Yu. A. Teterin, L. Vukchevich, A. Yu. Teterin: Structure of X-Ray Photoelectron Spectra ... 17

STRUCTURE OF X-RAY PHOTOELECTRON SPECTRA OF
LOW-ENERGY AND CORE ELECTRONS OF Ln(C¢H4OCH3COO0)3

by

Yury A. TETERIN!, Labud VUKCHEVICH?, and Anton Yu. TETERIN!

Received on September 19, 2003; accepted in revised form on September 7, 2005

This paper deals with the results of an X-ray photoelectron spectroscopy of lanthanide
ortho-metoxybenzoates Ln(C{H,OCH;COQ");z;, where Ln represents — lanthanides La
through Lu except for Pm and CH;OCH;COO- - residuum of ortho-metoxybenzoic
acid. The core and outer electron X-ray photoelectron spectroscopy spectra in the binding
energy range of 0-1250 eV were shown to exhibit a complex, fine structure. The said
structure was established due to the outer (0-15 eV binding energy) and inner (15-50 eV
binding energy) valence molecular orbitals from the filled Ln5p and O2s atomic shells,
multiplet splitting, many-body perturbation, dynamic effect, efc. The mechanisms of such
a fine structure formation were shown to manifest different probabilities in the spectrum
of a certain electronic shell. Therefore, the fine X-ray photoelectron spectroscopy spectral
structure resulting from a certain mechanism can be interpreted and its quantitative pa-
rameters related to the physical and chemical properties of the studied compounds (de-
gree of delocalization and participation of Ln4f electrons in the chemical bond, electronic
configuration and oxidation states, density of uncoupled electrons on paramagnetic ions,
degree of participation of the low binding energy filled electronic shells of lanthanide and
ligands in formation of the outer and inner valence molecular orbitals, lanthanide close
environment structure in amorphous materials, etc.).

Keywords: X-ray photoelectron spectroscopy, outer and inner valence molecular orbitals,

lanthanide

INTRODUCTION

X-ray methods like X-ray photoelectron, emis-
sion and absorption spectroscopies have proven to be
the most adequate methods for the study of physical
and chemical states (oxidation state, elemental and
ionic composition, radionuclide close environment
structure, ligand nature, etc.) of radionuclides in the
environment (see e. g. [1-3]). However, certain diffi-
culties in the interpretation of the X-ray spectral fine
structure arise while employing these methods.
Therefore, great attention has been given to the in-
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terpretation of the fine spectral structure and deter-
mination of the correlation of its parameters with
physical and chemical properties of the studied com-
pounds [2-4]. For example, our work [2] suggests the
technique of determining the cerium oxidation state
in radioactive waste disposal matrixes on the basis of
fine Ce3d, 4f X-ray photoelectron spectroscopy
(XPS) structure parameters. The results of the elec-
tronic structure cluster calculations of compounds [3,
4] are widely used for the interpretation of fine XPS
structures. Up to the present, such calculations in
non-relativistic and relativistic approximations have
been made for actinide compounds (see, for exam-
ple, [3]). Unfortunately, as for lanthanide com-
pounds, such calculations have been made only by
non-relativistic approximation which allows only a
qualitative XPS fine structure interpretation [4].
Since these calculations have been done for separate
clusters, one can expect the results to be more cor-
rectly comparable with the XPS data for cluster sam-
ples (not condensed matter). In this case, the samples
of lanthanide complexes with large organic ligands
are more appropriate. They can be considered as
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quasiclusters in condensed matter. The present work
is dedicated to the study of such compounds.

