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Binding effects in sulfur Ko and KB X-ray emission

E. Sanchez,® M. Torres Deluigi®® and G. Castellano & *©

A systematic study has been carried out in order to investigate the influence of the chemical bond on the

occurrence of different sulfur decays to 1s vacancy states induced by electron impact. A number of samples
in different oxidation states (+4, +6, 0 and —2) were irradiated in a commercial microscope, acquiring Ke
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and KB spectra for all sulfur oxidation states. Special attention has been paid to the case of emissions

associated with decays corresponding to multiple ionizations. An important achievement of the present

DOI: 10.1039/c8ja00345a

rsc.li/jaas spectrometer.

1 Introduction

Sulfur is an essential component in biochemical systems like
amino acids, vitamins, bacteria, proteins, and iron sulfur
groups used in electron transfer and catalysis."” Environmental
concerns range from natural and anthropogenic emissions of
pollutive sulfur gases (H,S, SO,, and SO3)’ to the acidification of
surface or underground waters by mining activities* or long
range aerosol transport.®

A deep understanding of the sulfur chemical environment is
required to obtain a detailed comprehension of the processes in
which this element is involved.® Only a few techniques can
provide direct information about the sulfur electronic structure,
among which X-ray emission allows one to investigate the fine
structure of photons emitted from atom relaxation to inner
shell vacancies. The individual vacancy filling is well under-
stood, particularly for pure samples, and gives rise to the so-
called diagram lines. Satellite lines arise from multiple
processes or in cases where binding atoms influence the char-
acteristic emission, and they may provide information about
the atomic inner electron correlation, the excitation dynamics,
the relaxation process, and other effects influencing X-ray
emission.” ™

A number of studies have been carried out to investigate
satellite emission in different elements and compounds,
excited by X-ray photons,** by protons,*** by heavy ions***°
and by electrons,”**'~** and several theoretical approaches have
been suggested.**** Satellite lines appear in the spectral
neighborhood of Ka; and Ko, diagram lines, namely, Ka,, in
the low-energy region,>* Ko”*® and Ko/,"” with energies above
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study is the high resolution obtained in the wavelength-dispersive spectra acquired with a commercial

the main Ka peaks, and also the emissions Ko and Koy, cor-
responding to double vacancies,**** and Kas and Ko corre-
sponding to triple vacancies,**® also with energies higher than
the Ko, emission. It is worth mentioning that although the
notation for decays associated with double and triple vacancy
states is not uniform in the literature, in the present work it has
been chosen to agree with that of the most recent studies,
particularly using electron impact.**** The satellite emissions
Ko/, Koz and Kea, arise from transitions occurring in the pres-
ence of 2p spectator holes,**”* whereas Kas and Ko, involve
triple ionizations accompanied by two 2p spectator holes.* The
Ka,, satellite line may be attributed to an energy level distortion
due to the presence of 3d spectator holes.”**® Another expla-
nation is based on KLM radiative Auger emission (RAE)
processes, by which the initial K-shell vacancy is filled by a 2p,,
— 1s or 2p;,, — 1s decay, the energy balance being completed
through the joint emission of an X-ray photon and an M-shell
Auger electron.”>”*®

In the K spectral region, the most intense diagram line
KB, 5 is surrounded by double ionization emissions like KB™
and KBY,**° and also KB’ and K" structures. In the case of
sulfides, the KB, ; main peak has four components: KB*, Kp®,
KB® and KBP.*¢* K™ and KB" lines originate from 1s — 3p
decays, also in the presence of 2p spectator holes.******® Density
functional theory calculations in sulfites and sulfates® reveal
that the structure known as KB’ arises from transitions
involving oxygen 2s orbitals; it has also been shown that the Kf”
line, which distorts the high energy region of the Kf, ; diagram
line, mainly originates from transitions involving oxygen 2p
orbitals.

Unfortunately, up to now no systematic study has been
carried out for all sulfur oxidation states. In the present work,
sulfur Ko and K satellite lines have been carefully studied,
after electron impact on different compounds, in order to
investigate the influence of the chemical bond on the

This journal is © The Royal Society of Chemistry 2019
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occurrence of the different decays, particularly those corre-
sponding to multiple ionizations. Special attention has been
paid to the case of the emission energies corresponding to
decays associated with triple vacancy states. One of the main
challenges of the present work is to finely discriminate emission
lines which usually cannot be deconvoluted in spectra acquired
with commercial equipment like that used here, and therefore
experimental mounts specifically designed for these kinds of
measurements must be used.*>**¢%2

