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In this work an X-ray photoelectron spectroscopy study of nitrates Th(NO3z)4-4H,O,
UOz(N03)2'I1H20, Pll(N 03)4'IIH20, and AIII(N O3)2'IIH20 was done in the blIldlIlg n-
ergy range from 0 to 1000 eV in order to draw a correlation of the fine spectral structure pa-
rameters with the actinide ions oxidation states, close environment structure, and chemical
bond nature. The linearity of the dependence of the An5f " line intensity on the number ns¢of
the An5f electrons was proven to remain up to the Am3? ion with the electron configura-

tion{Rn 5f©. The spectral structure in the binding energy range from 0 to ~15 eV was asso-
ciated with the formation of the outer valence molecular orbitals due to the interaction of the
Anb6d-, 7s, 5f - O2p electrons, and the fine spectral structure in the binding energy range
from ~15 to ~50 eV - with the formation of the inner valence molecular orbitals due to the
interaction of the An6p — O2s electrons from the filled neighboring atomic orbitals of actinide
and oxygen in the studied compounds. The fine structure of the core level electron spectra in
the binding energy range from ~50 to 1000 eV was shown to correlate with the actinide ion

oxidation state.

Key words: actinide nitrates, XPS, outer valence (OVMO) and inner valence (IVMO)

moleculay orbitals

INTRODUCTION

Understanding the mechanisms of the fine
X-ray photoelectron spectral structure and estab-
lishment of the correlation of its parameters with
the physical and chemical properties of actinide
compounds is a topical problem [1-5]. Solving this
problem expands significantly the range of X-ray
photoelectron spectroscopy (XPS) for the study of
actinide materials. It is essential to the nuclear in-
dustry technologies employed on all the stages from
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ore processing to the spent fuel transmutation, as
well as to the corresponding ecological problems
[6-11].

The XPS method enables determination of the
relative radionuclide contents, oxidation states of
the included radionuclides, their ionic composi-
tions, the structure of their close environments, the
type of ligands and the nature of the chemical bond
[1, 4, 11].

The present work examined the samples of
thorium Th(NO3)4-4H,0, uranium UO,(NO3),-
-2H,0, plutonium Pu(NOj3),nH,O and ameri-
cium Am(NO3);-nH,O nitrates in the binding en-
ergy range from 0 to 1000 eV in order to study the
correlation of the fine X-ray photoelectron spectral
structure parameters with the oxidation states of the
actinide ions, the structure of their close environ-
ment and the nature of the chemical bond.

EXPERIMENT

XPS spectra of the studied solid-state samples
were taken with an HP-5950A spectrometer using
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monochromatized Al K;, (hv = 1486.6 ¢V)
X-rays utilizing a low energy electron flood gun for
charge compensation under ~1.3-1077 Pa at a room
temperature. Overall resolution measured as the
Audf;, electron line full width half maximum
(FWHM) was 0.8 eV. Electron binding energies
(Ep) are given relative to the Ej, of the Cls electrons
from adventitious hydrocarbons at the sample sur-
face defined as 285.0 e¢V. On the gold substrate
E,(Cls) = 284.7 eV at £, (Audf; ) = 83.8 ¢V. The
line widths are given relative to that of the Cls line
I'(Cls) = 1.3 eV. The measurement errors of line
position and widths were £0.1 eV, whereas relative
line intensities errors were about 10%.

The samples of thorium and uranium ni-
trates for the XPS measurements were prepared
by pressing powder ground in the agate mortar
into indium on the metallic substrate as a thick
layer with flat surface. The samples of plutonium
and americium nitrates were precipitated as thing
layers from the nitrate solutions [12].

The qualitative elemental analysis was done
tor all the studied samples using the formula:

ﬂ _ S 0 j hv-E bj

n;, S0, \lhv—E,,
where n;/n; is the relative concentration of the stud-
ied atoms, §;/S; - relative intensity (area) of the core
spectral lines, o; and o}, Ej; and Ej; — corresponding

photoemission cross-sections [13] and binding en-
ergies, respectively.

