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Chemical speciation via X-ray emission spectroscopy
in the tender X-ray range

Marko Petric*” and Matjaz Kavgic®

The Ko X-ray emission spectra from a series of phosphorus, sulfur, and chlorine containing com-
pounds covering the full range of oxidation states were measured employing high energy resolu-
tion proton induced X-ray emission (PIXE) spectroscopy in the tender x-ray range. Measurements
were accompanied by the quantum chemistry calculations based on the density functional theory
(DFT). Clear energy shifts of the Ka lines were measured in correlation with the formal oxidation
state for all three elements. This correlation was improved even further using the effective charge
based on the DFT calculated valence electron population. Finally, it is demonstrated that the ox-
idation state analysis based on the Ko energy shifts can be used also for a quantitative analysis

of the proportion of separate low-Z species in mixed valence systems.

1 Introduction

Chemical speciation is of fundamental importance in various re-
search fields such as material and environmental science, biol-
ogy, geology, chemistry, and others. Inner shell X-ray spectro-
scopies provide experimental information on the electronic struc-
ture of particular element in bulk material and are nowadays
carried on almost routinely at the third generation synchrotron
sources. In case of X-ray absorption spectroscopy (XAS) transi-
tions of core electron into the unoccupied states above the Fermi
level are probed, while in X-ray emission spectroscopy (XES) we
are studying the relaxation of the core-ionized atom by a radia-
tive transition from the occupied electronic states below the Fermi
level. Both techniques provides complementary information on
the electronic structure and can be used to perform chemical spe-
ciation. However, there is one important conceptual difference
between the two. While XAS spectroscopy relies on the use of
monochromatic tunable X-ray source, XES is based on a second
order process and is therefore not restricted to synchrotron facil-
ities but can be used also in combination with laboratory excita-
tion sources.

Commonly, high resolution XES spectroscopy is based on the
use of crystal spectrometers which provide energy resolution in
the emission channel comparable to the resolution of the syn-
chrotron beamline monochromator. In order to enlarge the solid
angle and enhance the collection efficiency, multiple analyzer fo-
cusing crystals are usually employed in the advanced hard X-ray
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emission spectrometers -6, Because of multiple crystals and large
target-detector distances needed to achieve high resolving power,
these instruments are usually quite large and consequently op-
erate in air. While these powerful high-resolution spectrometers
are successfully employed to perform XES and also resonant in-
elastic X-ray scattering (RIXS) studies in the hard X-ray range the
absorption sets their low energy working limit and they are not
applicable for chemical speciation of low-Z elements with emis-
sion energies in the tender X-ray range (2-5 keV) requiring a full
in-vacuum spectrometer”’.

In the last decade large progress have been made in the de-
velopment of energy dispersive microcalorimeter X-ray detectors
based on transition edge sensors which can be used alterna-
tively to perform high resolution X-ray emission spectroscopy 810,
However, at the moment the energy resolution of this new gen-
eration X-ray detectors can still not match the resolution of good
crystal spectrometers which is mandatory to address tiny chemi-
cal shifts studied in this work.

P, S, and Cl represent three extremely important elements with
characteristic emission energies in the tender X-ray range. Be-
cause of their multivalent character they form chemical bonds
with many atoms of different electronegativity influencing the lo-
cal electronic structure around the center atom. So far X-ray ab-
sorption near edge spectroscopy (XANES) has been used predom-
inantly to specify chemically these elements for example in miner-
als'!, sediments 12, silicate glasses 13, old pigments!# and in Li-S
batteries 1. However, our recent XAS/XES comparative study on
sulfurl® demonstrated high sensitivity and selectivity of Kot XES
to the electronic charge making it a robust and efficient method
for chemical characterization of sulfur. The same approach could
be applied also to other neighboring elements making it a gener-
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ally applicable tool.

