¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Chemical bonding effects in Sc compounds
studied using X-ray absorption and X-ray
photoelectron spectroscopiesf

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2024, 26, 2613

Anna Zimina, {2 *°° Aline Léon® and Ralph Steininger®

Advances on understanding the nature of the chemical bonding and electron correlation effects during
the X-ray absorption process in ionic—covalent metal complexes has been achieved for most of
the transition elements, except for scandium, due to the lack of a systematic series of spectroscopic
reference spectra and the shortage of standard crystallographic data on scandium compounds. To close
the gap, the chemical bonding effects in eight Sc compounds are studied using X-ray absorption
spectroscopy (XAS) at Sc K and L,z absorption edges and X-ray photoelectron spectroscopy (XPS).
Indeed, the fine structure of the XAS Sc K edge reflects the chemical sp>-like bond formed between
scandium and the ligand while the L, 3 edge and the pre-edge features of the K-edge provide a direct
insight into the crystal field parameters at the Sc site in the coordination compound. The XPS data
provide the information on binding energies of the core electrons involved in the electron transitions

Received 25th August 2023,
Accepted 4th December 2023

caused by the absorption of high energy X-rays. XAS and XPS complement each other by accessing the
information on Sc structure on bulk and the surface. Herein, comprehensive information on the
DOI: 10.1039/d3cp04108e electronic structure of well-known crystalline materials based on Sc is given with spectroscopic

fingerprints X-ray data. This will help to predict the formation of chemical bonds in the unknown
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1 Introduction

Scandium is the lightest element in the early transition series
and often shows extraordinary behavior due to the presence of
empty 3d states in a trivalent state in ionic compounds. The
chemical properties of scandium differ significantly from those
of other transition elements' and this unique chemistry is
currently exploited in high performance alloys and solid oxide
fuel cells.>™ This results in a growing demand of an exact
knowledge of the chemical and structural properties of this
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components via the systematic evaluation of the available spectroscopic fingerprints.

element that is currently lacking. Therefore, there is a need for
a deep understanding of the coordination chemistry of Sc.
The electronic configuration in the ground state of scan-
dium is [Ar]3d"4s> while in a simple ionic compound in the 3+
valence state it has nominally no 3d electrons in the initial
state. As a consequence, one can expect that the role of d-d
electron correlations is negligible for Sc compounds and the
spectral changes along the series of different ligands will be
mainly attributed to the changes related to the chemical bond-
ing between the scandium and ligand atoms as well as the
Sc-ligand coordination and distances. According to the Pauling
rules,” ionic crystals that contain transition metals (TM) are
considered as a set of linked polyhedra. The electronic struc-
ture of such ionic crystals is in a first approximation defined by
the electronic structure inside the polyhedron where anions
build a coordinated complex around the cation. The bonding
in TM complexes has a different character compared to ionic
compounds like sodium chloride or covalent compounds like
methane.>® The properties of the complex are strongly depen-
dent on the type of the ligand and the coordination geometry.”
Indeed, crystal field theory considers the behavior of electrons
at 3d orbitals in a negatively charged anionic environment
which is typically simplified as an array of negative point
charges; d electrons try to avoid each other and are repelled
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by the crystal field (CF). Depending on the symmetry of the CF,
the d orbitals energetically split into groups according to their
angular symmetry and occupation and the total splitting energy
of orbitals for most TM decreases drastically with the increase
of the metal-ligand inter-nuclear distance.® The largest crystal
field splitting energy is provided by ligands with a high negative
charge and a small radius. Ligands in general can be ordered
according to the magnitude of the CF into the so called
“spectrochemical series”® and the correlation between the
spectroscopic features and the nature of the ligand was for
example studied in cobalt complexes with octahedral arrange-
ments.’ Nevertheless, due to the simplification of ligands as
point charges, the experimentally observed fact that the
negatively charged ligands induce less splitting of d orbitals
compared to the neutral ligands cannot be clarified using solely
CF theory. To understand the ligand influence on the electronic
structure of TM compounds the bonding in the complex via ©
and o molecular orbital (MO) creation should be taken into
account. In general, the CF splitting parameter should be
considered as a parameter of the whole system including the
metal configuration, the ligand type and the character of
bonding between them. In particular, the hybridization of Sc
3p and ligand p atomic orbitals as well as an increase of the
covalent character of the Sc-ligand bond must be considered as
the charge redistribution in this case might influence the d-d
and 3d-CF interactions. In this indirect way, the spectroscopic
characteristics of elements involving 3d states might be consi-
dered as reflecting the character of the chemical bond to the
ligand.