XPS spectra from lanthanides (Ln) in com-
pounds are structured in the binding energy range
of 0-1250 eV [4]. On one hand, this complicates
the measurements of the traditional data (binding
energies and peak intensities), on the other — it ex-
pands XPS abilities, since the structure reflects the
properties of the studied compounds. For example,
the data on: the degree of delocalization of the Ln4f
electrons and their participation in the chemical
bond, lanthanide electronic configuration and oxi-
dation state, density of uncoupled electrons on
paramagnetic ions, degree of participation of the
low binding energy filled electronic shells of
lanthanide and ligands in the formation of the outer
(OVMO) and inner (IVMO) valence molecular
orbitals, structure and nature of these orbitals,
lanthanide close environment structure in amor-
phous materials, efc. can be obtained directly from
the XPS fine structure parameters, something that
cannot be achieved so directly on the basis of other
methods [1-4]. Therefore, the establishment of a
quantitative correlation of fine XPS structure pa-
rameters with physical and chemical properties of
lanthanides in compounds is an important problem.
The most reliable information on fine spectral struc-
ture formation can be drawn from the investigation
of the row of isostructural vacuum and X-ray stable
lanthanide compounds.

This work presents the results of an XPS
study of a row of isostructural stable lanthanide
ortho-metoxybenzoates Ln(CsH,OCH;COO")3,
where Ln represents — lanthanides La through Lu
except for Pm, with the aim of establishing general
regularities and details of the fine XPS structure
tormation and correlation of its parameters with
the properties and chemical bond nature in the
studied compounds.

EXPERIMENT

XPS spectra of the solid samples of lanthanide
ortho-metoxybenzoates were measured with an elec-
trostatic spectrometer, HP 5950A Hewlett-Packard,
using monochromatized AlK,,, (hv = 1486.6 ¢V)
radiation in a vacuum of 1.3 -10~7 Pa at room temper-
ature. The device resolution measured as full width (T,
eV) on the half-maximum (FWHM) of the Au4f;,
line on the standard rectangular gold plate of 0.8 eV.
The binding energies E}, were measured relatively to
the binding energy of Cls electrons from hydrocar-
bons absorbed on the sample surface, accepted to be
equal to 285.0 eV. On the gold plate E\,(Cls) = 284.7
eV at Ey(Audt; ) = 83.8 ¢V [2,3]. The FWHM were
measured relatively to the width of the Cls line of hy-
drocarbons, accepted to be equal to I'(Cls) = 1.3 eV.

Errors in the determination of electron binding ener-
gies and line widths did not exceed 0.1 eV, while those
concerning relative line intensities were less than 10%.
For all samples, the quantitative elemental analysis
was carried out using the following ratio: ni/n; =
= (8/8;)(ki/k;), where n;/n; is the relative concentra-
tion of considered atoms, S,/S; is the relative intensity
of the core electron lines of these atoms, and k;/k; is an
experimental sensitivity coefticient [1].

The samples of lanthanide orthometoxyben-
zoates for the XPS study, in the form of dense
glass-like films on titanium substrates [5], were
synthesized for the first time in the laboratory of
Prof. Dr. Pirkes [6, 7] by precipitation from di-
methyl-phormamide solution.

RESULTS AND DISCUSSION
O-CH Lanthanide ortho-metoxiben-
e (“) zoates LnLz; where Ln -

lanthanides La through Lu, ex-

O— cept for Pm and L — residuum of

ortho-metoxybenzoic acid, are a

class of compounds with impor-

tant properties [6, 7]. Thus, all lanthanides in these

compounds are trivalent Ln3*. These compounds

are isostructural, non-hygroscopic, vacuum and
X-ray stable.

One of the goals of this work was the study of
fine XPS structure changes in the low binding en-
ergy range (0-50 eV) depending on the energetic
position of the Ln5p shell relative the O2s one with
the grow of lanthanide atomic number Z and filling
of the Ln4f shell. The stability of these compounds
enabled us to measure reliable XPS spectra of the va-
lence and core electron shells, for example of ce-
rium, which is important for the interpretation of
fine structure formation and determination of
lanthanide oxidation states in compounds [4].

