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The electronic structure and ligand environment of sulfur was investigated in various sulfur-containing compounds with
different structures and chemical states by using X-ray emission spectroscopy (XES). Calculations were performed
using density functional theory (DFT) as implemented in the StoBe code. The sulfur chemical state and atomic
environment is discussed in terms of the molecular orbitals and partial charges that are obtained from the calculations.
The main spectral features can be modeled using our calculational approach. The sensitivity of the Kβ emission to the
cation and the local symmetry is discussed.

Introduction

As a multivalent, nonmetallic chemical element, sulfur
plays an important role in various systems. It is an essential
component in biochemical systems such as amino acids,
vitamins, bacteria, or proteins where iron-sulfur clusters
are used for electron transfer and catalysis.1 Natural and
anthropogenic emissions of gas sulfur pollutants (H2S, SO2,
SO3)

2 and the acidification of surface and ground waters
derived frommining activity3 are two important examples of
environmental concerns related to the presence of different
forms of sulfur.Moreover, in industrial processes, such as the
extraction of metals from ore deposits associated with sulfide
minerals, the production of fertilizers, explosives, and cos-
metics, as well as in issues around preventing poisoning of
catalytic converters and in a multitude of other technological
applications, sulfur has a great economic importance.4

A deep knowledge of the sulfur ligand environment is funda-
mental in order to gain a more detailed understanding of the
processes and reactions in which sulfur is primarily involved.
Only a few in situ techniques can provide direct information

on the electronic structure of sulfur, and among them, inner-
shell spectroscopic methods provide the most direct and
powerful means to extract information on its chemical envir-
onment. Indeed, the X-ray absorption near-edge structure
(XANES) at the K-edge of S involving 1s f np transitions
has been usedpreviously to study the sulfur electronic structure
of sulfur-containing minerals.5 More specifically, the XANES
pre-edge region has been identified as providing information
on the amount of covalent mixing of sulfur and ligand atomic
orbitals in coordination complexes of biochemical interest.6

However, the complexXANESshape and its high sensitivity to
the local structure around the sulfur atom as well as possible
experimental artifacts (e.g., self-absorption in fluorescence
detected XANES) may lead to difficulties in the interpretation
of the XANES spectra.
The core-hole created after the ionization of the atom in

theXANESprocess is subsequently filled by an electron from
an orbital with lower binding energy. Sulfur Kβ emission
spectroscopy arises from 3p to 1s electric dipole allowed
transitions and, thus, directly yield the p-density of occupied
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valence states. Due to the electron configuration of the sulfur
atom,which includes a 3p valence state,Kβ fluorescence lines
reflect the chemical environment of sulfur with high sensitiv-
ity. Since the incident energy is constant and the diagram
emission lines are below the absorption threshold, self-
absorption effects on the spectral intensities can be neglected.
Kβ emission spectroscopy has also been applied to the study
of the electronic structure of sulfur in inorganic chemistry
compounds.7

In this work, we analyze the high-resolution Kβ emission
spectra of a series of sulfur-containing compounds, including
various chemical states and ligand environments. The influ-
ence of these parameters on the spectral shape is analyzed by
means of quantum chemical calculations based on DFT
theory. The ligand environment and degree of orbital hybri-
dization are discussed in terms of the molecular orbitals and
partial charges as obtained from DFT calculations.