2 Experimental

Samples containing sulfur in different oxidation states (+4, +6,
0 and —2) were irradiated in a LEO 1450VP scanning electron
microscope coupled with an INCA WAVE 700 wavelength
dispersive spectrometer (WDS). The compounds studied were:
sodium metabisulfite, Na,S,05 (+4); different sulfates, namely,
K,S,0, potassium pyrosulfate, K,S,0g potassium persulfate,
CaSO, anhydrite, BaSO, barium sulfate and Na,SO, sodium
sulfate (+6); sulfides (—2): ZnS zinc sulfide, FeS, iron sulfide,
(Fe,Ni)oSg pentlandite, HgS mercury sulfide, MoS, molybdenum
disulfide, PbS lead sulfide and Sb,S; antimony trisulfide; pure
sulfur (0), and two compounds with mixed oxidations states:
Na,S$,0; sodium thiosulfate (—2; +6) and K,S,0s potassium
metabisulfite or pyrosulfite (+4; +6). Some of these
compounds—CaSOy,, ZnS, FeS,, (Fe,Ni)oSg, HgS, MoS,, PbS and
Sb,S;—correspond to an SPI #02753-AB mineral standard set
(serial number: 05-133); others are powder compounds, which
were compacted under a constant pressure of 20 t cm ™2, and in
order to ensure thermal and electrical conductivity, samples
were coated with a 40 nm carbon layer.

X-ray photons of interest were induced by electron impact,
and the resulting spectra were acquired through the WDS
system, for which the take-off angle is 29°. Several analyzing
crystals in Johansson geometry are available in this WDS, the
most suitable for the spectra required in this work being a PET
(pentaerythrite) crystal (2d = 8.742 A). Two proportional
counters in tandem allow a high acquisition efficiency: a P10
(90% Ar to 10% CH,) gas flow counter and a sealed Xe one. The
electron incident energy chosen was 20 keV, whereas the probe
current was set to around 80 nA, being monitored before and
after spectrum acquisition in order to check stability. The nar-
rowest 0.1 mm collimator aperture available was chosen with
the aim of achieving the best energy resolution, which resulted
in a 0.107 eV FWHM for the S—KB’{‘y3 line and a 0.093 eV FWHM
for the S-Ka,; diagram emission.

Two spectral ranges were rastered in each sample: from
2283.06 eV to 2365.84 eV with the aim of registering all Ka
decays, and from 2440.35 eV to 2530.00 eV for the KB group.
Spectra were acquired in order to ensure acceptable statistics in
all peaks: the maximum intensity recorded was at least 1000
counts for KB emission and at least of 150 counts for Ka,; or Ko,
emissions. The background contribution was subtracted using
a linear fit, which in the case of KB lines involved the step
corresponding to the K-absorption edge. Spectra were analyzed
as a function of wavelengths using the software PeakFit v4.12,
which involves least-squares fitting, associating a Voigt function
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to each peak and Gaussian/Lorentzian area (AutoFit Peaks I
Residuals). This Voigt function®® is the convolution of
a Gaussian distribution associated with the spectrometer
response, and a Lorentzian function whose spreading is related
to the mean lifetime of the ionized state.** In the analysis of Kf
and Ko spectra, peak fitting was carried out so that the Gaussian
width assigned to all lines was the same, since the experimental
apparatus influence is constant in the energy range scanned;
the corresponding Lorentzian widths instead were allowed to
vary, since they depend on the mean lifetime of the excited
states intervening in the different transitions and therefore are
characteristic of each decay. In the case of the Ka spectra, the
fitting procedure for pure sulfur was completed first, achieving
the same Lorentzian widths for Koy and Ka,, which were
afterwards used as constants in the other spectra.

The recorded spectra were carefully calibrated, since slight
temperature fluctuations may be reflected in important varia-
tions in the PET crystal response, because of its non-negligible
linear expansion coefficient.> This calibration was accom-
plished by observing the shift in the pure Si Ko, line, where the
crystal bears its optimal resolution; this shift was then assigned
to the rest of the measured spectra.

X-ray absorption is another important correction taken into
account in the assessment of each peak intensity area. The
approach used for this aim is that proposed by Packwood and
Brown®® modified by Riveros et al.,*” which implicitly involves
the mentioned absorption effects. These intensities were also
corrected accounting for the absolute efficiency of the spec-
trometer used, following ref. 68. With this approach, the spec-
trometer efficiencies of the equipment involved in the present
measurements were determined by these authors for different
crystals, particularly the PET analyzer used in this work. This
absolute efficiency characterization is based on the comparison
of spectra measured with each wavelength dispersive system
and those acquired with an energy dispersive spectrometer. The
inclusion of all the corrections mentioned means all experi-
mental factors have been taken into account in the present
work.

3 Results and discussion
3.1 Ko lines

Fig. 1 displays a spectrum recorded for a CaSO, sample,
showing all the S-Ka lines that could be identified. Deconvo-
luted lines are also shown, according to the procedure depicted
above. The intensity and energy shift occurring for each emis-
sion depend on different factors, which will be discussed
separately for single and multiple primary vacancies. Roughly,
single vacancies are associated with the most intense emission
lines, whereas multiple ionizations are less likely, and the cor-
responding lines are therefore less intense—other excitation
sources like protons show an opposite behavior.>®