Lanthanide ions in highly-molecular com-
pounds with organic ligands can be considered, to a
certain extent, as a “quasi-ionic gas”, while their
XPS spectra should not manifest the strong
solid-state effects. The comparison of the XPS spec-
tra of lanthanides in different compounds allows an
evaluation of the influence of such effects on the
spectral structure. For the XPS study of the samples
in this case, the problem of correspondence of the
sample surface to the bulk is not that critical. There-
tore, the X, theoretical calculations in the cluster ap-
proximation are more defensible in this case.

Low binding energy spectra. In general, the low
binding energy XPS spectra from lanthanide
ortho-metoxibenzoates (LnlL;) are complex be-
cause of the superposition of lanthanide and acid re-
siduum spectral structures (fig. 1). However, due to
the fact that the Ln5p, 4f photoionization cross-sec-
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Figure 1. Low binding energy XPS spectra from
lanthanide ortho-metoxibenzoates ILnL; (L =
= CgH,O;!"). Results of the electronic structure calcu-
lations for the LnO3?3- (D3;,) clusters [5] are given under
the spectra. Ligand-related MOs are shown as arrows

tions are much higher than the O2s, O2p, and C2p
ones, lanthanide spectral features prevail in this
binding energy range [8]. In the binding energy
range of 0-15.5 eV, XPS spectra from LnL; exhibit
OVMO features due to the interaction of LLn5d, 6s,
O2p and C2p atomic orbitals (AO). The Ln4f in-
tensity grows with the lanthanide atomic number Z
(fig. 1). In the ionic approximation, the Ln4f spec-
tral structure, as it was shown for LnF; [4], comes
mostly from the multiplet splitting of the energetic
level in the final state after photoemission for the
Ln3* ion. This structure is, in general, similar to
that of Ln4f XPS spectra from lanthanide oxides
Ln,Oj; and trifluorites LnF; [4] and agrees qualita-
tively with the calculation results for Ln®* ion [9].
Dependence of the XPS Ln4f relative inten-
sity (lexp) calculated as a ratio [[(Ln4f") +
+ I(ZOVMO)J/I(ZIVMO), except for the LnS5s
1nten51ty, on the number nyy of the Ln4f electrons
in Ln®* is given in fig. 2. Using the least square
method, this dependence was described as (1):

Iy, =0.081n,, +0.29 (1)
and

=0.01n77* +0.18 2)

theor

Theoretical dependence /e, (2) drawn in [1]
tor Ln, O3 is given for comparison in fig. 2. Just as
tor lanthanide trifluorites [4], experimental depend-
ence /oy, (1) differs from the theoretical one (2) and
is linear. The coefficient at n4¢ and the free term in
(1) depend on the ligand nature.

XPS spectra of the Ln5p — O2s region from
LnLj; are more complicated than it would be in the
case of a superposition of the atomic spectra only
(fig. 1). The multiplet splitting and secondary elec-
tronic processes with related extra structures in
these spectra are finitely probable. However, there
are some other reasons for the complication of the
spectra in this range, such as: OVMO due to the
O2s and C2s AOs from ligands and the interaction
of the low binding energy filled shells of lanthanide
and neighboring ligands.

During the XPS study of lanthanide com-
pounds, the low binding energy (0-50 e¢V) peaks
were noted to be several eV wide, which is wider
than the corresponding core peaks [5]. For example,
for Lal, the Ols peak was found to be 3.2 ¢V wide,
while the corresponding O2s one (E,~26.5 eV) —
4.3 ¢V wide and structured (fig. 1). According to the
uncertainty ratio AEAt ~h/2n, where h — Plank’s
constant, the natural width AE of a level from which
an electron was emitted is inversely proportional to
the lifetime At of the hole. Since Ar decreases as the
level energy grows, for the separate atoms, the peak
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Figure 2. Dependence of the Ln4f XPS relative in-
tensity on the number n of Ln4f electrons for
lanthanide ortho-metoxibenzoates and diphen-
yl-acetates (LnL’;); (a) e — experimental for LnL 3;
(b) A - experimental for LnL’;; (c) O - theory for
Ln,03 [4]
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Table 1. MO energies E [eV], partial electronic contributions [%] in different regions of the LaO33-(D3y,) cluster at
Ri.o = 0.174 nm and total partial charges O/ (electronic charge units) calculated in the SCF X, - SW

approximation [4, 9]