RESULTS AND DISCUSSIONS

The XPS spectra from actinide nitrates in the
binding energy range from 0 to ~15 eV exhibit the
complex structure due to the An5f electrons, as well
as the An6d-, 7s, and O(N)2p electrons from the
outer valence molecular orbitals (OVMO) (fig. 1)
[5, 8]. The spectral structures of plutonium and am-
ericium nitrates in this energy range are mostly due
to the An5f electrons since their photoemission
cross-sections are significantly higher than those for
the valency An6d-, 7s, and O(N)2p electrons [13].
The spectra of thorium and uranium nitrates do not
show the similar narrow lines around the zero bind-
ing energy. This agrees with the formal valency of
Th** and U%*. The OVMO line widths are 2.5 eV
tor thorium, 3.5 ¢V for uranium, 3.4 for pluto-
nium, and 2.4 eV for americium compounds (fig.
1). The electron binding energies for the studied ac-
tinide nitrates are given in the tab. 1. The An5fline
intensity grows with the actinide atomic number Z.
This correlates with the formal number ng; of the
weakly bound An5f™ electrons in these compounds.

In the ionic approximation, the spectral struc-
ture of the studied actinide nitrates depends on the ac-
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Figure 1. XPS spectra of the OVMO and IVMO bind-
ing energy regions of actinide (Th, U, Pu, Am) nitrates

tinide ion final state after the electron photoemission
[5]. The An5f binding energy grows with the actinide
atomic number Z while the binding energies of the
OVMO:s due to the An6d—, 7s, and O(N)2p electrons
remain constant (see table). Earlier, the experimental
dependence of the relative An5f intensity on the for-
mal number nzof the An5f™ electrons, obtained as an
An5t/Andt; ), area ratio for actinide compounds was
shown to be linear [8]. The experimental dependence
of the relative An5f intesity on the formal number ns;
of the An5f ™ electrons for actinide nitrates is given in
fig. 2. This figure also shows the data for uranium
UO,, thorium ThO,, plutonium PuO,, and ameri-
cium AmO, oxides [8, 14]. This dependence is linear
within the measurement errors and can be used in de-
termination of actinide oxidation states in com-
pounds.

In the binding energy range from 15 to 40 eV
the studied spectra manifest the fine structure due
to electrons of the inner valence molecular orbitals
(IVMO). These spectra are complex and can be
subdivided into the two IVMO groups (fig. 1).
One - attributed to the IVMO characterizing the
binding actinide-oxygen (An-O), the other one —
due to the IVMO of the NO3~ group. Interpreta-
tion of this structure is a topic of a separate study
[9]. The considered experimental data [4, 12] taking
into account the theoretical results [4] allowed a
suggestion that the fine XPS structure in the energy
range from ~15 to 50 eV of the studied nitrates
shows up due to the effective formation of the inner
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Table 1. XPS electron binding energies for valence and core level of actinides in the studied and reference
compounds. The data for PuO, and AmO, are taken from [14]

XPS line | Th(NOs)s-4H:0 | ThO2 | UO(NO3); 2H0 | UOz | Pu(NO3)#nHO | PuOs | Am(NO3);nH:0 | AmO;
An5f7p, 5p 1.9 4.1 4.7 45
An6ps 18.4 16.5 19.9 18.0 ;?g 18.1 igé 18.7
An6pis 25.5 %?2 28.5 g;g 30.3 g%g 31.7
An5dsp 87.8 86.3 99.2 97.3 106.0 104.7 109.9 109.0
An5dyn 94.8 93.3 107.7 105.5 %%gg

176.7 175.1 202.2 217.4 219.6
AnSps3p 180.8 178.6 204.1

198.9
Andfy, 335.8 334.3 383.1 380.9 427.1 426.3 449.9 448.8
Andfs) 345.2 343.6 394.0 391.8 439.8 439.0 464.5 463.1
Anddsp 677.1 675.6 741.9 739.3 803.9 801.5 834.0 832.6
Andds; 714.8 712.7 784.8 781.6 852.4 849.5 884.9 883.7
02512 26.7 22.0 26.0 23.3 25.8 22.5 26.5 23.7

27.5 27.2

Olsip 533.3 530.2 533.6 530.5 533.0 530.0 533.1 529.6
Nlsi2 407.7 407.8 407.6 407.7

valence molecular orbitals (IVMO) from the An6p
and O2s atomic shells. The An6p-O2s interaction
complicates the spectral structure (fig. 1).

