirley
[14] of the background related to secondary scattered
electrons from the initial spectra (fig. 2). Despite the
complicated structure, the difference spectra are in a
good qualitative agreement.

The XPS structure in fig. 2 can be associated
with formation of the OVMO (0-~15 e¢V) and IVMO
(~15 eV-~35 eV) in the NpO,Cl,>~ cluster (tab. 2).
This structure has much in common with that of the
PuO,Cl,> structure discussed in details in [13]. The
calculation results agree satisfactorily with the experi-
mental data (tab. 3) and show that the Np 5f electrons
participate in the chemical bond formation slightly
losing their f~nature. The Np 6p electrons participate
noticeably in both the OVMO and IVMO formation
(tabs. 2 and 3).

Since photoemission results are given for an ex-
cited 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 [15]. However, the work [13] showed that this
effect results in a constant BE shift of the valence
peaks, which was taken into account on comparison of
the experimental and calculated spectra (tab. 3).

The experimental corroboration of the fact that
the An 5f electrons maintain their f-nature during the
chemical binding, i. e. participate directly and bring a
high contribution to the valence DOS and XPS inten-
sity, is fundamental. This allows using the MO LCAO
(molecular orbitals as linear combinations of atomic
orbitals) approximation for calculation of the XPS
spectra with photoemission cross-sections in mind.
This method neglects the nepheloauxetic effect (cloud
expanding effect) for the 5f orbitals upon the chemical
binding. Unfortunately, comparison of the experimen-
tal and calculated XPS spectra of Cs,NpO,Cl, yields a
conclusion that the nepheloauxetic effect cannot be
evaluated within the measurement error.
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Table 2. MO com(positions (parts) and energies E, @ [eV] for the NpO,Cl, cluster (RDV) and photoionization
b)

cross-sections o;

MO composition
MO -E, Np (0] Cl
[eV] 6s 6pin 6p3» 6ds 6ds) 7s Stsp St Tpin Tp3n 2s 2p 3s 3p
oi1.16] 0.90 1.32 0.62 0.56 0.12 4.12 3.86 0.06 0.08 0.96 0.07 1.26 0.47
287" | -14.86 0.28 0.48 0.09 0.07 0.06 0.02
3lys | -8.07 0.02 0.02 0.90 0.01 0.01 0.01 0.01 0.02
22y, | ~7.80 0.05 0.76 0.05 0.02 0.12
21y, | -7.42 0.34 0.46 0.12 0.01 0.07
30y, | —7.42 0.01 0.96 0.01 0.02
24y, | =71.30 0.01 0.95 0.02 0.01 0.01
27y | —7.29 0.45 0.32 0.02 0.17 0.04
267" | —6.60 0.03 0.01 0.77 0.02 0.04 0.13
29y, | —5.60 0.01 0.07 0.12 0.34 0.03 0.02 0.40 0.01
20y, | —4.35 0.42 0.42 0.16
23y, | —2.29 0.09 0.66 0.01 0.21 0.03
28y | —1.91 0.42 0.30 0.21 0.07
27y | —1.14 0.04 0.82 0.04 0.10
22y; | —0.89 0.04 0.88 0.08
21ly; | —0.26 0.74 0.08 0.18
20779 0.00 0.79 | 0.15 0.02 0.04
257" | 1.54 1.00
% 26y, | 1.71 0.03 0.03 0.02 0.01 0.07 0.84
> 19y, 1.79 0.01 0.06 0.93
o 24" | 1.80 0.01 0.06 0.93
19y, | 1.99 0.01 0.04 0.03 0.01 0.01 0.90
18y, | 2.08 0.01 0.02 0.03 0.01 0.02 0.91
25y | 2.10 0.08 0.01 0.90
17y; | 2.15 0.01 0.19 0.01 0.01 0.78
24y, | 2.41 0.01 0.03 0.04 0.02 0.02 0.01 0.87
18y, | 2.75 0.07 0.09 0.84
177, | 3.14 0.07 0.08 0.03 0.82
23y | 3.18 0.01 0.01 0.06 0.06 0.02 0.84
23y, | 3.65 0.01 0.07 0.12 0.29 0.01 0.02 0.33 0.15
16y; | 4.78 0.02 0.09 0.17 0.70 0.02
22y, | 4.85 0.01 0.01 0.04 0.02 0.06 0.80 0.01 0.05
22y | 5.05 0.01 0.21 0.05 0.73
16y," | 5.26 0.05 0.15 0.77 0.03
21y 5.36 0.15 0.06 0.75 0.03
21y, | 12.41 0.01 0.32 0.01 0.01 0.01 0.44 0.10 0.10
15y, | 13.41 0.11 0.01 0.87
1577 | 14.04 0.01 0.03 0.94 0.02
20y, | 14.05 0.01 0.02 0.01 0.02 0.07 0.87
o 207" | 14.19 0.01 0.01 0.03 0.94 0.01
b= 14y, 17.22 0.84 0.02 0.11 0.02
Z 197" | 19.53 | 0.02 0.04 0.06 0.85 0.03
19y | 22.33 0.21 0.43 0.01 0.30 0.04 0.01
18y, | 28.69 0.74 0.05 0.16 0.05
18y | 45.71 | 0.97 0.02 0.01