Experimental Section

The experiment was performed at beamline ID26 of the
European Synchrotron Radiation Facility (ESRF). The
beamline monochromator uses two cryogenically cooled Si
crystals in (111) reflection, providing an energy resolution of
0.36 eV at the S K-edge energy (2472 eV). Higher harmonics
were suppressed by two Si mirrors operating in total reflec-
tion. The incoming flux of photons, used to normalize all
spectra, is monitored by the scattering from a 1 μm Silicon
Nitride foil. The total flux is 5 � 1012 photons/s at 2.5 keV
using the fundamental of the undulator radiation. Emission
spectra were recorded by means of a high-resolution crystal
spectrometer.5a,8 The spectrometer, under vacuum condi-
tions (10-6 mbar), consists of a diffraction crystal curved in
Johansson geometry and a position-sensitive X-ray detector.
The incident X-rays and X-ray emission angle relative to
the target surface were set to 45�, giving a scattering angle
of 90 degrees. Emitted photons were reflected in first order
by a 3 cm high � 7.5 cm wide cylindrical Si (111) crystal
(2d= 6.271 Å) with a 50 cm Rowland circle radius. The
emitted photons were detected by a thermoelectrically cooled
(-40 �C) charge-coupleddevice (CCD) detector consisting of
770 � 1152 pixels, each having a size of 22.5 � 22.5 μm2. In
order to exploit the length of theCCD camera tomeasure the
whole Kβ spectrum simultaneously at a fixed detector posi-
tion, the target was placed well inside the Rowland circle at a
distance of 27 cm from the diffraction crystal. The overall
experimental resolutionwas estimated to 0.5 eV at the energy
of the SKβ emission lines.Wemeasured>102 counts/s in the
maximum of the Kβ spectra, and sufficient statistics were
thus obtained after an acquisition time of a few minutes
for each spectrum. Possible systematic errors were investi-
gated bymeasurements of pure sulfur samples prepared with
the same procedure and located in different positions on
the sample holders, as well as repeated measurements of
the reference Na2SO4 sample at various times during the
experiment. They were found to be within the precision limit
of 0.08 eV. The reference energy was set equal to 2467.15 eV
for the Kβ1,3 line of the Na2SO4 sample which served as a
reference.9 S Kβ emission spectra were recorded with an

excitation energy of 2520 eV, assuring that resonance effects
will not influence the spectra.
The spectra were fitted with Pearson-VII functions that

provide a good approximation to aVoigt profile. Four or five
peaks were used for the oxy-anions and three or four for the
sulfides to achieve a satisfactory fit.Wenote that the choiceof
the number of peaks to fit the experimental spectrum is
arbitrary, since we do not know the exact number of electro-
nic transitions contributing to the spectral shape, and an
experimentally observed peak may be composed of several
transitions that cannot be resolved experimentally.
The sulfur compounds used in this work, chosen to include

different local structures, coordinations, and sulfur chemical
states, are listed inTable 1.Most samples have been obtained
from themineralogical collection of theDepartment of Earth
Sciences of the University of Camerino. All samples have
been carefully characterized by X-ray diffraction to ensure
the absence of multiple phases. The parameters necessary to
construct the cluster models were extracted from crystallo-
graphic databases.10 Similar samples were used elsewhere,5a

where further details on their structure can be found.

Calculations

Ab initio quantum chemical calculations were carried out
with the StoBe-deMon DFT code.11 To model Kβ emission
spectra, the Kohn-Sham orbitals of the ground state poten-
tial are used to represent both initial and final states.12 The
computed spectral transitions were convoluted with 0.5 eV
FWHM Gaussian functions to model the experimental
broadening. An overall shift of the energy scale was applied
to each spectrum to coincide with experimental results. The
exchange-correlation functionals used in the sulfur calcula-
tions were the GGA exchange functional by Becke, Be88,13

Table 1. Photon-Energy Values (eV) of the Maximum of the Strongest Kβ
Spectral Features of Various Sulfate, Sulfite, and Sulfide Compounds

compound
formal
ox. st. Kβ0 Kβx Kβ1,3 Kβ0 0 Kβxx

Na2SO3 4þ 2451.84 2463.98 2465.83 2469.60 2472.31
Na2SO4 6þ 2452.91 2465.67 2467.15 2470.06
CaSO4þH2O 6þ 2452.69 2466.04 2466.91 2470.45
SrSO4 6þ 2452.77 2465.98 2467.01 2470.37
BaSO4 6þ 2452.81 2465.61 2467.18 2470.78
CaSO4 6þ 2452.70 2465.98 2466.83 2470.59
PbSO4 6þ 2452.79 2465.47 2467.00 2470.52

compound
formal
ox. st. A B C D

MoS2 2- 2463.00 2464.70 2466.57
PbS 2- 2459.93 2465.69 2467.29
ZnS 2- 2458.99 2462.96 2465.89 2469.78
HgS (cinnabar) 2- 2460.39 2464.48 2466.80 2469.99
As2S3 2- 2459.01 2464.48 2467.16 2469.85
FeS2 2- 2463.62 2466.22 2469.33
Fe1-xS 2- 2462.61 2465.09 2468.16
CuFeS2 2- 2463.05 2464.59 2467.34
(Cu,Fe)12Sb4S13 2- 2459.35 2463.04 2464.71 2467.71
Cu5Fe4 2- 2462.60 2463.87 2467.84
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and the GGA functional by Perdew, PD86,14 for the correla-
tion part. For further details on the calculations, see €Ostr€om
et al.15 and Triguero et al.16 The StoBe-deMon code uses
clustermodels to represent extended systems. The clusters used
in this work are similar to those used in Alonso Mori et al.5a