The An4f spectra from the studied com-
pounds also show fine structure. For example, fig. 3
gives the spectra from plutonium and americium ni-
trates. The An4f;, lines are marked. These spectra
exhibit shake up satellites on the higher binding en-
ergy side from the basic lines. The shake up process
means an extra excitation within the molecular
orbitals beside the electron photoemission. It re-
sults in the satellites on the higher binding energy
sides from the basic lies. The distance from the basic
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Figure 2. Experimental dependences of the relative
intensity TAn5f/IAn4f;, on the number nss of the
An5f"- electrons in actinide (Th, U, Pu, Am) nitrates
and oxides

line to the satellite AE,,, characterizes the oxidation
states of actinide ions and the close environment in
compounds [1, 5]. These differences were found to
be 3-4 eV for An°* and about 7 eV for An**. The
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Figure 3. XPS An4f spectra from Am(NO3);-nH,O
and Pu(NO3)4-nH20
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An4f binding energies in actinide nitrates were
tound to grow with the actinide atomic number Z,
and were shown to be higher than those for the cor-
responding actinide oxides (table). It agrees with
the data of fig. 3.

CONCLUSIONS

The X-ray photoelectron spectra of nitrates of
actinides (Th, U, Pu, Am) were measured in the
binding energy range from 0 to 1200 eV. The rela-
tive intensities of the OVMO XPS lines of the stud-
ied nitrates were determined.

An experimental dependence of the relative
An5f " intensity 5P = I(An5f)/I(An4f;),) on the
number ns¢ of the An5f electrons (I = 0.02 nsf)
was obtained. It allowed a direct determination of
actinide ions oxidation states. This dependence was
shown to be linear up to Am3*. The An5f intensity
was established to correlate with the number nzof
the An5f " electrons.

The complex structure in the binding energy
range from ~15 to 50 eV due to the An6p-O2s in-
teraction was interpreted. The qualitative evidence
for formation of the outer and inner valence molec-
ular orbitals in nitrates of actinides (Th, U, Pu, Am)
on the basis of their XPS fine spectral structure pa-
rameters in the binding energy range from 0 to 50
eV was obtained. The mechanisms of formation of
the fine spectral structure in the core electron spec-
tra of the studied materials were discussed.
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Jypuj A. TETEPUH, Anron Jy. TETEPUH, Hukonaj I'. JAKOBJIEB, Urop O. YTKHUH,
Kupua E. UBAHOB, JIaéyxy 'b. BYKUEBUD, Hophe H. BEK-Y3APOB

PEHATEHCKA ®OTOEJIEKTPOHCKA AHAJIM3A
AKTUHMIHUX (Th, U, Pu, Am) HUTPATA

Y oBoM pajy npukasanu cy pesynraru aHanuse Hurpara Th(NO3)4-nH20, UO2(NO3)2-nH20,
Pu(NO3)2-nH20 1 Am(NO3)2-nH70, umja je enepruja Be3e y oncery on 0 mo 1000 eV, y Hamepu fja ce Habe
Kopenanuja m3Mehy mapamerapa puHe CIeKTpajIHe CTPYKTYype W OKCHIANMOHUX CTaa jOHA aKTHHHA,
3aTUM WM CTPYKTYpe HUXOBOT OJIMCKOT OKpYyKemha M MPHUPOJie XeMHjCKUX Besa. JJokaszaHo je ja ce
JIMHEAPHOCT 3aBUCHOCTH MHTeH3uTeTa nuHuje AnSf" o 6poja nst enekTpona AnSf ogpxkasa cBe 0 joHa
Am”*, unja enexTponcka Koudurypanuja je {Rn}5f TTokasaHo je a ce CTpyKTypa CHeKTpa y o6aacTu
eHepruje Bese of 5 10 50 eV ofHoCcH Ha (popMupare YHY TPAITHIX BaJIEHTHIX MOJIEKYJICKUX OpOHUTAa, Kao
nocienuna nHTepakiymje An6d—, 7s, 5f — O2p enekTpoHa ca NOMYyHEHNX CYyCEIHUX aTOMCKHX OopOuTana
aKTUHUJA W KUCCOHWKA pa3MaTpaHOr jelnmera. [loka3aHo je Aa CTPYKTypa eIeKTPOHCKOT CIIeKTpa
MONYHEHUX JbYCKH KOoje ¢y Omike je3rpy y obnactu enepruja op 50 go 1000 eV u Koja ce jaBba Kao
nocieauna edekaTa MHOTOYSCTHYHUX UHTEPAKIMja KOPEIUpa ca CTPYKTYPOM CIIOJbAIIbAX BaJCHTHUX
MOJIEKYJIapHUX OpOuTaa, a ja ’beH! MapaMe TP KOPEJHNPajy ca OKCHIAIMOHUM CTakheM aK THHUJTHUX jOHA.