In this work our high energy resolution tender X-ray emission
spectrometer’ has been combined with the particle induced X-
ray emission (PIXE) technique employing MeV proton beams to
address chemical speciation of P, S, and CI using high energy res-
olution Ko X-ray emission spectra. High energy resoution PIXE
(HR-PIXE) technique has been already used before by different
authors for example to determine oxidation states in different
phosphorus 17-19 and sulfur2%2! compounds. It was applied to
specify oxidation state of S and Cl in aerosol samples2%-22-24 and
P in lake sediments!8. All of these studies were based on an
empirical approach using comparison with measured standards.
In this work we are providing a more general absolute approach
which can be applied to determine oxidation state of low-Z ele-
ments such as P, S, and Cl. A series of Ko X-ray emission spectra
on standard P, S and Cl compounds covering full range of oxida-
tion states have been recorded. Our experimental energy reso-
lution was below the natural lifetime broadening which allowed
us to extract energy shift of Ko line with high precision. Mea-
surements were accompanied with the ab-initio quantum chemi-
cal calculations based on density functional theory (DFT) yielding
effective valence-shell configuration and local electronic charge.
Very high correlation of Ko emission energy with local electronic
charge was obtained for all three elements which provides a base
for a true quantitative analysis of the oxidation state of the ele-
ment in the sample.

2 Experimental

The high-energy resolution PIXE measurements were performed
at the 2 MV tandem accelerator of the J. Stefan Institute, Ljubl-
jana. Target pellets pressed from powder reference materials
were mounted on a motorized disc shaped sample holder used
to exchange targets without breaking the vacuum in the chamber.
The target holder was tilted at an angle of 45° with respect to
the incident beam. The X-ray target emission was induced with
2 MeV protons, a broad unfocused proton beam with 8 x 8 mm?
cross section was used and the proton current was in the range
of 50-100 nA. The proton beam induced K o X-ray emission spec-
tra were collected in the direction perpendicular to the incident
beam by an in-vacuum Johansson-type single crystal spectrome-
ter for high energy resolution X-ray emission spectroscopy in the
tender X-ray range’. In case of phosphorus targets the first order
reflection by the (1010) plane of the SiO, crystal (2d = 8.5104)
was used, while the first-order reflection of a Si(111) crystal (2d
= 6.271A) was used for the sulfur and chlorine measurements.
In order to achieve dispersive mode of operation, small modifica-
tion of standard Johansson geometry has been done by moving
the target holder inside the Rowland circle at the distance of 42
cm from the analyzer crystal. The diffracted photons were de-
tected by a charged coupled device (CCD) detector, which was
thermoelectrically cooled to —40 °C. The CCD detector consisted
of 770 x 1152 pixels with 22.5 x 22.5 um? pixel size. The posi-
tion spectra recorded by the CCD detector were converted into
energy scale relative to the position of the Ko line of the K3PO,,
pure S, and NaCl compound targets which served as references,
with corresponding reference emission energies of 2014.54 eV 2,

2| Journal Name, [year], [vol.],1-8

2307.89 eV26, and 2622.44 eV 26, respectively. The energy band-
widths covered by the CCD at fixed detector position were 44 €V,
28 €V, and 53 eV for P, S, and Cl Ka measurements, respectively.
The whole Ko emission spectra for each element were therefore
recorded simultaneously keeping the crystal and detector at fixed
position during the measurement.

The final energy resolution of the spectrometer given as the
FWHM of the instrumental response function was between 0.50
- 0.60 eV, depending on the Bragg angle corresponding to each
of three measured elements. At these angles the geometrical con-
tributions due to pixel size of the CCD detector and the vertical
beam spot size are practically negligible and the width of the in-
strumental response was determined mainly by the intrinsic crys-
tal broadening”. At this experimental resolution combined with
good statistics in the measured spectra the fitting error of the
measured energy shifts were between 1-2 meV. Because of simul-
taneous collection of full spectrum at fixed given crystal-detector
position any possible errors introduced by limited precision of
the motors used to move the crystal and detector are completely
avoided. The main source of uncertainty originate from slight
random variations in actual target position relative to the crystal
which are introduced during target exchange and might lead to
tiny shifts of the line on the detector. In order to determine this
contribution independent measurements of several target pellets
prepared out of same chemical compound were performed. These
targets were mounted on different positions on the sample holder
which was used to exchange between the targets in exactly the
same way as during our measurements of different compound
targets. The final experimental uncertainty was determined as
a standard deviation of absolute position of the measured line
within the detector yielding value of 0.40 detector channels. The
latter was converted into energy using corresponding Bragg an-
gles yielding final energy uncertainties of 23 meV, 15 meV, and
27 meV for P, S, and Cl measurements, respectively.