3.1.1 Koy, Ko, and Ka,, lines. Although the Ka,; emission
originates from the 1s,, — 2ps,, decay, the energy associated
with this line exhibits slight although appreciable shifts,
depending on the oxidation state of the sulfur atoms involved in
each compound, as shown in Fig. 2, where the Ka,,, Ko, Ko,
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Fig. 1 Experimental CaSO, spectrum (dots) evidencing the principal

and satellite lines in the sulfur Ka diagram emission region. The
different continuous lines correspond to the fitting achieved.
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Fig. 2 Normalized X-ray spectra around the S-Ka, diagram region for
different compounds involving various sulfur oxidation states: ZnS
(=2); NaS;03 (—2; +6); S (0); K>S,05 (+4; +6); NaS,05 (+4) and
CaSOy4 (+6).

and Ko contributions were appropriately deconvoluted in the
main peaks for some of the compounds studied. It must be
emphasized that the experimental strategy followed led to very
accurate energy fits for the peak centroids, particularly in the
most intense emissions; this is intimately related to the good
energy resolution achieved, as well as the high statistics
attained in the acquisition of the lines considered. The uncer-
tainties reported by the software PeakFit quoted above corre-
spond to 95% confidence interval, and the repeatability of these
results was checked across the subsequent measurements per-
formed in the present work.

Table 1 evidences that higher oxidation states correspond to
higher Ka,; emission energies, which has also been suggested by
other authors.®®*»®*7° A comparison with other data in the
literature is displayed in Fig. 3. As the sulfur oxidation state
bears higher values, the gap between the 1s;, and 2pj;

276 | J Anal. At. Spectrom., 2019, 34, 274-283

View Article Online

Paper

increases, or since the core energy level 1s;, remains
unchanged, the energy eigenvalue for the 2p;, is higher; these
increases in the 2p;/, level are consequences of the changes in
the bonds occurring in the valence band. In the case of sulfides
(—2), the sulfur atom hosts two additional electrons in the
valence bands, which implies that the inner energy levels are
decreased as compared with the neutral state.

In fact there is no clear evidence about a unique emission
energy associated with each oxidation state, but slight differ-
ences appear depending on which element is bound to the
sulfur atom. Bearing this in mind, energy ranges can be defined
for the Ko, position for each oxidation state: sulfides between
2307.51 eV and 2307.82 eV, metabisulfites between 2308.83 eV
and 2308.85 eV, and sulfates between 2308.94 eV and
2310.01 eV. Among the compounds studied, it is worth
mentioning the particular behavior for Na,S,0; sodium thio-
sulfate (—2; +6) and K,S,05 potassium metabisulfite (+4; +6),
which have two sulfur atoms with different oxidation states, as
indicated between brackets. The sulfate character of these
compounds is not evidenced in the spectra, since the Ko, line
energy in the first case is within the sulfide range, whereas in
the second the energy is similar to that of the sulfite range.

It can be readily seen from Table 1 that not only the Ko,
energy is shifted because of the different bonds, but all the
electron levels are modified, emission energies varying accord-
ing to the corresponding oxidation state. The electron binding
energies are modified as a whole in the level n = 2, relative
changes in subshells being less important; this issue is evi-
denced in the fact that linewidths are quite well maintained
when the oxidation state varies (see Fig. 2).

All these shifts in the emission energies (Ko, — Ko4) are
displayed in Table 1. It can be seen that in the sulfite and the
Na,S,0; compound, the Ka, emission energies are reduced
from the S(0) state noticeably more than the shift corresponding
to sulfides, sulfates and the K,S,05 compound. This means that
when the sulfur oxidation state changes from 0 to a different
state, the energy difference between the 2p;, and 2p,,, levels
always increases: slightly for oxidation states —2 and +6 and the
K,S,05 compound, and more markedly for the state +4 and the
Na,S,0; compound.

The Ka,, decay originates from KLM RAEs,***”** consisting
in decays from the 2p shell, which means that the corresponding
energy shifts have to be explained according to the different
oxidation states, as done with the Ka, emission. This is clearly
evidenced in the fact that the smallest energy shift from the Ko,
line occurs for pure sulfur. Instead, these shifts slightly increase
for the —2 and +6 oxidation states, and also for the K,S,O;
compound, whereas the sulfite and the Na,S,0; compound bear
larger differences. Although this behavior is quite similar to that
observed for the Ko, emission, it must be noted that the energy
shifts in the Ka,, emission for the sulfite and the Na,S,0;
compound do not coincide; this means that the kinetic energies
of the ejected Auger electrons involved in these transitions differ
according to the sulfur oxidation state: the minimum energy of
the Auger electrons is smaller for S(0), a bit higher in the case of
sulfides, sulfates and the K,S,05 compound, and more important
for the sulfite and the Na,S,0; compound.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Fitted energies for the Koy, Ko, and Ka,, peaks for the different sulfur compounds studied. Uncertainties in the last digits are shown in