@ Levels shifted by 5.58 eV toward the positive values (upward); ® Photo ionization cross-sections o; (kilo barn per electron), for O and Cl from
[12]; © HOMO (highest occupied MO) (one electrons), occupation number for all the orbitals is 2

Results of tab. 1 on the experimental core-outer
MO BE differences in both the NpO,Cl,>" cluster and
metallic Np and the relativistic MO LCAO calculation
data (fig. 3), allowed a quantitative MO scheme for the
NpO,Cl,> (Dyy,) cluster (fig. 3). This scheme is impor-
tant for understanding the chemical bond nature in the
NpO,Cl,* cluster.

For example, let's take the antibonding 21y, (4)
and 157,7(5), the corresponding bonding 19y,7(9) and
14y, (7) IVMO and the quasiatomic 15y,%, 20y,
207,%(6), and 19y,"(8) ones attributed mostly to the

Cl 3s and the O 2s electrons. The BE of the CI 3s
quasiatomic IVMO have to be close by an order of
magnitude. We really see this in the XPS spectra as the
Cl3speak of CsCl (£, (Cl3s)=15.0eV,I'=1.2eV).In
Cs,NpO,Cl, XPS this is observed as a peak at E
(Cl13s)=16.0eVandI"=1.8 eV (tab. 1). This peak is
observed shifted and widened due to the Cl 3s elec-
trons participation in the IVMO formation (fig. 1).
The BE of the quasiatomic 19y,7(8) IVMO
should be about 23.8 eV since AE,=508.0 eV and the
O 1s BE in Cs,NpO,Cl, XPS is E;(O 1s) =531.8 eV
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Table 3. Valence XPS parameters for Cs,;NpO,Cl, and for the NpOzCL.z' cluster (RDYV), and the orbital forces® fo and fcy,

Np 6p and Np 5f electronic state density p;i(e’)