X-ray absorption spectroscopy (XAS) is a powerful tool to
probe the site-specific distribution of the electronic states in
a conduction band.'®™? XAS can provide structural details on
element coordination sites under almost any experimental
conditions, where other techniques, like X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS) or transmission
electron microscopy (TEM) for instance, reach their limits. The
structural information like coordination numbers, interatomic
distances and the type of neighbors can be obtained through
analysis of the extended X-ray absorption fine structure (EXAFS)
region even for materials with limited long-range order.™* Less
straightforward is the analysis of the near edge region of the
XAS spectrum (XANES) as the observed transitions obey dipole
selection rules and the probed site-specific symmetry-depended
states may or may not be involved in the formation of the
chemical bond. In the case of scandium, the K edge spectra
reflect the 1s — 4p transition which contain little information
on 3d states. The 1s — 3d transitions are dipole forbidden and
are seen only as a weak pre-edge structure. The L,; edge of
scandium represents the dipole allowed 2p — 3d transitions
and the local chemical surrounding of Sc could be directly
evaluated for L-edge. The chemically useful information like
parameters of the chemical bond between scandium and the
ligand formed by valence electrons is also present in the L, 3
XAS spectra. However, the detailed evaluation of those para-
meters from the spectroscopic data of ionic compounds with
strong electron correlation and with significant interaction

2614 | Phys. Chem. Chem. Phys., 2024, 26, 2613-2621

View Article Online

PCCP

between the corresponding core hole and the 3d electron in
the excited state is challenging. The screening effects by shared
valence electrons may play a significant role in complexes with
bonds with a high covalent contribution and should be more
pronounced at the K edge compared to the L edge. The strength
of the screening effects related to the hybridization effects
might be influenced by the state of the core electron in different
compounds. Here, XPS can provide comprehensive informa-
tion on the binding energy of the 2p electron of Sc in the
initial state.

In the past, efforts were made to accurately measure and
to theoretically explain the atomic-like shape of the XAS L,
absorption edge’ > and the fine structure of the XAS K
absorption edge®*?* for several TM compounds. The 2p excita-
tion is usually considered as the intra-atomic intermediate
states and are mainly described in various ionic multiplet
approaches. The TM 3d electrons participate then in covalent
bonding while the hybridization between the TM 3d electrons
and the ligand valence electrons leads to the delocalization of
the 3d states lowering the dominant role of the 3d electron
correlations. The direct evaluation is only possible based on
comparison with the spectra of well-defined reference materi-
als, measured in reliable matter.

XAS using high-brilliance synchrotron radiation sources is a
very efficient tool for studying the subtle interplay between the
hybridization and 3d electrons correlations in the electronic
structure. This approach has been applied previously to study
several TM compounds'®?® but has not been achieved so far for
Sc-based compounds. To fill this gap, the XPS Sc 2p and O 1s
and XAS K and L, ; spectra of scandium metal and seven Sc
compounds are measured in this study and discussed regard-
ing the hybridization effects in the chemical bond. In the Sc-
based complexes analyzed herein, the Sc ion has an octahedral
coordination (Op) except for the Sc metal that has a close
packed hexagonal structure. As ligands in O, coordination
the F~, ClI™, Br, and O*" single ions and NO;~, CO;*", and
SO,>~ molecules were probed.

2 Experiment

Sc K and L, ; XAS spectra were acquired for Sc metal, Sc,03,
ScF3, ScBrs, ScCls, Sc(NOj);, Scy(CO3); and Scy(SO4); com-
pounds. For the measurements at Sc L,; absorption edge
ScF; and Sc metal were thermally evaporated in situ in ultrahigh
vacuum onto a Cu substrate while for the measurements at the
Sc K absorption edge, Sc metal was sputtered directly on a Si
wafer. All the other samples were commercial powder, used as
received: oxide (Sc,03, 99.998% trace rare earth metal basis,
Alfa Aeasar), fluoride (ScF3, 99.9% trace rare earth metal basis,
MaTeck), bromide (ScBrs, 99.99% trace rare earth metal
basis, Sigma-Aldrich), chloride (ScClz, 99.9% Aldrich), nitrate
(Sc(NO3)3-xH,0, 99.9% trace rare earth metal basis, MaTeck),
carbonate (Sc,(CO3)3:xH,0, 99.999% trace rare earth metal
basis, MaTeck) and sulfate (Sc,(SO,)-3.5H,0, 99.99% trace rare
earth metal basis, MaTeck).