Molecular orbital -E La © Region
s | p | D | F s p 11, 111

2a2' 6.25 - - - 88.0 - 6.3 5.7

322" 6.91 - 1.1 - 84.9 - 3.3 10.7

5¢' 7.15 - 0.6 1.2 83.0 - 2.7 12.5

4ay’ 7.35 2.0 - 8.4 25.7 - - 63.9

2¢" 7.38 - - 22 77.9 - - 19.9

OVMO 3a;/(@ 12.29 1.3 - 5.0 15.7 0.3 53.1 24.6

4¢' 12.60 - 7.4 5.3 4.0 - 52.2 41.1

2a," 13.51 - 6.2 - 42 - 57.0 32.6

lay' 14.66 - - 6.8 - 57.6 35.6

3¢’ 14.96 - 2.3 3.0 - 15 55.8 37.4

Ie" 15.11 - - 2.8 1.8 - 53.7 41.7

2 20.67 - 40.0 0.7 0.1 20.4 10.2 28.6

lay" 24.03 - 59.6 - - - 3.0 37.4

IVMO 2a)" 26.50 13.1 - 0.9 1.1 61.8 0.3 22.8

1. 31.23 - 18.2 0.9 0.2 495 1.8 29.4

la)’ 38.87 66.0 - - 0.1 93 2.1 225

o/ 1.6 ‘ 4.0 ‘ 0.6 ‘ 0.8 43 10.4 10.3

@ Upper filled orbital

width was expected to decrease with the decreasing
of the binding energy of the electrons. One of the rea-
sons for the widening of the peaks in the low binding
energy range of 0-50 eV for lanthanide ortho-
-metoxibenzoates is the OVMO and IVMO forma-
tion [5]. These spectra practically reflect the structure
of the valence electrons and appear as several eV wide
bands. In particular, the IVMO:s in these lanthanide
compounds form due to the strong Ln5p — O2s in-
teraction. Such a strong overlap of the Ln5p and O2s
AOs from the neighboring lanthanide and ligands
was for the first time experimentally established on
the basis of the interpretation of the fine XPS struc-
ture, taking into account the binding energy differ-
ences between the core and outer electronic shells for
lanthanide ortho-metoxibenzoates [5] and other
lanthanide compounds [1, 2]. This agrees qualita-
tively with the non-relativistic (NR) self-consisting
field (SCF) X,, discrete variation (DV) [10, 11] and
scattered waves (SW) [5] theoretical calculation re-
sults.

Indeed, to a certain extent, the 1a,” IVMO can
be viewed as a quasi-atomic MO consisting of La5p
AO (tab. 1). IVMO couples l¢' and 2¢’ (1a;,’ and
2a;") can be formally attributed to the bonding and
antibonding MOs, respectively. The bonding 1ay’
IVMO contains 85% of La5s and 12% of O2s
AOs, while the antibonding 2a,’ one — 17% of the
Labs and 80% of the O2s AOs. Besides, a signifi-
cant but different contribution of the valence MOs
of lanthanide and oxygen in these IVMO couples
takes place. For example, the bonding 1¢/ MO con-
tains only 2.5% of the O2p AO, while the
antibonding 2¢’ MO contains 14% of the O2p AO
of oxygen. Such impurities of the outer valence AOs
in IVMOs, as it was noted in [4] for molecules of
light and heavy elements, weaken the antibonding

nature of the upper MO, in particular, of the 2¢’ one.
As a result, electrons of the IVMO couple, for in-
stance 1¢’ and 2¢’, will strengthen the Ln-O chemi-
cal bond (tab. 1).