parentheses in the corresponding column headers

Energy difference to Ko,

Energy (eV) RTP [% K] (ev)
Oxidation
state Compound Koy, (1) Ko, (1) Ko, (1) Koz, Ko, Ko, (2) Ko, (2)
4 Na,S,05 2305.76 2307.49 2308.84 10.8(6) 75(1) —3.08 —1.35
-2; 6 Na,$,0; 2304.41 2306.47 2307.83 0.9(1) 47.9(8) —3.42 -1.36
4; K,S,05 2306.39 2307.62 2308.81 27(2) 79(1) —2.42 —-1.19
6 K,S,0; 2306.83 2308.01 2309.16 36(2) 85(1) —2.33 -1.15
6 K,S,054 2306.76 2307.95 2309.14 18(1) 72(1) —2.38 —1.19
6 CaS0, 2307.68 2308.84 2310.00 25(1) 78(1) —2.32 -1.16
6 BaSO, 2307.42 2308.77 2309.99 12.7(8) 78(1) —2.57 —1.22
6 Na,S0, 2306.40 2307.74 2308.95 15.0(9) 73(1) —2.55 -1.21
0 S 2305.86 2306.76 2307.89 30.3(7) 63.4(5) —2.03 —1.13
-2 Zns 2305.30 2306.35 2307.52 19(1) 66(1) —2.22 -1.17
—2 FeS, 2305.61 2306.63 2307.78 21(1) 59(1) —2.17 —1.15
-2 (Fe,Ni)oSg 2305.28 2306.57 2307.81 8.6(5) 67(1) —2.53 -1.24
-2 HgsS 2305.27 2306.59 2307.81 14.5(9) 66(1) —2.54 —1.22
-2 MosS, 2305.48 2306.61 2307.81 29(2) 67(1) —2.33 —-1.20
-2 PbS 2305.41 2306.60 2307.78 14.8(9) 67(1) —2.37 —1.18
-2 Sb,S; 2305.39 2306.45 2307.60 24(1) 67(1) -2.21 -1.15
85 °
2310.0 . This work ° 1 e This work
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o Alonso Mori et al. (2009) | o Pérez etal. (2012) °
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Fig. 3 Sulfur Ky emission energies for the different oxidation states,
as obtained in this work and by other authors.

Another important issue to take into account is the possible
variations in the radiative decay probabilities for the different
sulfur oxidation states. To this aim, the relative transition
probabilities (RTPs) were assessed as the ratio between the
corresponding emission intensity Ko, and the Ko, line. Table 1
includes the RTPs for the Ka.,, and Ko, lines. It can be seen that
no clear trend is evidenced for the Ka,, line; only the Na,S,0;
compound exhibits a distinctive behavior, bearing very low
values for both lines. In the case of the Ka, line, the variations
for the different oxidation states may be divided into two
groups: pure sulfur and sulfides with RTPs between 59.4% and
67.2%, and sulfates, sulfites and the K,S,05 compound between
71.7% and 84.5%. In Fig. 4, the Ka,/Ka; RTPs obtained here are
compared with data from the literature. The values obtained by
Alonso-Mori et al.®® through synchrotron radiation are generally

This journal is © The Royal Society of Chemistry 2019

Fig. 4 Comparison of the sulfur Kay/Kay RTPs obtained for the
different oxidation states with values from the literature.

higher than the present results, though they follow a similar
trend. This behavior suggests that the 2p;, — 1s;, RTP
depends on the sulfur oxidation state, being higher when sulfur
is bound with valence +4 and +6. On the other hand, the data
obtained by Pérez et al.” through electron impact are closer to
the values obtained from ref. 62, however bearing a constant
behavior for the different sulfur oxidation states.

3.1.2 Ko’, Ko, Ko, Koy, Kos and Ko lines. Satellite lines
corresponding to double vacancies are called Ko, Ke/, Koz and
Koy, 7391830525371 whereas triple vacancy lines are known as Kaos
and Ko,.***® Some of them are displayed in Fig. 5 for different
sulfur compounds. In the case of the lowest energy line Ka”, the
spectator hole is present in the sulfur M shell (n = 3), and the
electron transition 2p — 1s occurs from the L to K shell.”***”
Only a few examples have been published demonstrating this
emission for sulfur,”*® which will be extended here for all the

J. Anal. At Spectrom., 2019, 34, 274-283 | 277
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Fig. 5 Satellite lines Ko/, Kaz, Koy, Kas and Kag around the main sulfur
Kay line for pure sulfur and the compounds (Fe,Ni)gSg, ZnS, Na,S,0s (4)
and NaySOy4 (6). Intensities have been normalized to the peak maxima,
and the ordinates have been shifted in the different plots for easy
visualization.

compounds studied. From Table 2 it can be seen that most
compounds bear a Ke” emission energy which differs from the
Ko, energy between 1.2 eV and 1.7 eV, with the exceptions of
sodium metabisulfite, 2.8 eV above the Ko, emission, and
sodium thiosulfate, for which the Ko is only 0.7 eV above Ko;.
The spectator hole in the M shell therefore modifies in a similar
way the electron eigenenergies corresponding to the 2p levels in
the different oxidation states.