o | o XPS : Density p; of the Np 6p,5f states in
MO [eV] Jo10° N | /o1 10° N |Energy © [eV]|  Intensity [%] e (electrons)
Exper. Theory | Exper. 515 5t 6pi1n 6psn
20, @) 330 | —0.11" | —0.03" 3.2(1.3) 8.0 12.8 0.79 0.15
257 | 454 | —0.17 0.07 2.0
26y | 471 | —0.17 0.04 2.7 0.06 0.04 0.06
197" | 479 | -0.13 0.07 1.9
24y | 480 | -0.13 0.07 1.9
197, | 499 | -0.18 0.09 3.0 0.08 0.06 0.02
18y, | 5.08 | —0.18 0.07 2.7 0.04 0.06 0.02
257 | 5.10 | -0.18 0.10 5.1(2.1) 3.0 34.0 0.16
177 | 515 | -0.19 0.09 5.0 0.38 0.02 0.02
o) 24y | 541 | —0.18 0.08 3.0 0.06 0.8 0.02
E 18y, | 575 | -0.16 0.16 2.0
© 7y | 614 | 019 | 009 2.1
23yt | 618 | —0.17 0.13 1.8
23y | 6.65 0.15 0.01 6.8 (1.7) 7.5 15.6 0.24 0.58 0.02 0.14
16y, | 7.78 0.56 —0.03 4.6 0.18 0.34 0.04
22y | 7.85 0.36 —0.02 0.8
2y | 8.05 0.63 —0.04 4.6 0.42 0.10 0.02
16," | 8.26 0.62 —0.01 0.8
21y, | 8.36 0.62 —0.01 0.8
¥p,© 0.80 0.93 58.2 62.4 3.04 1.74 0.04 0.32
(61.5%) | (78.8 %)
21y | 1541 | 043 | —0.05 4.4 0.02 0.02 0.02 0.64
157, | 1641 | —0.16 0.02 16.1(2.1) 5.2 15.9 0.22
15, | 17.04 | —0.18 0.13 5.0
20y | 17.05 | —0.22 0.10 5.1 0.02 0.04 0.02 0.04
20y | 17.19 | —0.18 0.14 5.0
o l4y, | 2072 | —0.08 0.08 20.4(3.7) 5.1 8.1 1.68
= 195" | 22.53 | 0.53 —0.04 24.1(3.5) 3.7 6.9
= 1975 | 2533 | 047 —0.02 27.02.7) 4.6 3.9 0.02 0.42 0.86
1875 | 31.69 | 0.72 —0.05 | 30.1(3.5) 3.7 2.8 1.48 0.10
¥p,» 41.8 37.6 0.02 0.06 1.94 3.54
18y, | 4871 | 0.03 —0.06 | 50.2(7.4) ~4.5
b 0.50 0.25
(38.5 %) | (21.2 %)
zr® 1.30 1.18

@ Orbital force newtons (N) per one ligand: f;, for Np-O bond and f¢; for Np-Cl bond. Positive forces mean attraction, negative — repulsion; ® Cal-
culated energies (tab. 2) shifted by 3.00 ¢V toward the negative values (downward) so that the 20y, MO energy is 3.0 eV; © FWHM in eV given in
parentheses; Y HOMO (highest occupied MO) (1 electrons), occupation number for all the orbitals is 2; © The sum of the OVMO orbital forces
peak intensities and the Np 6p, 5 DOS; ¥ The sum of peak intensities and the Np 6p, 5 DOS, ©® The sum of the IVMO orbital forces; ™ The sum

of the OVMO and IVMO orbital forces

(tab. 1). These data partially agree with the theoretical
results.

Taking into account that the calculated AEth =
=383.8 eV [11], and the difference AE, = 389.2 ¢V,
one can find that A| = AE, — AE, is 5.2 eV (fig. 3).
Since the BE difference between the 21y,(4) and
187,7(10) IVMO is 16.28 eV, and the Np 6p spin-orbit
splitting, according to the calculation data [11], is
AE™<r (Np 6p) = 11.6 eV, one can evaluate that the
perturbation A; = 4.68 eV is some what lower than the
corresponding value of 5.2 eV, found from the BE dif-

ference between the core and the valence MO. The
observed difference must be attributed to the IVMO
formation peculiarities and such a comparison may not
be quite correct. The IVMO FWHM can not yield a
conclusion on the IVMO nature (bonding or
antibonding), however, one can suggest that the ad-
mixture of 10 % of the O 2p and 2 % of the Np 5f AO in
the 21y,7(4) IVMO leads this orbital to loosing of its
antibonding nature (tab. 2, fig. 3). In the work [5] a
similar scheme was shown to describe and explain the
nature of chemical bond formation in y-UOj.
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Figure 3. MO scheme for the NpOzCl42' (D4p) cluster built taking into account theoretical and experimental data.
Chemical shifts are not indicated. Arrows show some of the measured differences in BE between selected levels.
Experimental BE (eV) are given to the left. The energy scale is omitted

Chemical bond in the NpOzCl42’ cluster

Electronic configuration of neptunium ground state
SLs,, can be presented as [Rn] 6s%6p®5f 46d!7s?7p°,
where [Rn] is radon electronic configuration, and the other
electronic shells are valence and can participate in the MO
formation with the O 2s?2p® and Cl 3s?3p®> AO in the
NpO,Cl> cluster.