As lanthanide atomic number Z for LnO3z%"
clusters grows, the MO energies and compositions
change significantly. To build the dependence of MO
energies for these clusters on Z, the energy of the
quasi-atomic oxygen 2a;" MO was suggested to re-
main constant and equal to 26.5 eV (fig. 3). This en-
ergy was chosen as a standard for the comparison of
the theoretical and experimental (fig. 1) results. As Z
grows, the most noticeable energy change was ob-
served for the upper 2¢”-2ay’ OVMOs and 1a,"” and
1a)’ IVMOs. The compositions of these MOs also
change significantly. Thus, the OVMO couple
2¢"-2ay, by the end of lanthanide row; can by its na-
ture be attributed to a higher degree to the O2p AO,
while the one 1¢”-3a;’ — to the Ln4f AO, respectively.
The mixing of the Ln5p and O2s AOs grows with Z
to the middle of the row. These data (fig. 3) show that
during the 1¢’ and 2¢/ IVMO formation, the Ln5p —
02s AO mixing, for example in TbO3*, is signifi-
cantly higher than that in LaO3%", and that, the lower
la; IVMO becomes, it becomes more and more
quasi-atomic.

Core electron spectral structure. The core elec-
tron XPS spectra from lanthanide ortho-metoxi-
benzoates exhibit a fine structure which has much
in common with that of the spectra from Ln,O;
and LnFj;. The Ln5s,4s spectra from LnL; exhibit
multiplet splitting, resulting in the two peaks that
are best observed at the middle of the lanthanide
row. The Ln4d multiplet splitting results in a struc-
ture similar to that of the spectra from Ln,O; [4].
Despite some differences in the Ln4d spectra
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Figure 3. Dependence of MO energies in the LnO33-
(D3p) cluster on lanthanide atomic number Z. Ener-
gies of 4a;’ and 5¢ OVMOs are not given. Vacant
MOs are shown as dashed lines [4, 5]

structures from Lnl; and LnFjz, the observed
changes in the shape of the considered spectra from
LnL; do not contradict the fact that their struc-
tures are due to multiplet splitting.

The configuration interaction is most pro-
nounced in the Ln4p spectra from LnlLjz. This
spectral structure is similar to that from LnF3 and
LnyO;. The Ln3d spectral structure for light
lanthanides exhibits intense satellites and corre-
sponds to the structure of the spectra from Ln,O;
[4]. The Ols spectra consist of the two compo-
nents with the intensity ratio of 2/1. The most in-
tense component attributed to the carboxyl group
oxygen lies at the lower binding energies, while the
less intense component was attributed to the
metoxy-group. The Cls spectra exhibit the three
components at 285.0,286.7, and 288.9 eV, attrib-
uted to carbons of benzoic ring, metoxy-group and
carbonyl-group, respectively.

In conclusion, we would like to note that the
core and outer XPS spectra from lanthanide
ortho-metoxybenzoates in the binding energy
range of 0-1250 eV exhibit a complex structure. It
was established that this structure can be attributed
to the formation of the outer (0-15 ¢V E},) and in-
ner (15-50 eV Ey) valence MOs, in particular,
trom filled Ln5p and O2s AOs, multiplet splitting,
many-body perturbation, dynamic eftect, etc. The
mechanisms of the fine XPS structure formation
were found to manifest different probabilities in

the spectra from difterent electronic shells. This
enables us to interpret that structure due to a cer-
tain mechanism and to establish a quantitative cor-
relation of its parameters with the properties of the
studied compounds, such as: degree of
delocalization and participation in the chemical
bond of the Ln4f electrons, electronic configura-
tion and oxidation state of the lanthanide ion, den-
sity of the uncoupled electrons on the paramag-
netic ions, degree of participation of the low
binding energy electrons from the neighboring
lanthanide and ligand atomic orbitals in the
OVMO and IVMO formation, lanthanide close
environment structure in amorphous materials,
etc. It also has to be noted that the fine spectral
structure parameters, together with the traditional
data like binding energies and peak intensities, ex-
pand significantly the abilities of the XPS method.
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Jypuj A. TETEPUH, Jlaoys BYKYEBWUh, Anton J. TETEPUH