The lines labeled Ko/, Ko,; and Ko, (see Fig. 5) correspond to
double vacancy emissions, with a spectator hole in the L shell.
The Ko’ line originates from the transition [1s2p]'P — [2p°]'S,”
and the fitted energies are between 7.6 €V and 8.7 eV. On the
other hand, the Ka; and Ko, emissions respectively correspond
to the transitions [1s2p]’P — [2p*]’P and [1s2p]'P — [2p*]'D.”"
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Fig. 6 Kaz and Ka4 emission energies relative to the Kay line for the
different oxidation states.

As shown in Table 2 and Fig. 6, the emission energies in sulfides
are slightly higher than those in sulfites, and lower than those
in sulfates, a behavior already observed by other authors.>*
As can be seen in Table 3, the Kos/Ka, intensity ratio is
mostly above 1, with the exception of the sulfides (Fe,Ni)oSg and
PbS. This ratio Kos/Ko, appears to separate sulfides and
Na,S,03, with values between 0.88 and 1.3, sulfates, pure sulfur
and K,S,0;5 between 1.53 and 2.33, and the sulfite with 2.82. As
displayed in Fig. 7, these results roughly coincide with data
from the literature.”>**>*> Sulfates, however, bear quite
a different behavior as compared to the data in ref. 25, which
are greater than those obtained here. Such differences are to be
expected, since those values were determined through proton
irradiation, and the probability distribution of multiple vacan-
cies depends on the projectile. Other minor discrepancies can
be observed, but the wide number of compounds used here

Table2 Fitted energies for the Ko, Ko, Kaiz, Ko, Kais and Kaig peaks for the different sulfur compounds studied. Uncertainties in the last digits are

shown in parentheses in the corresponding column headers

Energy (eV)
Oxidation
state Compound Ko (2) Ko/ (5) Koz (7) Ko, (7) Kas (2) Ko (2)
4 Na,S,05 2311.6 2316.4 2322.47 2325.16 2337 2340
—2;6 Na,$,0;3 2308.6 2316.5 2321.45 2324.08 2338 2341
4; K,S,05 2310.3 2317.0 2322.42 2325.04 2338 2342
6 K,S,0; 2310.8 2317.3 2322.65 2325.29 2338 2342
6 K,S,04 2310.6 2317.2 2322.79 2325.46 2337 2342
6 Caso, 2311.6 2318.4 2323.61 2326.22 2338 2342
6 BaSO, 2311.5 2318.4 2323.48 2326.18 2338 2340
6 Na,S0, 2310.6 2317.5 2322.64 2325.36 2337 2342
0 S 2309.3 2315.8 2321.12 2323.75 2336 2340
-2 ZnS 2309.0 2315.8 2321.08 2323.69 2336 2340
-2 FeS, 2309.3 2315.7 2321.17 2323.90 2338 2340
-2 (Fe,Ni)oSs 2309.3 2316.2 2321.37 2324.15 2338 2340
-2 Hgs 2309.3 2315.8 2321.15 2323.88 2335 2339
-2 MoS, 2309.2 2316.0 2321.32 2323.93 2337 2341
-2 PbS 2309.0 2316.1 2321.37 2323.93 — —
-2 Sb,S3 2309.1 2315.6 2320.91 2323.64 2337 2341
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Table 3 Transition probabilities for the Ko, Ko/, Kaz and Koy peaks
relative to Koy emission for the different sulfur compounds studied

RTP (% Ka,)

Oxidation Ko;/Kay
state Compound Ko Ko/ Koz Ko, RTP ratio
4 Na,S,05 0.6(5) 0.33(7) 8(1)  3.04) 2.8(7)
—2;6 Na,5,0; 0.8(7) 0.15(3) 4(6) 3.5(5) 1.2(3)
4; K,S,05 0.8(7) 0.05(1) 8(1)  3.8(5) 2.1(5)
6 K,S,0, 1.009) 0.16(3) 7(1)  5.1(7) 1.4(3)
6 K,S,05 1.6(9) 0.14(3) 8(1)  3.5(5) 2.3(6)
6 CaS0, 1.1(9) 0.31(6) 7(1)  3.9(6) 1.8(4)
6 BasO, 0.7(6) 0.32(6) 6.5(9) 4.3(6) 1.5(4)
6 Na,S0, 0.7(6) 0.26(5) 7(1)  3.2(5) 2.4(6)
0 S 0.9(3) 0.11(2) 6.5(4) 4.0(3) 1.6(2)
-2 ZnS 0.8(7) 0.18(4) 4.9(7) 4.7(7) 1.0(2)
-2 FeS, 0.5(4) 0.11(2) 5.2(7) 4.3(6) 1.2(3)
-2 (Fe,Ni)Ss  0.7(6) 0.36(7) 3.9(5) 4.4(6) 0.9(2)
-2 HgS 1.6(9) 0.6(1) 5.4(8) 4.2(6) 1.3(3)
-2 MoS, 4(1)  0.3(6) 5.5(8) 5.2(7) 1.1(3)
-2 PbS 0.5(4) 0.3(6) 4.6(6) 4.9(7) 0.9(2)
-2 Sb,S; 1.4(9) 02(3) 5.2(7) 5.0(7) 1.0(2)
3504 e This work
= Kavdi¢ et al. (2007) -
A Pérez et al. (2012)
3004 v Mauron et al. (2000)
. o Parratt (1936)
X 250
% ]
!d A
200+
4 [} a
o .
E 150 :
2
100 ] v
H
50 . . T T T
2 0 2 4 6

Sulfur oxidation state

Fig. 7 Relative transition probabilities Kaz/Kay for the different
oxidation states.

allows us to avoid isolated behaviors. Summarizing, the RTP
ratios for these lines in sulfates behave like pure sulfur, whereas
the Na,S,0; ratio follows the trend of —2 oxidation state
compounds instead of +6, and K,S,05 accommodates its RTPs
like +6 bonds instead of +4.