This journal is © the Owner Societies 2024
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The XAS Sc L, ; spectra were acquired at the U49/2-PGM1
beamline*® and at the Russian-German beamline (RGBL)>’ at
the synchrotron facility BESSY II (Germany) in the total electron
yield (TEY), in total fluorescence yield (FY) and in transmission
modes. The photon energy resolution was estimated to be
60 meV.

The comparison of XAS Sc L, ; spectra acquired on Sc metal
films (see Fig. S1 in the ESI{) indicates that the chemical state
of Sc in films is very sensitive not only to vacuum conditions
under which films are prepared but also to the photon beam
exposure time. Indeed, spectra measured 10 min after the
preparation in both TEY and FY modes are similar to the one
obtained by the XAS in transmission detection mode under
ultrahigh vacuum conditions (which is the representative spec-
trum of metallic Sc) while after 50 min exposure to the photon
beam at a pressure of 2 x 10~ % mbar the sample is clearly
oxidized, highlighting the necessity to minimize the beam
effect during the acquisition.

The XAS Sc K spectra were recorded at the SULx beamline at
the KIT Light Source®® using a Si(111) double crystal mono-
chromator. The beam was focused with the Kirkpatrick-Baez
mirror system to the sample position to a size of approximately
150 (v) x 250 (h) pm”. The XAS spectra were recorded in the
transmission mode on pellets using the ionization chambers
(OKEN, Japan) and in fluorescence mode using a 7-Element Si(Li)
fluorescence detector (Gresham, now RaySpec Ltd) on ScBrs
powder and Sc metal. The photon energy was calibrated to the
tabulated value of 4492 eV using the K-edge data of the freshly
evaporated metallic Sc. Data were processed using the IFEFFIT
package® for background correction and normalization.

The XPS data were recorded with a laboratory spectrometer®®
at Mg Ko, , (1253.6 €V) excitation energy, using the flood
electron gun for neutralization of the surface charge. The
energy calibration was made to the energy of the surface carbon
(C 1s at 284.8 eV) and the data processing and analysis was
performed using the CasaXPS software.*'

XRD measurements were performed using a PANalytical
X’pert Pro diffractometer with Cu-K, and a Ni filter. Measure-
ments are made with a step size of 0.017° in the 20 range of
5-120° and the spectra were processed using X'pert Highscore
software. The structures of used compounds were confirmed as
follows: ScF; — Pm3m ICSD 194249, Sc,0; — Ia3 ICSD 26841,
ScCO; — amorphous phase, ScNO; - scandium nitride hydride,
CCDC 140821, ScSO, - scandium sulfate hydrate, CCDC 140820,
ScCl; - mixture of scandium chloride and scandium hydroxide,
C2/m ICSD 1018 and P2,/c ICSD 134669.

3 Results

The normalized XAS Sc L,; absorption spectra of all the
scandium-based compounds described in the Experimental
section are shown in Fig. 1. For a direct comparison, both
surface sensitive TEY-XAS and bulk probing FY-XAS spectra are
plotted for all samples except for Sc,0; where the FY-XAS
spectrum was not acquired as differences are not expected

This journal is © the Owner Societies 2024
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Fig.1 TEY- (dashed lines) and FY-XAS (solid lines) Sc L,z spectra of
different Sc compounds: (a) Sc metal, (b) ScBrs, (c) ScCls, (d) Sc,Os,
(e) Sco(CO3)s, (f) Sca(SO4)s, (g) ScINOs3)s, and (h) ScFs. Vertical bars mark
energy positions of the spectroscopic features of interest.