The count rate at the top of the Ko line was with the SiO,
analyzer crystal used to measure phosphorus compounds around
2 counts/sec and the acquisition time for single target was 2000
sec. Changing to Si(111) crystal for the measurements of S and
Cl compounds the count rate increased to around 10 counts/sec
and the overall acquisition time per target was reduced to 500
sec.

3 Theory

In order to interpret properly the measured energy shifts and pro-
vide the ground for true quantitative analysis of the oxidation
state the ab-initio quantum chemical calculations were performed
using the StoBe-deMon 27 molecular cluster package based on the
density functional theory (DFT)28. First, the geometry optimiza-
tion was performed yielding the ground state of each molecule.
This was followed by the Mulliken population analysis29-32
viding the character of molecular orbitals in terms of atomic or-
bitals. This population analysis assigns partial charges to the
atoms and is used to study charge distribution within a molecule.
In next step, geometrically optimized coordinates around centre
P, S, or Cl atom were further on used to calculate the initial 1s~!
core-hole state and the final 2p~! state, both were represented by

pro-
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Kohn-Sham orbitals of the ground state33-3*. The dipole transi-
tion moments were calculated as an explicit one-electron transi-
tions. In order to improve further the accuracy of calculated tran-
sition energies individual optimization of initial and final states
were performed and the final transition energies corresponding
to Ko emission were calculated as differences in orbital energies
of separately optimized initial and final states. The GGA exchange
functional by Becke, Be883°, and the GGA correlation functional
by Perdew, PD9136:37 were used for exchange-correlation part.
The same orbital basis set TZVP (73111/6111/1) was used for P,
S and ClI atoms, respectively.

4 Results

For each of three elements studied in our work two measured
Koy o spectra corresponding to compounds with the highest and
the lowest formal oxidation number are presented in Figure 1.
The high experimental resolution on the level of natural lifetime
broadening allows one to observe tiny energy shifts of the mea-
sured Ka emission lines depending on the oxidation state of the
element in the sample. The experimental K > emission energies
were extracted by fitting the measured spectra with two Voigt
functions, which is a convolution of the natural Lorentzian shape
with the Gaussian function corresponding to the instrumental
function of the spectrometer. For both spectral components the
corresponding Lorentzian and Gaussian components were con-
strained to the same values. Within the energy bandwidth cov-
ered by the detector additional spectral contribution is observed
on the high energy side of the Ka diagram line corresponding
to the 1s—2p transitions in KL doubly ionized atom. Two addi-
tional Voigt profiles were added in the model spectrum to account
for the Koz 4 components of the multiple ionization satellite line
and such fitting model reproduced almost perfectly the measured
spectra as presented in Figure 2. The final experimental K o emis-
sion energies extracted from the fit are tabulated in Table 1 for all
measured compounds. The experimental 2p level spin orbit split-
ting was found 0.864(5), 1.180(11), and 1.592(15) eV for the
case of P, S and Cl compounds, respectively, and show no depen-
dence on the chemical state so only experimental K¢ emission
energies are reported in Table 1.

From the tabulated values a clear trend is observed for mea-
sured compounds of all three elements. The Ka line is shifted
towards higher emission energy with increasing formal oxida-
tion state. In Figure 3 the experimental K« emission energies
are plotted versus formal oxidation state for each of three ele-
ments studied in this work and a high correlation is observed.
Besides experimental energy values also DFT theoretical ener-
gies are added on Figure 3. The latter were all calculated with
StoBe-deMon program, the molecular structure with first two co-
ordination spheres around the atom of interest were included in
the calculations. Since we could not achieve convergence for ev-
ery measured system only calculations for several representative
samples are presented. An overall shift of -1.13 eV (P), +0.77 eV
(S), and +3.34 eV (Cl) were applied to the absolute calculated
values in order to reach good agreement with the experiment.
Most importantly, also the theory confirmed clearly the correla-
tion of Ka emission energies with the oxidation state as observed

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 High energy resolution Ko X-ray emission spectrum of pure S
target decomposed by the fitting model. Besides the K, » diagram line
also the Ka3 4 satellite contributions corresponding to KL double
ionization are observed on the high energy side of the spectrum.

in experiment.