Although the triple vacancy lines in this group (Kes and Ko)
are rather weak, their emission energies were successfully
identified, as displayed in Table 2. No definite trend can be
observed in these cases for the different oxidation states.

3.2 K8 lines

3.2.1 Single vacancy emissions: KB, ;, KB* KB®, KB, KB,
Kp', KB”, KB, and KB,.. KB, ; is the most intense emission of
this group, and originates mainly from 3p — 1s transitions.
Fig. 8 displays the intensity interval measured in the different
oxidation states, energy shifts being minimum for sulfates (+6),

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 KB and KB’ emissions for the different compounds studied.
Intensities have been normalized to the peak maxima, and the ordi-
nates have been shifted in the different plots for easy visualization.
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Fig. 9 Experimental (dots) KB emissions for ZnS (a) and CaSQO4 (b). In
both cases the KB, K" and KB lines are present, whereas only ZnS bears
KB", KBB, KBS and KBP (a), and only CaSO, bears KpB, 3, KBy, KB’ and KB (b).
The different continuous lines correspond to the fitting achieved.

intermediate for sulfites (+4), and maximum for sulfides (—2).
This energy shift behavior as a function of the oxidation state
was also observed by other authors.*®**¢%%>7¢ By deconvoluting
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Table 4 Fitted energies for the KB peaks corresponding to pure sulfur and the different compounds studied. Uncertainties in the last digits are

shown in parentheses in the corresponding column headers

Energy (eV)
Oxidation state Compound Kp' (4) KBy (3) KBy 5 (6) KB’ (7) KBy (1) KBy (2) K™ (5) K" (6)
4 Na,$,05 2452.80 2463.8 2466.65 2467.3 2471.4 2488 2500.6 2508.9
-2;6 Na,S,0; 2452.63 2463.9 2466.28 2472.1 2500.2 2508.5
4; K,S,05 2452.67 2464.4 2466.79 2467.4 2471.2 2478 2500.8 2509.8
6 K,S,0;, 2452.91 2464.5 2467.21 2471.9 2478 2501.5 2511.4
6 K,5,05 2452.82 2463.6 2467.31 2472.5 2478 2501.2 2511.3
6 Caso, 2453.42 2464.8 2467.36 2471.7 2479 2501.5 2511.5
6 BaSO, 2453.23 2464.3 2467.31 2471.8 2479 2501.3 2511.2
6 Na,S0, 2452.69 2464.6 2466.76 2470.8 2478 2501.7 2510.7
Energy (eV)
Oxidation state Compound KBTs (3) KBS (5) KBY5 (3) KBY5 (1) KB, (2) KB™ (2) KB"™ (5)
0 S 2459.61 2463.65 2465.63 2468.23 2499.3 2506.2
Energy (eV)

Oxidation state Compound KB4 (2) KBg (6) KBc (2) KBp (2) KB, (2) KB™ (3) KB"™ (4)
-2 ZnS 2459.2 2463.26 2465.97 2469.8 2481 2498.8 2506.6
-2 FeS, 2463.38 2466.25 2469.4 2498.8 2506.2

(Fe,Ni)oSg 2463.38 2465.17 2468.1 2498.1 2505.9
-2 HgS 2460.6 2464.19 2466.73 2470.8 —
-2 MosS, 2463.34 2464.75 2467.0 2499.3 2507.7
-2 PbS 2461.7 2465.66 2467.4 2492.3 2501.8
-2 Sb,S; 2461.4 2464.70 2467.07 2469.8 2499.4 2506.9

these spectra, the intervening lines were readily identified in
each acquired spectrum, as exemplified in Fig. 9. As empha-
sized above, the experimental strategy followed in this work led
to very accurate energy fits for the centroids of the most intense
peaks, which was also observed in the group of KB emissions.
The main features about these lines are detailed in Tables 4 and
5. It is worth noting that the KB main peak in sulfides splits into
4 different lines (Fig. 9(a)), named KB*, KB®, KB and KB®, with
increasing energy.®* Pure sulfur also exhibits 4 components in
the main KB peak, namely KBP; KB7; KBY; and
KBY; (decreasing energy); the first three were reported in ref. 60,
whereas the last one has been added in the present work, since
it was necessary to achieve an appropriate fit. These peak
splittings were explained through theoretical assessments
based on variational computations*' and also by means of
density functional theory® for the ZnS compound.