between the bulk and the surface of the fully oxidized com-
pound. As expected, according to the dipole selection rules the
Sc XAS spectrum of the metal resembles the energy distribution
of the unoccupied (3d) - 4p density of states.>** All the XAS
spectra of Sc ionic compounds with scandium in Oy coordi-
nation have a general shape consisting of three groups of
peaks with weak peaks or a shoulder at low photon energies
(400-401 eV) and two groups of similar “double-peaks” struc-
tures (401-405 eV and 405-408 eV). The latter represents the
electron transitions to the empty 3d states from 2p;,, and 2p,,
core levels and the energy shift between the two groups
corresponds to the spin-orbit splitting of the Sc 2p levels. Each
group consists of two peaks that correspond to the transitions
to different subgroups of 3d orbitals defined by the crystal field
and by the hybridization strength of the metal-ligand bond
(in Fig. 1 marked with I and II; I* and II*). The absorption peak
at a lower photon energy in the group (I and I*) corresponds to
the 3d orbital which interacts weakly with the ligand orbitals
(tag, directed between the ligand p orbitals, n-type of bonds).
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The absorption peak at a higher photon energy in the group (II
and I1*) corresponds to the 3d orbital which interacts strongly
with the ligand orbitals (e,, directed towards the ligand p
orbitals and building o-type of bond). One can notice for some
samples discrepancies in the spectra acquired in transmission
and fluorescence mode; ScBr;, for example, exhibits a shift of
the double peak structure to lower energy in FY-XAS compared
to the TEY-XAS. This kind of shift can be mainly attributed
either to surface oxidation in the air during the sample pre-
paration or to the radiation damage that is easily detected using
the surface sensitive TEY-XAS in contrast to the more bulk
sensitive FY-XAS. Additionally, FY-XAS can suffer from satura-
tion effects due to non-appropriate thickness of the sample,
which can cause mismatch between the intensity ratio of
different absorption features. In the following, only two specific
spectral characteristics of the FY-XAS L, ; spectra will be taken
into account: the width of the II* peak as representative of Sc3d-
Lp hybridization (L for ligand) and the I*-II* energy splitting as
a measure of the CF strength. Table 1 summarizes the position
of the peaks as well as the full half width maximum and the
energy splitting of peaks mentioned above. For the single ion
ligands peaks I* and II* shift to the lower energy, the energy
splitting between peaks I* and II* decreases and the width of
peak II* increases with the decrease of the assumed ionic
character of the bond between the Sc and the ligand. Bond
parameters are summarized in Table 5 and as can be seen for
compounds with complex ligands the trend is not straightforward.

The near-edge and the pre-edge regions of normalized XAS
Sc K absorption spectra are shown in Fig. 2, respectively. The
shape of the XAS spectrum of Sc metal resembles the density of
empty Sc 3d and 4p electronic states in the vicinity of the Fermi
energy.>*® The observed changes in the spectra of ionic
compounds are due to the building of the chemical bond to
non-metallic ion via formation of the molecular orbitals with
the p atomic orbitals of halogens. All the XAS Sc K spectra of
ionic compounds have similar features with a pre-edge struc-
ture at 4495 eV, a shoulder at around 4502 eV, the main white
line at about 4510 eV and a second pronounced peak at about
4517 eV. The position of the absorption edge (defined as the
first and major inflection point of the normalized XAS, see Fig.
S2 in the ESIT) cannot be assigned here due to the significant
electron correlation effects influencing the energy transition
from 1s to 3d states.’” The pre-edge feature is related to the
symmetry forbidden transitions to the unoccupied Sc 3d

Table 1 Spectroscopic characteristics of the Sc Lz, FY-XAS spectra of Sc
compounds, all values are in eV. The experimental error is estimated to be
+0.06 eV. The decomposition precision is estimated to be +0.05 eV
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Fig. 2 Normalized XAS Sc K spectra (left) and their pre-edge range (right)
of different Sc compounds: (a) Sc metal, (b) ScBrs, (c) ScCls, (d) Sc,03,
(e) Sca(CO3)3, (f) Sca(SO4)s, (9) Sc(NO3)3, and (h) ScFs. Vertical bars mark the
energy positions of the spectroscopic features of interest.

orbitals with t,, and e; symmetry, while the peak at around
4517 eV corresponds to the transition from Sc 1s to the Sc 4p
states hybridized with corresponding p states of halogen in the
conduction band. The pronounced symmetry forbidden transi-
tions to the Sc 3d states are an indication of non-local processes
resulting from orbital mixing via the empty p states of the
ligands. The Oy, coordination double peak structure, similar to
the L, ; edge, is observed in all the ionic compounds although
the energy positions and the width of the t,, and e, peaks
(marked with III and IV in Fig. 2b accordingly) differ slightly
within the row of the ligands. Table 2 summarizes the position
of the peaks as well as the full half width maximum and the
energy splitting of pre-edge peaks mentioned above. No clear
trend on spectroscopic features at pre-edge peaks at the K-edge
can be observed within the studied series of ligands.