CTPYKTYPA PEHATEHOM MHAYKOBAHOI' ®OTOEJEKTPOHCKOI' CIIEKTPA
HUCKOEHEPITETCKUX U CPEIJNIIIBUX EJEKTPOHA Ln(C¢H40CH3COO")3

Y pany ce pa3Marpajy pe3yaTaTu peHAT¢HOM UHAYKOBaHe (DOTOETIEKTPOHCKE CIEKTPOCKONHNje
nanTauun opro-metokcubdenszoara Ln(CsH4OCH3COO )3, rae Ln npencrasiba mantanune of La mo Lu,
m3y3eB Pm, nok je CcH4OCH3COO  ocratak opTo-metokcmbeHzoaTHe kucenmHe. [Tokazamo ce fa
CIIEKTPHU CPEANLIHUX U CIOJbAIIBUX €JIEKTPOHA JOOMjeHU PEHATEHOM HHAYKOBAHOM (POTOEIEKTPOHCKOM
CIIEKTPOCKOMHjoM, y obnactu eHepruja Besze of 0 eV o 1250 eV, ucnospasajy cioxeHy, (GOUHY CTPYKTYPY.
OBa cTpyKTypa ce ycrocrasiba ycien cnospatimux (0-15 eV enepruja Bese) u ynyrpammbux (15-50 eV
eHepruja Be3e) BAJCEHTHHX MOJIEKYJICKHMX opOuTaia mnonywmeHnx LnSp m O2s aTOMCKUX JbYCKH,
BUILIECTPYKOT Ilelama, BUILIEYECTUYHEe NeprypOanuje, AuHaMU4Kor edekra, utA. IlokaszaHo je pga
MEXaHU3MHU HACTaHKa TaKo (pUHE CTPYKTYpE UCIOJbaBajy pa3iNduTe BepoBaTHOhe y CIEKTPY U3BECHE
eJIeKTpoHCKe JbycKe. OTyfa ce (prHa peHreHoM HHAYKOBaHa (POTOENEKTPOHCKA CIEKTPpalHa CTPYKTYpa,
KOja HacTaje ycne[ HeKOr MexaHu3Ma, MOXKe IPOTYyMayuTH a leHU KBAaHTUTAaTUBHY IIapaMeTpu N10Be3aTH
ca (PU3MYKMM U XEMHjCKAM CBOjCTBIMa MpPOyYaBaHMUX cacTaBa (CTENEHOM JleJloKalu3andje Wu
naprununanyje Lndf enekTpoHa y XeMHjcKOj Be3H, €JIEKTPOHCKOM KOH(UTYPALUjOM U OKCUIAIIOHUM
CTameM, TYCTHHOM HEKYIUIOBAaHUX EJIEKTPOHA MapaMarHeTHHX jOHA, CTENEHOM ydemrha NOMYyHCHUX
€JIEKTPOHCKUX JbYCKM JIAHTAHU/IA ca HIUCKOM €HEPrujoM Be3e U JIMraHfaa y (hopMUpamy CIObAlBUX U
YHYTPAlIbUX BaJEHTHUX MOJIEKYJICKUX OpOWTana, CTPYKTYpPOM HENOCpEAHE OKOJMHE JIaHTaHUja Y
aMOp(HUM MaTepHjaiuMa, uTH).

Knyune peuu: penozenom unoykosama oitioenaekitipoHCKa ClleKipocKouuja, cilomauirbe 1 YHyipauitbe 8aAeHiliHe
MOAeKYACKe opOuiliane, AAHIHAHUOU



