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In this work an X-ray pho to elec tron spec tros copy study of ni trates Th(NO3)4×4H2O,
UO2(NO3)2×nH2O, Pu(NO3)4×nH2O, and Am(NO3)2×nH2O was done in the bind ing en -
ergy range from 0 to 1000 eV in or der to draw a cor re la tion of the fine spec tral struc ture pa -
ram e ters with the ac ti nide ions ox i da tion states, close en vi ron ment struc ture, and chem i cal
bond na ture. The lin ear ity of the de pend ence of the An5f n line in ten sity on the num ber n5f of
the An5f elec trons was proven to re main up to the Am3+ ion with the elec tron con fig u ra -
tion{Rn•5f 6. The spec tral struc ture in the bind ing en ergy range from 0 to ~15 eV was as so -
ci ated with the for ma tion of the outer va lence mo lec u lar orbitals due to the in ter ac tion of the
An6d–, 7s, 5f  – O2p elec trons, and the fine spec tral struc ture in the bind ing en ergy range
from ~15 to ~50 eV – with the for ma tion of the in ner va lence mo lec u lar orbitals due to the
in ter ac tion of the An6p – O2s elec trons from the filled neigh bor ing atomic orbitals of ac ti nide 
and ox y gen in the stud ied com pounds. The fine struc ture of the core level elec tron spec tra in
the bind ing en ergy range from  ~50 to 1000 eV was shown to cor re late with the ac ti nide ion
ox i da tion state.

Key words: ac ti nide ni trates, XPS, outer va lence (OVMO) and in ner va lence (IVMO)
mo lec u lar orbitals

IN TRO DUC TION

Un der stand ing the mech a nisms of the fine
X-ray pho to elec tron spec tral struc ture and es tab -
lish ment of the cor re la tion of its pa ram e ters with
the phys i cal and chem i cal prop er ties of ac ti nide
com pounds is a top i cal prob lem [1-5]. Solv ing this
prob lem ex pands sig nif i cantly the range of X-ray
pho to elec tron spec tros copy (XPS) for the study of
ac ti nide ma te ri als. It is es sen tial to the nu clear in -
dus try tech nol o gies em ployed on all the stages from  

ore pro cess ing to the spent fuel trans mu ta tion, as
well as to the cor re spond ing eco log i cal prob lems
[6-11].

The XPS method en ables de ter mi na tion of the 
rel a tive radionuclide con tents, ox i da tion states of
the in cluded radionuclides, their ionic com po si -
tions, the struc ture of their close en vi ron ments, the
type of lig ands and the na ture of the chem i cal bond
[1, 4, 11].

The pres ent work ex am ined the sam ples of
tho rium Th(NO3)4×4H2O, ura nium UO2(NO3)2×
×2H2O, plu to nium Pu(NO3)4×nH2O and am er i -
cium Am(NO3)3×nH2O ni trates in the bind ing en -
ergy range from 0 to 1000 eV in or der to study the
cor re la tion of the fine X-ray pho to elec tron spec tral
struc ture pa ram e ters with the ox i da tion states of the 
ac ti nide ions, the struc ture of their close en vi ron -
ment and the na ture of the chem i cal bond.

EX PER I MENT

XPS spec tra of the stud ied solid-state sam ples
were taken with an HP-5950A spec trom e ter us ing
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monochromatized Al Ka1,2 (hn = 1486.6 eV)
X-rays uti liz ing a low en ergy elec tron flood gun for
charge com pen sa tion un der ~1.3·10–7 Pa at a room
tem per a ture. Over all res o lu tion mea sured as the
Au4f7/2 elec tron line full width half max i mum
(FWHM) was 0.8 eV. Elec tron bind ing en er gies
(Eb) are given rel a tive to the Eb of the C1s elec trons
from ad ven ti tious hy dro car bons at the sam ple sur -
face de fined as 285.0 eV. On the gold sub strate
Eb(C1s) = 284.7 eV at Eb(Au4f7/2) = 83.8 eV. The
line widths are given rel a tive to that of the C1s line
G(C1s) = 1.3 eV. The mea sure ment er rors of line
po si tion and widths were ±0.1 eV, whereas rel a tive
line in ten si ties er rors were about 10%.

The sam ples of tho rium and ura nium ni -
trates for the XPS mea sure ments were pre pared
by press ing pow der ground in the ag ate mor tar
into in dium on the me tal lic sub strate as a thick
layer with flat sur face. The sam ples of plu to nium
and am er i cium ni trates were pre cip i tated as thing
lay ers from the ni trate so lu tions [12].

The qual i ta tive el e men tal anal y sis was done
for all the stud ied sam ples us ing the for mula:
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where ni/nj is the rel a tive con cen tra tion of the stud -
ied at oms, Si/Sj – rel a tive in ten sity (area) of the core
spec tral lines, si and sj, Ebi and Ebj – cor re spond ing
photoemission cross-sec tions [13] and bind ing en -
er gies, re spec tively.