Fig. 3 shows the phase corrected Fourier transforms (FT) of
k*-weighted EXAFS data in the k range between 3 and 10 A™* of
all the compounds and the results of the fits selected for Sc
metal and ScF;. The fits of all the other compounds studied are
shown in the ESIt (Fig. S3-S8). As can be seen, for all the ionic
compounds, the first peak between 1.9 and 2.5 A corresponds
to the first coordination shell of the Sc-ligand, and the first

Table 2 Spectroscopic characteristics of pre-edge Sc K FY-XAS spectra
of Sc compounds, all values are in eV. The experimental error is estimated
to be £0.1 eV

Sample Pos. I* FWHM I* Pos. II* FWHM I1* I* — II* Sample Pos. 111 FWHM III Pos. IV FWHM IV I — 1v
ScBr; 405.07 0.51 407.20 1.35 1.50 ScBr4; 4493.9 1.3 4495.4 1.3 1.4
ScCl; 406.04 0.64 407.72 0.89 1.68 ScCl; 4494.0 1.3 4495.5 1.3 1.5
Sc,05 406.10 0.54 407.80 0.85 1.70 Sc,03 4493.8 1.3 4495.2 1.7 1.4
Sc,(CO3);  406.17  0.63 407.82 0.88 1.65 Scy(COs); 44941 1.3 44955 1.4 1.4
Scy(SO4);  406.41  0.59 408.03 0.64 1.65 Scy(SO4); 44942 1.4 44957 1.4 1.5
SC(N03)3 406.16 0.66 407.89 0.96 1.73 SC[N03)3 4494.3 1.4 4495.4 1.4 1.1
ScF; 406.82 0.44 408.58 0.65 1.76 ScF; 4494.3 1.3 4496.0 1.4 1.7
2616 | Phys. Chem. Chem. Phys., 2024, 26, 2613-2621 This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp04108e

Open Access Article. Published on 04 January 2024. Downloaded on 6/16/2026 11:33:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

4

EXAFS Sc K (b)

Sc hep
—— experiment
enene fit

(a) EXAFS Sc K

;

rﬂ
Magnitude and the im:

of the k’-weighted Fourier transform, A

Interatomic distance, A

4

3

Magnitude of the k -weighted Fourier transform, A
f

EXAFS Sc K ScFy (©)
—— experiment
eeeeee it

of the kz-wcightcd Fourier transform, A

Magnitude and the imaginary part

0 2 4 6 8 0 1 2 3 4 5
Interatomic distance, A Interatomic distance, A

Fig. 3 (right) FT of k*-weighted EXAFS Sc K data of different Sc com-
pounds, phase corrected: (a) Sc metal, (b) ScBrs, (c) ScCls, (d) Sc,03, (e)
Sco(CO3)3, (f) Sca(SO4)3, (g) Sc(NO3)3, and (h) ScFs. (left) Experimental (solid
line) and fitted (dotted line) magnitude and the imaginary part of the FT of
Sc metal and ScFs, the fitting range is marked by a thin solid line.

peak in the Sc metal at 3.3 A is related to the Sc-Sc coordination
shell in hep-Se.**** The second coordination shell is only
observed in Sc,0; and ScF; ionic compounds because of the
well-defined structure of ligands and a significant long-range
order in these cases."” In ScBrs;, ScCl; and compounds with
complex ligands no other peaks are observed above 4 A due to
the less ordered or even amorphous structures present.*®™*?
Thereafter, each EXAFS data was fitted to the known structure
in the R range between 1.5 and 3.5 A taking into account the
first coordination shell in Oy coordination with the corres-
ponding ligand. For Sc metal, ScF; and Sc,0; second coordina-
tion shells were included to achieve finer fitting. For scandium
bromide the model with a [ScBre]*~ cluster and bond length
close to the one of Sc—Cl was used while for calcite, sulfite and
nitride [ScOg]”~ clusters the bond length of oxide was taken.
Table 3 shows the results of the fitting procedures together with
the energy of the main absorption edge of XAS K spectra,’” for
all the scandium based ionic compounds as well as for scan-
dium metal. For the single ion ligands, the position of the
absorption edge (WL E, value in Table 3) increases with the
increase of the ionicity of the Sc-ligand bond and the Sc-ligand
distance (R value in Table 3) decreases with the decrease of the
size of the ligand ion (see Table 5). The changes in the
interatomic distances in the compounds with complex ligands
are less pronounced and should be related to the parameters of
the bond to oxygen ion inside the ligand complex.