The valence electron population which of course varies in dif-
ferent chemical compounds therefore affects slightly the screen-
ing of the nuclear potential experienced by core electrons produc-
ing chemical shifts. These shifts depend on the oxidation state
confirmed by our experimental and theoretical values. On the
other hand, measured energies for different compounds with the
same oxidation state tabulated in Table 1 basically match each
other indicating similar valence electron configuration. One small
exception is the Al(PO3)3 exhibiting slightly higher energy com-
pared to other P(5+) compounds but this was already explained
in our previous work !° focused on P with the large Al electroneg-
ativity compared to other metal ligands increasing slightly the
phosphorus effective charge. Here we would like to study in more
details the case of Na,SO5 and Na,S,05 compounds, both with
formal oxidation state (4+) which exhibit difference in measured
Ko emission energy of 0.12 eV, which is significant compared
to scattering of measured energies within other compounds of
the same oxidation number. Intuitively, we can try to describe
this difference just by looking into the chemical formulas for both
samples under consideration. The numbers of oxygen atoms per
single S atom is larger in Na, SO, compared to Na,S,O5. Because
of large electronegativity of oxygen atoms a slight increase of the
local electronic charge of the sulfur atom in Na,S,0s would be
expected yielding slightly lower Ko emission energy in agreement
with our measurements.

A more thorough and explicit explanation is provided by the
theory which enable us to determine small differences in effective
electronic charge of compounds with the same oxidation state by
studying their valence electron population. The latter was ob-
tained by Mulliken analysis on the DFT calculated ground state
electron density. The results of such analysis are presented in
Table 2 for several representative compounds of each three ele-

Journal Name, [year], [vol., 1-8 |3
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Fig. 1 High energy resolution proton induced Ko » X-ray emission spectra of two P, S, and Cl compounds corresponding to the lowest and the

highest oxidation state.

Table 1 Experimental Ko emission energies of various phosphorus, sulfur and chlorine compounds extracted from the fit.

Phosphorus Sulfur Chlorine

chemical oxidation Koy[eV] chemical oxidation Ka;[eV] chemical oxidation Koy[eV]
formula state measured | formula state measured | formula state measured
Fe,P 3— 2013.81 FeS 2— 2307.71 AlCl; 1— 2622.49
CaH,04P, 1+ 2014.24 MoS, 2— 2307.77 CaCl, 1— 2622.47
Na,HPO, 3+ 2014.43 PbS 2— 2307.71 CsCl 1— 2622.46
Al(P03)3 5+ 2014.61 ZnS 2— 2307.69 CuCl, 1— 2622.54
Ba(PO3)2 5+ 2014.52 pure Sg 0 2307.89 KCl 1— 2622.45
K3PO4 5+ 2014.54 N32$204 3+ 2308.33 MgCl, 1— 2622.49
KH,PO, 5+ 2014.51 | Na,S,0s 4+ 2308.55 NaCl 1- 2622.44
Na,HPO, 5+ 2014.55 | Na,SO, 4+ 2308.67 | Kclog 5+ 2623.68
NaH,PO, 5+ 2014.55 H3NSO4 5+ 2308.97 NaClO3 5+ 2623.68
BaSO, 6+ 2309.06 KClO4 7+ 2624.19

FeSO, 6+ 2309.08

K,S0, 6+ 2309.05

Na,SO, 6+ 2309.07

ments including the Na,SO5, Na,S,05 ones. The DFT valence
electron populations show an increase of the effective electronic
charge (number of valence electrons) for S atom within Na,S, 05
compared to Na,SO5 compound. In Figure 4 the measured Ko
energies are plotted versus the DFT calculated number of valence
electron. Compared to the dependence on formal oxidation num-
ber the degree of correlation between the two variables is en-
hanced even further and an almost perfect correlation is observed
in this plot with the Na,SO; and Na,S,0; compounds ordered
directly in accordance with their calculated effective charge. The
Ko emission energy therefore reflects with high accuracy the va-
lence electron population and can be used to determine the effec-
tive charge of the central low-Z atom in different chemical com-
pounds.