RE SULTS AND DIS CUS SIONS

The XPS spec tra from ac ti nide ni trates in the
bind ing en ergy range from 0 to ~15 eV ex hibit the
com plex struc ture due to the An5f elec trons, as well
as the An6d-, 7s, and O(N)2p elec trons from the
outer va lence mo lec u lar orbitals (OVMO) (fig. 1)
[5, 8]. The spec tral struc tures of plu to nium and am -
er i cium ni trates in this en ergy range are mostly due
to the An5f elec trons since their photoemission
cross-sec tions are sig nif i cantly higher than those for
the va lency An6d–, 7s, and O(N)2p elec trons [13].
The spec tra of tho rium and ura nium ni trates do not
show the sim i lar nar row lines around the zero bind -
ing en ergy. This agrees with the for mal va lency of
Th4+ and U6+. The OVMO line widths are 2.5 eV
for tho rium, 3.5 eV for ura nium, 3.4 for plu to -
nium, and 2.4 eV for am er i cium com pounds (fig.
1). The elec tron bind ing en er gies for the stud ied ac -
ti nide ni trates are given in the tab. 1. The An5f line
in ten sity grows with the ac ti nide atomic num ber Z.
This cor re lates with the for mal num ber n5f of the
weakly bound An5f n elec trons in these com pounds.

In the ionic ap prox i ma tion, the spec tral struc -
ture of the stud ied ac ti nide ni trates de pends on the ac -

ti nide ion fi nal state af ter the elec tron photoemission
[5]. The An5f bind ing en ergy grows with the ac ti nide
atomic num ber Z while the bind ing en er gies of the
OVMOs due to the An6d–, 7s, and O(N)2p elec trons 
re main con stant (see ta ble). Ear lier, the ex per i men tal
de pend ence of the rel a tive An5f in ten sity on the for -
mal num ber n5f of the An5f n elec trons, ob tained as an
An5f/An4f7/2 area ra tio for ac ti nide com pounds was
shown to be lin ear [8]. The ex per i men tal de pend ence
of the rel a tive An5f intesity on the for mal num ber n5f

of the An5f n elec trons for ac ti nide ni trates is given in
fig. 2. This fig ure also shows the data for ura nium
UO2, tho rium ThO2, plu to nium PuO2, and am er i -
cium AmO2 ox ides [8, 14]. This de pend ence is lin ear
within the mea sure ment er rors and can be used in de -
ter mi na tion of ac ti nide ox i da tion states in com -
pounds.

In the bind ing en ergy range from 15 to 40 eV
the stud ied spec tra man i fest the fine struc ture due
to elec trons of the in ner va lence mo lec u lar orbitals
(IVMO). These  spec tra are com plex and can be
sub di vided  into the two IVMO groups (fig. 1).
One – at trib uted to the IVMO char ac ter iz ing the
bind ing ac ti nide-ox y gen (An-O), the other one –
due to the IVMO of the NO3

– group. In ter pre ta -
tion of this struc ture is a topic of a sep a rate study
[9]. The con sid ered ex per i men tal data [4, 12] tak ing 
into ac count the the o ret i cal re sults [4] al lowed a
sug ges tion that the fine XPS struc ture in the en ergy
range from ~15 to 50 eV of the stud ied ni trates
shows up due to the ef fec tive for ma tion of the in ner
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Fig ure 1. XPS spec tra of the OVMO and IVMO bind -
ing en ergy re gions of ac ti nide (Th, U, Pu, Am) ni trates



va lence mo lec u lar orbitals (IVMO) from the An6p
and O2s atomic shells. The An6p-O2s in ter ac tion
com pli cates the spec tral struc ture (fig. 1).

The An4f spec tra from the stud ied com -
pounds also show fine struc ture. For ex am ple, fig. 3
gives the spec tra from plu to nium and am er i cium ni -
trates. The An4f7/2 lines are marked. These spec tra
ex hibit shake up sat el lites on the higher bind ing en -
ergy side from the ba sic lines. The shake up pro cess
means an ex tra ex ci ta tion within the mo lec u lar
orbitals be side the elec tron photoemission. It re -
sults in the sat el lites on the higher bind ing en ergy
sides from the ba sic lies. The dis tance from the ba sic

line to the sat el lite DEsat char ac ter izes the ox i da tion
states of ac ti nide ions and the close en vi ron ment in
com pounds [1, 5]. These dif fer ences were found to
be 3-4 eV for An6+ and about 7 eV for An4+. The
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Fig ure 2. Ex per i men tal dependences of the rel a tive
in ten sity IAn5f/IAn4f7/2 on the num ber n5f of the
An5f n- elec trons in ac ti nide (Th, U, Pu, Am) ni trates
and ox ides