The RDV calculation results of the electronic
structure of the NpO,Cl1,>~ (D) cluster in the ground
state, reflecting neptunium close environment in
Cs,NpO,Cl,, are given in tab. 2. The MO LCAO ap-
proximation, used in this calculation, allows discus-
sion of the chemical bond nature in the terms of atomic
and molecular shells.

The chemical bond formation and the AO over-
lapping, result in the OVMO and the IVMO forma-
tion. Beside the Np 6s,6p,5f,6d,7s, O 2s,2p, and CI
3s,3p AO, these MO include the Np 7p states, which
are absent in atomic neptunium. The RDV calcula-

tions show that the Np 6s AO, as well as the Np 7s and
the Np 7p AO, participate insignificantly in the MO
formation (tab. 2). While the Np 5f AO participate
mostly in the OVMO formation, the Np 6p,6d AO par-
ticipate in formation of both the OVMO and the
IVMO. The largest Np 6p;,, and the O 2s AO mixing
of the neighboring neptunium and oxygen, was ob-
served for the 21y, (4) and the 19y, (9) IVMO (tab.
2). The Np 6p;,, — O 2s AO mixing in the 197, (9) and
the 18y, (10) IVMO is much higher than that in NpO,
[8] because the interatomic distance Ry, in the
neptunyl group is lower than that in NpO,. A signifi-
cant mixing was observed only for the Np 6p;/, and
the CI 3s AO, with formation of the 15y, (5) and the
14y, (7) IVMO.

The obtained results suggest subdividing the va-
lence MO into three groups. The first group: 20y, (1)
— 21ys" (2, 3) OVMO. The second group: 21y, (4),
197,7 (8), 1975 (9), 18y, (10) and 18y," IVMO charac-
terizing the Np-O binding in the axial direction. The
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third group: from 15y,7(5), 15757, 20y, 20y,7(6) to
14y57(7) IVMO characterizing the Np-Cl binding in the
equatorial plane (tab. 2). These results allow one to un-
derstand the valence XPS structure of Cs,NpO,Cl,.

Atthe present time there is no method to evaluate
quantitatively a contribution of certain separate MO
into the chemical bond even for diatomic molecules.
Several methods of evaluation of the MO character
(bonding, non-bonding, antibonding) were consid-
ered in [16]: the first one — on the basis of population
by Mulliken; the second one — on the basis of full en-
ergy separation with subtraction of resonance energy
characterizing the covalence of the chemical bond;
and the third one — on the basis of orbital forces.

The force [16] acting on an atom in the
polyatomic system is equal to the opposite full energy
gradient at the point of location. The gradient compo-
nents are usually calculated as the ratio of the full en-
ergy alteration upon the displacement of an atom to the
value of this displacement. The full energy is the sum
of the orbital energies minus the energy of
interelectronic interactions. Since the energy of
interelectronic interaction depends on the sum of the
orbital energies, the full energy can be considered to be
proportional to the sum of the orbital energies with a
coefficient less than 1. In this case, the force acting on
an atom can be determined as a value proportional to
the sum of the orbital forces.

The orbital forces f; (10® N) approximately are
equal to the derivatives of the MO energies £, (108 N)
upon the interatomic distances [16]. Therefore, this
work presents the dependence of the MO energies for
the NpO,Cl,>~ cluster on the interatomic distance in
the axial direction Ry, ¢ (z-axis) and in the equatorial
plane Ry, c-