5 Discussion

The Ko emission spectra obtained in this work show clear de-
pendence on the oxidation state of the element in the sample. As
seen from the spectra presented in Fig. 1 the spectral shape of the
Koy > emission line corresponding to core-core transition exhibit
pure atomic-like K¢ , doublet for all three studied elements inde-

4| Journal Name, [year], [vol.],1-8

Table 2 The DFT-calculated valence electron configuration obtained by
the Mulliken population analysis. The notations in the superscript
represent effective partial charges of the P, S and Cl atoms within the
given molecule.

chemical oxidation DFT electron

formula state configuration
Fezp 3— 3slA663p2A973d0A11
CaH,O,P, 1+ 351103 25034041
Na,HPO,q 3+ 350893 24034052
Na,HPO, 5+ 3507332393407
7nS 2_ 3S1'873p4'163d0'03
Nazszo5 4+ 3s1.673p3.023d0.40
NaZSO3 4+ 3s1.673p2.893d0.38
KZSO4 6+ 3s1.053p3.033d0.66
NaCl 1— 3S1‘973p5'593d0'00
KC103 54+ 3s1.763p3.713d0.40
NaClOsg 5+ 351763 3.69340-40
KC104 7+ 3sl.3l3p3.573d0.68

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Experimental and theoretical Ka; emission energies versus
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Fig. 5 S Ka emission spectrum of ZnS / Na,SO,4 mixed sample fitted
with a linear combination of pure ZnS and Na,SO, reference measured
spectra.

pendent of the chemical composition. While the spectral shape is
not influenced by the chemical environment the screening of the
nuclear potential is affected by the valence orbital electron popu-
lation and at high experimental resolution on the level of natural
lifetime broadening tiny energy shifts of the measured Ko emis-
sion lines are observed in correlation with the oxidation state of
the element in the sample. The absolute energy shifts are rela-
tively small, yielding values around 0.8, 1.3 and 1.7 €V between
lowest and highest oxidation state in P, S and Cl, respectively,
which is typically an order of magnitude smaller compared with
the corresponding shifts measured in absorption spectra. How-
ever, due to the relatively simple and narrow line shape which in
addition does not change with the chemical state the energy shift
can be determined with very high precision and can be used effec-
tively as a clean and robust merit of the oxidation state of these
low-Z elements in the sample. Besides the dependence on for-
mal oxidation state discussed above measured energy shifts are
compared also to the effective local charge extracted from the
quantum chemical calculations. In this case an almost perfect
correlation is achieved between measured Ko emission energies
and DFT calculated number of valence electrons indicating that
screening effects are prevailing source of the observed chemical
sensitivity.

Compared to XANES, which is traditionally used for such anal-
ysis but generally contains more information than just the oxida-
tion state, the energy of the Ko emission line probes exclusively
and directly the local charge density. Since its simple atomic-
like shape is also independent on the excitation mode, as verified
experimentally in our recent study of phosphorus comparing pro-
ton induced and synchrotron radiation induced K X-ray emission
spectra?, the method and results obtained here are generally rel-
evant for X-ray emission spectroscopy using variety of excitation
sources. It is important to note that in the synchrotron radiation
community the tender X-ray range discussed in this work has been

6| Journal Name, [year], [vol.],1-8

scientifically much less exploited then the soft and hard X-ray re-
gions, mainly due to problems with X-ray optics and sample envi-
ronment and it is not straightforward to find a proper beamline to
measure for example phosphorus K edge XANES spectra. On the
other hand, XES spectroscopy does not require monochromatic
tunable incident photon beam and can be performed also at ex-
citation energies well above the corresponding absorption edges.
Using a good tender X-ray emission spectrometer such analysis
can be therefore performed at many synchrotron beamlines as
well as in smaller laboratories and the Ko emission spectra can
be fully exploited as the most sensitive probe of the local charge
density of low-Z elements with emission energies in the tender
X-ray range.