Fig ure 3. XPS An4f spec tra from Am(NO3)3×nH2O
and Pu(NO3)4×nH2O

Table 1. XPS electron binding energies for valence and core level of actinides in the studied and reference
compounds. The data for PuO2 and AmO2 are taken from [14]

XPS line Th(NO3)4×4H2O ThO2 UO2(NO3)2 ×2H2O UO2 Pu(NO3)4×nH2O PuO2 Am(NO3)3×nH2O AmO2

An5f7/2, 5/2 1.9 4.1 4.7 4.5

An6p3/2
18.4 16.5 19.9 18.0 19.5

21.3
18.1 18.1

19.8
18.7

An6p1/2
25.5 29.0

31.4
28.5 31.4

33.9
30.3 31.2

32.9
31.7

An5d5/2 87.8 86.3 99.2 97.3 106.0 104.7 109.9 109.0

An5d3/2
94.8 93.3 107.7 105.5 112.0

118.3

An5p3/2

176.7
180.8
198.9

175.1
178.6

202.2
204.1

217.4 219.6

An4f7/2 335.8 334.3 383.1 380.9 427.1 426.3 449.9 448.8

An4f5/2 345.2 343.6 394.0 391.8 439.8 439.0 464.5 463.1

An4d5/2 677.1 675.6 741.9 739.3 803.9 801.5 834.0 832.6

An4d3/2 714.8 712.7 784.8 781.6 852.4 849.5 884.9 883.7

O2s1/2
26.7 22.0 26.0

27.5
23.3 25.8

27.2
22.5 26.5 23.7

O1s1/2 533.3 530.2 533.6 530.5 533.0 530.0 533.1 529.6

N1s1/2 407.7 407.8 407.6 407.7



An4f bind ing en er gies in ac ti nide ni trates were
found to grow with the ac ti nide atomic num ber Z,
and were shown to be higher than those for the cor -
re spond ing ac ti nide ox ides (ta ble). It agrees with
the data of fig. 3.

CON CLU SIONS

The X-ray pho to elec tron spec tra of ni trates of
actinides (Th, U, Pu, Am) were mea sured in the
bind ing en ergy range from 0 to 1200 eV. The rel a -
tive in ten si ties of the OVMO XPS lines of the stud -
ied ni trates were de ter mined.

An ex per i men tal de pend ence of the rel a tive
An5f n in ten sity I5f

Exp = I(An5f)/I(An4f7/2) on the
num ber n5f of the An5f elec trons (I5f

Exp = 0.02 n5f)
was ob tained. It al lowed a di rect de ter mi na tion of
ac ti nide ions ox i da tion states. This de pend ence was
shown to be lin ear up to Am3+. The An5f in ten sity
was es tab lished to cor re late with the num ber n5f of
the An5f n elec trons.

The com plex struc ture in the bind ing en ergy
range from ~15 to 50 eV due to the An6p-O2s in -
ter ac tion was in ter preted. The qual i ta tive ev i dence
for for ma tion of the outer and in ner va lence mo lec -
u lar orbitals in ni trates of actinides (Th, U, Pu, Am)
on the ba sis of their XPS fine spec tral struc ture pa -
ram e ters in the bind ing en ergy range from 0 to 50
eV was ob tained. The mech a nisms of for ma tion of
the fine spec tral struc ture in the core elec tron spec -
tra of the stud ied ma te ri als were dis cussed.
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RENDGENSKA FOTOELEKTRONSKA ANALIZA
AKTINIDNIH (Th, U, Pu, Am) NITRATA

U ovom radu prikazani su rezultati analize nitrata Th(NO3)4 ×nH2O, UO2(NO3)2 ×nH2O,
Pu(NO3)2 ×nH2O i Am(NO3)2 ×nH2O, ~ija je energija veze u opsegu od 0 do 1000 eV, u nameri da se na|e
korelacija izme|u parametara fine spektralne strukture i oksidacionih stawa jona aktinida,
zatim i strukture wihovog bliskog okru`ewa i prirode hemijskih veza. Dokazano je da se
linearnost zavisnosti intenziteta linije An5fn od broja n5f elektrona An5f odr`ava sve do jona
Am3+, ~ija elektronska konfiguracija je {Rn}5f6. Pokazano je da se struktura spektra u oblasti
energije veze od 5 do 50 eV odnosi na formirawe unutra{wih valentnih molekulskih orbitala, kao
posledica interakcije An6d–, 7s, 5f – O2p elektrona sa popuwenih susednih atomskih orbitala
aktinida i kiseonika razmatranog jediwewa. Pokazano je da struktura elektronskog spektra
popuwenih quski koje su bli`e jezgru u oblasti energija od 50 do 1000 eV i koja se javqa kao
posledica efekata mnogo~esti~nih interakcija korelira sa strukturom spoqa{wih valentnih
molekularnih orbitala, a da weni parametri koreliraju sa oksidacionim stawem aktinidnih jona.