The main emission energies obtained here for the various
oxidation states studied are shown in Fig. 10, as compared with
the results from other authors.”**-*> It can be seen that sulfide
emissions spread in a wide energy range, embracing the sulfite
and sulfate ranges; this behavior is different for each sulfur
compound, strongly depending on the ligand atom and also on
the bond structure. Sulfite values are below those correspond-
ing to sulfates, whose spreading is less pronounced, whereas
the maximum values correspond to pure sulfur emission. This
last issue differs from the behavior observed for the Ko, line
(Fig. 3), since the 2p binding energies clearly decrease with the

280 | J Anal At Spectrom., 2019, 34, 274-283

oxidation state; the 3p shell instead is less bound in the pure
sulfur state than in compounds, although sulfur 3p electrons
constitute the valence band and are a priori expected to evidence
some trend with the oxidation state.

The S-Kf relative intensities for the various components also
vary in the different compounds, as can be seen from Table 5.
The most intense KB’ emission, originating from molecular
orbitals and only occurring in sulfates and sulfites, is stronger
in sulfates, as supported in ref. 21 through X-ray excitation
experiments. Another remarkable feature is that in sulfides,
transition rates strongly depend on the atom bounded to sulfur.
In ZnS, HgS and FeS,, KB and the more intense KB® peaks bear
similar RTPs, which implies that the S - 3p level electron
densities are also similar, since these emissions mainly depend
on this central sulfur atom population, according to the
assessments carried out in ref. 61 for ZnS.

3.2.2 Multiple vacancy emissions: KB™, KB" and KB, lines.
Double vacancy KB emissions have also been studied in this
work. The lines named KB™ and KB"™ respectively originate
from the transitions [1s™'2p ']’P, — [2p '3p '[’D; and
[1s7'2p ']'P; — [2p '3p ']'D,.*® Although these emissions
have been previously studied only in a few sulfur compounds,”
in this work they have been analyzed for a variety of sulfur
oxidation states. Fig. 11 shows the lines for S(0), Na,S,Os,
Na,SO4, Sb,S; and ZnS, evidencing the differences in the
emission energies as well as in their relative intensities. These
normalized probabilities are similar for the different

This journal is © The Royal Society of Chemistry 2019
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Table 5 Relative transition probabilities for the KB lines, normalized to the main line of each group, for double vacancy transition emissions Kp'"/

KB for pure sulfur and the compounds studied

RTP (% KB 3)

Oxidation state Compound Kp' KBy KB’ KByx KB, Kp™ KpY Kp™/KptY
4 Na,S,05 26.3(1) 11.9(7) 0.4(1) 3.2(9) 0.2(2) 4.1(4) 4.7(5) 0.9(2)
—2;6 Na,S,03 11.7(6) 12.7(8) 1.4(4) 5.1(6) 7.2(8) 0.7(1)
4; K,5,05 41(2) 9.4(6) 1.4(4) 2.0(6) 4(1) 5.9(7) 8.6(9) 0.7(1)
6 K,S,0-, 39(2) 21(1) 0.9(3) 0.5(4) 5.9(6) 7.0(8) 0.8(2)
6 K,S,04 42(2) 15.0(9) 0.7(2) 1.4(6) 6.0(7) 6.1(7) 1.0(2)
6 CaS0, 54(3) 8.0(5) 8(1) 5(2) 5.5(6) 8.2(9) 0.7(1)
6 BaSO, 49(2) 12.9(8) 5.2(8) 2.1(9) 8.6(9) 6.5(7) 1.3(3)
6 Na,SO, 39(2) 7.4(4) 1.3(4) 1.9(9) 2.9(3) 6.3(7) 0.45(9)
RTP (% KB73)
Oxidation state Compound KBLs KBS 5 GH KB, Kp™ KpY KB"/KpY
0 S 29(3) 71(4) 69(2) 9.4(9) 13(1) 0.7(1)
RTP (% KBc)
Oxidation state Compound KBa KBg KBp KB, Kp™ KpY Kp™M/KpY
-2 ZnS 4.4(3) 41.5(7) 4.0(3) 0.4(3) 5.5(6) 9.1(9) 0.61(7)
-2 FeS, 49.3(8) 3.4(3) 5.0(5) 8.4(9) 0.59(7)
-2 (Fe,Ni)ySg 91(1) 18(1) 7.5(4) 10.7(7) 0.70(8)
-2 HgS 17.9(3) 43.3(7) 7.1(6)
-2 MoS, 20.2(3) 55(3) 7.5(6) 11.5(7) 0.65(8)
-2 PbS 7.4(6) 65(3) 24(2) 31(2) 0.79(9)
-2 Sb,S; 12.3(9) 92(1) 5.4(4) 7.3(6) 19(1) 0.38(6)
24655.] appear not to vary if the spectator hole locates in the L, or the L;
. subshell. The particular differences observed in some
248801 : compounds are not associated with the oxidation state—as in the
2467.5 S-Ka double-vacancy spectrum—but might be attributed to other
S 246704 < § specific issues related to the chemical environment.
% 24665 ] © . As can be seen in Table 4, the energy differences KpY — Kp™
2 'y slightly depend on the oxidation state, bearing the minimum
g 2% % 3 value for pure sulfur, increasing for sulfides (with the exception
S e85+ of MoS, and PbS) and even more for metabisulfite, reaching the
-% 2465.0 - 8 e This work maximum values for sulfates. Compounds with mixed oxidation
= & A Pérezetal. (2012) states (Na,S,0; and K,S,0;5) exhibit energy differences similar
2464.54 = Kavgié et al. (2004) hose f 1
sasno o Alonso Mori et al. (2010) to those for sulfates.
i o The KB, line, also present in Fig. 11, has been reported only
2483.5 A T T T T for sulfates in ref. 61. By analyzing the measurements per-