Good selectivity between different oxidation states together
with relatively simple and narrow Ka; > lineshape can be used to
determine also the amount of particular species in mixed valence
systems. Figure 5 shows the measured K« spectrum from mixed
ZnS and Na,SO, powder sample. This sample was prepared by
mixing the pure ZnS and Na, SO, powders in 2.5:1 molar quantity
ratio so the corresponding mass percentage of sulfur in the S>~
oxidation state should be 71.4%. The measured spectrum was fit-
ted with two Voigt doublets corresponding to the sulfur Ka lines
of pure ZnS and Na,SO, compounds, with only relative areas of
two doublets lines reflecting the ratio of the S~ and S in mixed
sample set as a free parameter. Very good fit was obtained and
both components corresponding to each chemical state were eas-
ily decomposed from the measured spectrum. The percentage of
S2~ obtained from the fit was 73.4(2)%. The slight discrepancy
between nominal and measured values can be attributed to the
target self absorption. In general the self absorption does not in-
fluence the spectral shape of the X-ray emission spectra but only
the overall yield. However, in case of heterogeneous powder sam-
ples with large grain size exceeding the X-ray absorption length,
which is in case of Ka MeV proton induced emission of P, S, and
Cl between 10-20 um, different self-absorption of separate single-
compound grains might influence the overall accuracy of such
mixed-valence compound systems. It is worthed to point out here
that compared to other X-ray emission techniques PIXE yields an
opportunity to observe simultaneously the depth distribution and
give also a direct measure of inhomogeneity using the nuclear
scattering necessarily accompanying the PIXE measurements38.

Another important aspect in any X-ray analytical method is also
the minimum detection limit (MDL). This is defined by the peak
to background ratio and the width of the measured lines. From
the fitting of our measured single compound spectra an average
background level of 0.015 counts/s was determined. As an exam-
ple the case of pure S target was considered yielding the count
rate of 35 counts/s at the top of the sulfur Ko line and the full
width half maximum (FWHM) value of 0.87 eV. The correspond-
ing detection limit was evaluated following the procedure used
previously to determine MDL in HR-PIXE analysis3?. At proton
beam current in the range of 50-100 nA as used in our work and
with acquisition time of 1 h final detection limit of < 200 ppm was
obtained. However, in order to determine the Ko emission energy
with sufficient precision an order of magnitude higher concentra-
tions would be typically required. The HR-PIXE oxidation state

This journal is © The Royal Society of Chemistry [year]
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analysis based on the Ko emission energy is therefore applicable
also on diluted samples with concentrations in the range of few
1000 ppm. Using other stronger and more efficient excitation
sources especially synchrotron beamlines this can be pushed even
further down in the range of a few hundreds of ppm.

6 Conclusions

High energy resolution Ko X-ray proton induced emission spec-
tra were measured for a series of phosphorus, sulfur, and chlo-
rine containing compounds. Small energy shifts of emission lines
were measured which are correlated with formal oxidation state
and also effective local charge obtained with quantum chemical
calculations based on density functional theory. Measured K o¢ X-
ray emission energies reflects with high sensitivity local electronic
structure and can be used effectively to determine the oxidation
state of low-Z elements in different chemical environments. Sim-
ple atomic-like K« » spectral shape which does not depend on
the chemical environment enables a relatively simple and robust
spectral deconvolution in mixed valence systems and the oxida-
tion state analysis can be performed also on diluted samples. Fi-
nally, the method is applicable not only to HR-PIXE technique but
in general to high resolution Ko X-ray emission spectroscopy re-
gardless of the excitation mode. Such electronic structure analysis
is therefore not restricted to synchrotron facilities but can be now
fully exploited also in laboratory based analysis.
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