To evaluate the orbital forces, in addition to
the calculation for the equilibrium atomic positions
(Rnp-0=0.1758 nm, Ry, ;=0.2657 nm), two more cal-
culations were also done. One for RNp-O =0.1778 nm
and the invariable positions of chlorine ions, and an-
other one — with equal positions of oxygen ions but
with increased Np-Cl distance to the four chlorine ions
Ryp.c1 = 0.2677 nm. This yielded the orbital forces f;
(derivatives E; of the OVMO and IVMO energies E;
upon the interatomic distances Ry, o and Ry, ¢y) (tab.
3). As it follows from tab. 3 and the MO scheme (fig.
3), the 18y,%,18y, (10), 1975(9), 19%5°(8), IVMO
from this group bring a significant bonding contribu-
tion (1.75-10°% N) to the Np-O binding and a slight
antibonding contribution (—0.17-10~% N) to the Np-Cl
interaction. On the other hand, the IVMO of the other
group from the 14y,7(7) to the 15y,7(5) containing the
Cl 3s states bring a significant bonding contribution
(0.47-10% N) to the Np-Cl interaction and an
antibonding contribution (-0.82-10~% N) to the Np-O
binding. As it was expected, the bonding OVMO
around the valence band bottom (21y,-237,") contrib-
ute significantly (2.94-10% N) to the Np-O binding

even despite the antibonding nature (—2.14-108 N) of
the other OVMO of this group. The total OVMO con-
tribution to the Np-O bond is 1.30-10-% N. The total
OVMO contribution to the U-Cl binding per one bond
is 0.93-10°® N, which is comparable to that for the
Np-O bond. On the basis of these data, the relative
IVMO contribution to the Np-O binding per one bond
in the NpO,Cl,> cluster was evaluated as 38.5 %, and
that of the OVMO contribution — 61.5 %. The relative
IVMO contribution to the Np-Cl binding is 21.2 %,
that of the OVMO — 78.8 % (tab. 3).

The structures of irreducible representations of
the double D,;, group allows comparisons of the Np 6d
and the Np 5f AO participation in the chemical bond
since the y," and y;* orbitals contain the 6d states and
do not contain the 5f states, while the y;~ 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 bottom part of the OVMO valence
band there are three orbitals of each type. The fractions
of the 6d AO in the 21y,", 16 %, and 22y," MO are
0.21, 0.20, and 0.05, respectively, while the fractions
of the 5f AO in the 22y,~, 1657, and 23y, MO are
0.26, 0.26, and 0.41, respectively (tab. 2). Despite the
fact that the fraction of the 5 AO is greater than that of
the 6d AO, their contributions are comparable, and the
23y, orbital shows the least orbital force (0.15-108N)
among the six considered bonding MO. Among the
Np-Cl bond-related OVMO, the upper MO starting
with the 23y," show the highest orbital forces. The
bonding role of the 6d states in the Np-Cl binding is
also slightly higher than that of the 5f states. These re-
sults agree with the values of the overlapping occupa-
tions for the corresponding orbitals found in the pres-
ent work. These results also agree with the data on the
covalent contribution of the uranyl group UO,>* with
Ry.o = 0.173 nm to the MO. For uranyl group the
method of the full energy separation and X ,-DV deter-
mination of the resonance energy E,X(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 [16]. Despite the approxi-
mation used for the evaluation of these data was not
perfect, one can conclude that the theoretical and ex-
perimental studies of chemical bond can not neglect
the IVMO formation effect in actinide compounds.
These results agree qualitatively with the data on
Cs,UO,Cl, [6].

CONCLUSIONS

The valence XPS spectral structure of
Cs,NpO,Cl, in the binding energy range 0-~ 35 eV
was studied with the core electron XPS structure, BE
differences between the core and the valence elec-
tronic levels and the relativistic calculation results of
the electronic structure of the NpO,Cl,>~ (D) cluster
in mind.
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Comparison of the experimental and theoretical
results yielded that the Np 5£(3.92 Np 5f¢") electrons
participate directly in the chemical binding in
Cs,NpO,Cl, partially losing their f~nature. These elec-
trons are delocalized mostly within the outer valence
band. The weakly bound Np 5f electrons (0.94 Np 5f
e") were shown to be localized at 3.2 eV BE.

The Np 6p atomic shell, in addition to the effec-
tive (experimentally measurable) participation in the
IVMO formation, was found to participate noticeably
(0.36 Np 6p ¢") in the filled OVMO formation. The
largest part in the [IVMO formation was established to
be taken by the Np 6p,, 5, and the O 2s AO, and to a
lesser extent — by the Np 6ps,, and the C1 3s AO of the
neighboring neptunium, oxygen, and chlorine ions.