Sulfur oxidation state

Fig.10 Sulfur KBy 3 emission energies for the different oxidation states.

compounds, with some exceptions in the case of sulfurs, with
higher values; the maximum values corresponding to Sb,S; for
the KB™ line and PbS for both lines.

The KB"™YKB™ RTP ratios exhibit no definite variations for the
different oxidation states. Most compounds bear values for this
ratio between 0.59 and 0.87, with the exceptions of Sb,S; (0.38)
and Na,SO, (0.45), with lower values, and K,S,0g (0.98) and
BaSO, (1.32), with higher ratios. These probabilities therefore

This journal is © The Royal Society of Chemistry 2019

formed in this work, this line evidently is present not only in
sulfates, but is also observed in the sulfite Na,SO5 and in the
sulfide ZnS, though with lower intensities. This suggests that its
origin is related to the S(+6) and S(+4) electronic configurations,
whereas in S(—2) it strongly depends on the sulfur chemical
environment. For this reason careful characterization of this
line was carried out, obtaining for sulfates and K,S,0s an energy
shift between 10.4 and 11.7 eV, with RTPs ranging from 0.43%
and 4.94%; for Na,S,0;5 the energy shift was 21.7 eV and the
RTP, 0.24%, and finally the energy shift for ZnS was 14.9 eV with
an RTP of 0.37%. These results evidence the strong influence of
the oxidation states on the emission of this line.

J. Anal. At. Spectrom., 2019, 34, 274-283 | 281


https://doi.org/10.1039/c8ja00345a

Published on 20 Novemba 2018. Downloaded by Fail Open on 23/07/2025 10:35:53.

JAAS

0.09 \ KB" k5"

u
o
o
>

1

Intensity (a.u.)

0.03

Energy (eV)

Fig. 11 Double vacancy satellite lines K" and KB" for pure sulfur and
the compounds Na,S,0s, Na,SOy4, Sb,S3 and ZnS.

4 Conclusions

In the present work, it was possible to determine that the energy
difference between 2p;,, and 1s levels increases for increasing
sulfur oxidation state (—2, 0, +4, and +6), as reflected in the
analysis of the Ko; emissions. These changes in the 2p;, levels
arise as a consequence of the chemical bonds involving the
sulfur valence band. As a general behavior, all Ka emission
shifts are similar to that of the main 2pz, — 1s decay (Ka,)
shift, which means that the energies of the sulfur L-shell elec-
trons are more affected in the chemical bonds, as expected. The
Ko, emissions (2p;, — 1s) suggest that the energy difference
between the orbitals involved in compounds is always higher in
pure sulfur; in particular, the Ka,, emission energy increase in
compounds implies that Auger electrons require higher inci-
dent energies than those in pure sulfur atoms. In addition, all
emission energies associated with triple-vacancy states (Kos and
Ko lines) were appropriately identified in all the compounds
studied.

No clear trend in the main Kf energy shifts was found, as in
the case of Ko, emissions. It is worth mentioning that the K
main peak deconvolution performed in sulfides produced
a splitting into 4 different lines (KB*, KB®, KB® and KpB®), as
already found in ref. 61. Similarly, pure sulfur also exhibits four
components in the main Kp peak, as reported in ref. 44, which
may be explained through variational computations.*' The K8,
line has been previously reported only in sulfates,® for which it
is quite strong; in the present assessment it was also possible to
clearly measure it in metabisulfites and in ZnS, despite its less
intense emission. Further investigation about this emission
may allow us to clarify if it indeed originates from a double-
vacancy state accompanied by a spectator hole in the 3p orbital.

Although all the emission energies have been previously re-
ported in several studies performed with different excitation
sources, which have been complemented with theoretical
calculations for the case of Na,SO;, Na,SO, and ZnS,** the
present analysis has been performed for the first time by elec-
tron impact, by using commercial equipment, and covering
a wide variety of sulfur oxidation states.
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A major achievement of the present work is the high reso-
lution obtained in the spectra acquired with commercial
equipment. Most FWHM values are slightly below 3 eV, which
are often comparable with the resolution corresponding to
wavelength dispersive experimental mounts specifically
designed for these kinds of measurements.
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