The binding energies of Sc 2p;/, and O 1s electrons in all
measured compounds are listed in Table 4. As expected, the Sc
2p binding energy increases with the increase of the ionicity of
the bond between the scandium and a single ligand.”® The
situation in the compounds with a complex ion as a ligand is
less straightforward. Fig. 4 displays the Sc 2p and O 1s XPS
spectra of Sc compounds with the oxygen as a connected ion:

This journal is © the Owner Societies 2024
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Table 3 Results of the fitting of Sc K EXAFS data of Sc compounds with a
first coordination shell only (R — interatomic distance, CN — coordination
number, 6> — Debye—Waller factor, WL Eq — absorption edge value
determined from XANES data). Scattering amplitude (Sp?) is set to 0.93.
The fitting error in R is +0.05 A. For Sc metal the Sc—Sc shell is fitted

Sample WL Eg, eV 4£0.05 R,A  Sc-ligand CN % A* x 10°*
Sc 4499.0 3.32 12.0° 42 + 20

3.37
ScBr; 4503.1 2,61 29+1.4 32+4
ScCl, 4504.2 242 45+ 1.0 80 + 3
Sc,05 4507.0 213 4.6+ 1.8 33+3
Sc,(CO3);  4507.0° 217 41 +14 67 £ 4
Scy(SO4);  4507.0° 2.09 47+0.5 30°
Sc(NOs);  4507.0° 232 42413 56+ 5
ScF; 4509.1 2.04 6.0 41+6

¢ Assumed values.

Table 4 Binding energies of Sc 2pz/, and O 1s of selected Sc compounds

Sample Sc 2p3),, €V O 1s, eV
ScBr; 400.8 —

ScCl, 401.2 —

Sc,03 401.6 529.6
Sc,(CO3)3 402.6 531.6
Sc,(S0,4); 403.9 532.3
Sc(NO;); 403.4 533.5/532.7
ScFs 405.3 —

the binding energies of Sc 2p and O 1s electrons are both
decreasing with the increase of the (assumed) ionicity of the Sc-
O bond. The N 1s peak which is the signature for Sc(NO;);
should appear at around 407 eV and in this case it overlaps with
the Sc 2p;,, peak at around 406 eV.** Furthermore, the high
energy peak is clearly seen in the O 1s XPS spectrum of Sc,0;
most probably due to the surface oxygen®>*® and the low energy
peak at around 531 eV in Sc(NO;); could be due to the presence
of hydroxide®”*® (see the results of the decomposition of the
XPS O 1s peaks in Fig. S9 in the ESIt).

4 Discussion

The core hole effect plays a significant role in strongly corre-
lated materials such as TM compounds. The detailed shape of
the L,; absorption edge of scandium is currently not fully
explained either on the basis of a purely atomic like picture or
on the basis of the structure of the modified empty density of
states (due to the energy dependence of the matrix elements).
It may be recognized from the fact that the intensity ratio of the
peaks in theoretical density of electronic states of Sc is closer to
the value obtained by Bremsstrahlung isochromate spectro-
scopy (BIS) (where no core hole is created)*® than to the value
acquired by XAS. Nevertheless, there is some uncertainty on
how exactly the core hole influences the 3d states. The theore-
tical calculations including the core hole in the intermediate
state often predict a behavior opposite to the experimental
observations; as an example, the predicted lower energy shift of
the peaks contradict the experimentally observed higher energy
shift.”> Other experimental observations which cannot be

Phys. Chem. Chem. Phys., 2024, 26, 2613-2621 | 2617
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Fig. 4 XPS data on selected Sc compounds: (a) Sc 2p and (b) O 1s.