The MO sequent order in the BE range of
0-~35 eV for the NpO,Cl,>" cluster was defined and
the corresponding MO composition was calculated. A
fundamental quantitative MO scheme was built,
which is important for understanding the nature of in-
teratomic bonding in NpO,Cl,>~ and for the interpreta-
tion of other X-ray spectra. The OVMO and IVMO
contributions to the chemical bond were evaluated for
the NpO,Cl,>" cluster. The relative OVMO contribu-
tion to the chemical binding was shown to be 73 %,
and that of the IVMO —27 %. This agrees with the re-
sults for Cs,UO,Cl, [6]. In conclusion we'd like to
note that the theoretical and experimental studies of
chemical bond cannot neglect the IVMO formation ef-
fect in actinide compounds.
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Jypuj A. TETEPUH, Koncrantun 1. MACIIAKOB, Muxaua B. PUIIKOB,
Anron J. TETEPUH, Kupun E. UBAHOB, Crenan H. KAJIMUKOB,
Baagumup I'. IIETPOB, Imutpuj H. CYTTIOBOB

EJEKTPOHCKA CTPYKTYPA U NNPUPOJA XEMMICKHX BE3A Y Cs2NpO2Cly

Ha OCHOBy nojiaTaka peHAreHcKe (hOTOENEKTPOHCKE CIEKTPOCKONHN]E U pe3ysITaTa TEOPHjCKHUX
npopauyHa N 02C14 (Dyy) Knacrepa, oapeheHa je eneKTpOHCKa CTPYKTypa 1 nprpojia XEeMHjCKe Be3e Y
MoHokpucrainy Cs,NpO,Cl,Koju caip>Ku HENTYHUJI rpymy NpO,',y oncery eHeprM]e Be3e 0-~35eV. Yrera NP
5f elneKTpOHCKa CTamba 06pa3OBana cycey BanieHTHO] 30HU Cs,NpO,Cl, 1 0BO je TPHIIICAHO INPEKTHOM
yuenthy NP 5f enekTpoHa y xemujckoj Be3u. [TokaszaHo je a Np 6p eneKTpoHH y4ecTBYjy Y (popMupamy Kako
yHyTpallle BalleHTHe 30He (~15-~35 eV) Tako u ciosbanime BaneHTHe 30He (0-~15 eV). YcraHoBibeHo je na
yaere Np 6p u O 2s, Cl 3s elnekTpoHCKEe OpOMTe HajBUIIE JONPUHOCE (hopMUpamy MOJEKYIapHUX
YHYTPAIIBHUX BaJIEHTHUX 30Ha. OfipeheHu cy KOMIO31I1ja U CEKBEHIMjaTHU IOPEJaK MOJIEKYJICKAX OpOHUTa
y obnactu eHepruja Besa off 0-~35 eV y Cs,NpO,Cl, 1 1o npBu nyT KBaHTU(UKOBAHA LIEMa MONEKYJICKHUX
op6ura NpO,Cl,>~ knacrepa y oncery enepruja Bese 0-~35 eV. OBa 1ema ofic/inKaBa HEMOCPENHY OKOIUHY
HENTYHHUjyMa y IIpPOyYaBaHOM je[IbEbY 1 OCHOBA j€ 3a pasyMeBambe Ipupofe xemujckux sesa y Cs,NpO,Cl,,
Kao M TyMayewe OCTAIUX peHAreHckux crnekrapa Cs,NpO,Cl,. IlpouewmeHr cy AONPUHOCH XEMHjCKOM
BesuBarmy NpO,Cl,>~ kiacrepa: Co/baliibuM MOJIEKYTAPHAM BaIEHTHIUM OpouTama — 73 %, a yHYTpalllbiM
MOJIEKYJIapHUM BajIeHTHUM opOutama — 27 %.

Kwyune pequ: akiiunuo, HenitlyHUjym, eAeKipoHCKa CIUpYKILypa, peHOZeHCKA (POloeAeKIPOHCKA
CUEKIUPOCKOUU]A, peAaiUUSUCIHUYKU UPOPAYYH