explained only by the core hole effect are for example a strong
deviation of the intensity ratio between spin-orbit counterparts
of the absorption band (L; and L,) compared to the statistical
value (2:1). One can also add the different line shape of L; and
L, absorption bands and a strong change in the apparent spin-
orbit splitting between L; and L, edges relative to what is
observed in the Sc 2p XPS data.’® Thus, the core hole effect
does influence the XAS spectra of transition metals but may
interact with other effects like atomic exchange and solid-state
band-structure effects.”> The effect of the core hole is less
pronounced in XAS K-edge spectra as transition is allowed to
the antibonding states with p symmetry that are delocalized.
Early attempts were made to correlate the intensity of the Cu
L, ; peaks with the covalency of the Cu-halogen bond®>** and a
linear relationship was found between the total intensity of the
L band and the ligand contribution to the bond. For the Sc**
the structure of multiplets at the L edge offers the possibility to
separate the peaks with different contributions of ligand states,
in S¢** in Oy, surrounding the intensity of Ly-t,, with the major
Sc d contribution and L,-e, with the expected additional ligand
p contribution might be related to the ionicity of the Sc-ligand
bonds. The width of the L,-t,, does not change significantly
over the row of ligands in contrast to the width of the L,-e, peak
(FWHM I* and FWMW II* in Table 1). The ratio between the
areas of those peaks plotted against the bond ionicity of single
ligands (Table 5) is shown in Fig. 5 (blue crosses). The depen-
dence can be fitted with an exponential function and the area
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Table 5 Bond characteristics in Sc compounds,®>2 the resulting ionicity
of the bond to scandium can be calculated according to Pauling like 1 —
exp(0.25 x AX), with AX being a difference between electronegativity of
the ions

Sample Ionic radii of L, A Ionicity Sc-L, % Bond length Sc-L, A
ScBr; 1.82 (Br’) 49 2.68
ScCly 1.67 (C1) 57 2.59/2.61
Sc,0; 1.25 (0*") 68 2.14
Scy(CO5);  1.25 (0°7) 68° 2.08

0.30 (C*) 25 (C-0) 1.24 (C-0O)
Scy(S04);  1.25 (0%) 68° 2.06

0.43 (5% 24 (S-0) 1.47 (S-0)
Sc(NO;);  1.25 (0%) 68° 3.04

0.27 (N°") 10 (N-0) 3.06 (-OH)

1.29 (N-0)

ScF; 1.19 (F7) 92 2.07

¢ Assumed value.

100
.
0] * i
° \ ---- fit =48 + 44*exp(-(r-3.7)/0.65)
T os0] N + (SeL)%
o “
7 A (Sc-0-X)% =68 - 0.7 * (0-X)%
@ 70 Y
5 +
> Y
:g 60 &, Cl
) NO; % CO;, Br
&--.a.
504 T Tl Aeeeee————
SO,
40_ T T T T T T T
4 5 6 7 8

Area ratio Ly-t),/ Ly,

Fig. 5 Dependence between the ionicity of the Sc—-ligand bond ((Sc—-L)%)
and the area ratio of L-tog/Lo-e4 peaks in Sc L XANES of different
compounds (r).

ratio in an ideally ionic Sc compound would be 3.7 according to
this fit. The ionicity of the Sc-ligand bond in complex ligands
with oxygen as the connecting ion can be adjusted to the fitting
curve by taking into account the ionicity of oxygen-heteroatom
bonds, assuming linear reduction of the ionicity of the Sc-O
bond with the increase of the charge transfer from heteroatom
to oxygen (Fig. 5, red triangles). Additionally to the decrease of
the width of e, peaks in the XAS L, spectra, the increase of the
CF strength in the row of single ion ligands is reflected as an
increase of the t,,-e, energy splitting (I* — II* value in Table 1).
The changes in the CF along the series of ligands induce less
modification of the pre-edge structure of the Sc XAS K spectra
(Table 2), probably due to the limited energy resolution at these
energies compared to the soft X-ray energy range. The increase
of the Sc-ligand bond length is clearly reflected in the EXAFS Sc
K data in compounds with single ion ligands (R values in
Table 3). These changes can be associated with the increases
of the ionic radii of the ligand reducing the CF strength.>!

In the series of complex ligands the t,,—e, energy splitting of
XAS L, lines (I* — II* values in Table 1) in carbonate and sul-
fate are smaller than in nitrate within the experimental errors.
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Fig. 6 Dependence between the ionicity of the Sc-ligand bond ((Sc-L)%)
derived from the analysis of XAS L, data and the chemical shift of Sc 2ps,,
and O 1s binding energies of different compounds. The resulting fitting
parameters for linear functions are marked.

The energy splitting in pre-edge peaks in K XAS (III — IV values
in Table 2) is the smallest in nitrate compound. The Sc-O bond
length in carbonate and sulfate is close to the value of oxide,
and the longest distance measured by EXAFS is in nitrate
(R values in Table 3). In general, the usual expectation is that
with a more electronegative heteroatom the Sc-O bond is more
ionic. The t,,—e, energy splitting increases with the increase of
the electronegativity of the central atom in the ligand complex
(N®* = 3.04, S*" = 2.58, C** = 2.55, in Pauling units). The Sc-O
distance does not change significantly except for the NO;~
complex (Fig. 3 and Table 3), where the weakest splitting of
the pre-edge peaks is observed (Fig. 2 and Table 2), hinting at
the weakest CF and the highest degree of atomic orbital mixing
between N and O in the ligand complex.

The ligands in scandium-based compounds studied in this
work can be organized into a spectrochemical series® based on
the ionic radii of the ligand and on the Sc-ligand bond length
(measured experimentally and assumed values). The resulting
ionicity of the bond to scandium reduces and the CF strength
decreases along the series:*"

F~ > 0 - ClI” > Br~

The electronegativity of the heteroatom in complex ligands
decreases causing further changes of the ionic character of the Sc-
0 bond.”* The bond length of the heteroatom to oxygen in (SO,)*~
is longer compared to (CO3)*~ due to the larger ionic radii of $*" in
the tetrahedral complex than the one of C*" in the planar structure
(Table 5). Therefore, the resulting row of complex ligands with
oxygen as a connected ion with reducing ionicity based on
experimental and theoretical data can be organized as follows:*>

(NO3)™ — (S0,)>" — (COs)*~

The electronegativity of the connecting atom directly influ-
ences the binding energy of the Sc 2p core electrons in ionic

This journal is © the Owner Societies 2024
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complexes (Fig. 6, black crosses): the more ionic is the Sc-L
bond, the higher is the binding energy of the Sc 2p electron.*?
Based on the experimental XPS data on compounds with single
ligands, it is shown that the dependence is not quite linear. For
instance, the linear fit to all the available data points strongly
underestimates the ionicity of the Sc-F bond. The electronega-
tivity of the heteroatom in complexes with the oxygen as a
connecting ion influences the Sc-O bond in a complex way, the
binding energy of the O 2p measured by XPS does not show the
direct correlation to the expected ionicity of the Sc-O bond,
which further hints to the complex character of the bond
formation and its reflection in XAS and XPS spectra.”> The
binding energy of the O 1s is increasing according to the
electronegativity of the heteroatom in the complex, hinting at
the increase of the ionicity of the O-heteroatom bond in this
row (Fig. 6, blue circles). The middle value of the Sc 2ps,
binding energy on nitrate together with the longest Sc-O
distance might indicate the redistribution of the charge in this
complex. More detailed simulations is needed in the future to
explain the experimental findings.

5 Conclusions

The influence of the local environment of the Sc cation on the
spectral features observed in XAS Sc K and L, ; spectra has been
studied through the experimental characterization of eight
scandium based compounds with known structures. Both
edges contain information enabling the chemical specification
of the Sc ion through the analysis of the chemical shift and the
detailed line shape identification based on comparison with
the reference data. The EXAFS analysis and the Sc 2p XPS data
complement these findings. This study provides a further set of
Sc XAS spectra, which might be of interest to help determining
the chemical state and the local arrangement of Sc in other
natural or synthetic materials.**® Moreover, correlations
between the features in highly reliable experimental data and
theoretical parameters of chemical bonds in scandium com-
pounds were evaluated and an attempt was made to describe
the derived dependencies numerically. This study could give a
new impulse to the extended theoretical investigations which
will allow us to determine and to predict the electronic struc-
ture of the transition metal compound with high precision in
the future.
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