The long-range effects of the environment in ionic systems
including larger clusters makes it difficult to build a balanced
neutralmodel, and inmany cases it proved impossible to derive
a computationally stable model sufficiently small to be tract-
able. A Mulliken analysis was performed for the discussion in
terms of atomic orbitals. The results of the Mulliken analysis
are shown as histograms in the figures (vide infra). The average
of their atomic character is shown in the histograms when a
spectral feature is composed of variousmolecular orbitals with
similar character.

Results and Discussion

The analysis of the results is separated into oxidized (sulfate
and sulfite) and reduced (sulfides) sulfur species. The assign-
ment of the spectral features in previous works is presented
and critically discussed in light of the data of the present work
that were obtainedwith improved instrumental resolution and
compared with new quantum chemical calculations.

A. Oxidized Sulfur (S6þ and S4þ). S Kβ emission spec-
tra of various sulfate, and one sulfite, compounds are
shown in Figure 1. The emission energies of the maxima

for the main spectral features, labeled Kβ0, Kβ1, Kβx,
and Kβ00 as well as Kβxx for the sulfite, are reported in
Table 1. The spectra have already been described by several
authors.7b,17 We observe a previously unreported feature in
the sulfates around 2480 eV (see magnified spectrum in
Figure 1), which we assume is due to multielectron excita-
tions. The spectrum of Na2SO3 is similar to those of the
sulfates, except for the additional feature Kβxx at higher
energies (Figure 1). The feature Kβ00 (2469.60 eV) in the
sodium sulfite spectrum has not been previously reported
(Table 1).
Previous works show calculations based on LCAO

molecular orbital approaches, which inferred the valence
molecular orbital structure of the sulfate (SO4)

2- 18 and
sulfite (SO3)

2- 18b,c,e ions, and can be used to discuss the
Kβ emission spectra. The sulfur and oxygen valence or-
bital electrons combine following the symmetry of the
compound, Td for the sulfate ion and the lower C3v sym-
metry for the sulfite ion, to form molecular orbitals.
According to the mentioned LCAO calculations, the
sulfate ion has seven occupied molecular orbitals in the
valence level, labeled according to the irreducible repre-
sentations of Td, with symmetries 1a1, 1t2, 2a1, 2t2, 1e, 3t2,
and 1t1

19 in order of increasing energy. By the dipole
selection rule, transitions into the 1s level are allowed only
from the orbitals of t2 symmetry. Thus, the presence of
three spectral peaks,Kβ0,Kβ1,3, andKβ00, can be explained
as transitions from the molecular 1t2 (mainly composed of
S3pþO2s), 2t2 (mainlyS3pþO2p), and 3t2 (mainly S3dþ
O2p) orbitals, respectively. The Kβx feature, however,
cannot be explained within this approach. The previous
calculations similarly give for the sulfite ion a valence
structure consisting of the following occupied molecular
orbitals: 1a1, 1e, 2a1, 2e, 3a1, 3e, 4e, 1a2, and 4a1.

20 Dipole
transitions into the 1s shell are allowed from themolecular
orbitals with a1 and e symmetry. The sulfite experimental
spectral features are therefore assigned to all aforemen-
tioned valence orbitals except 1a2. On the basis of their
energies, the first peak, Kβ0, is due to 1e with a small con-
tribution of 1a1 (mainly populated by S3p and O2s). The
main peak, Kβ1,3, is assigned to 2e and 3a1 (mainly S3pþ
O2p).The shoulder,Kβx, at lower energy is associatedwith
2a1 (mainly S3p andO2s 2p). Finally, the feature Kβxx has
been denoted in the literature as Kβ00 and ascribed to the
4a1 orbital (mainly O2p and little S3p).20 The higher
instrumental resolution in the present study leads to a
reassignment ofKβ00 to the feature at 2469.60 eV, reported
here for the first time, and to which we ascribe the 4a1
orbital, whereas the origin of Kβxx cannot be explained
within the LCAO approach.

Figure 1. High resolution S Kβ X-ray spectra of some sulfate minerals
and of Na2SO3. The spectra of PbSO4 and Na2SO3 have been fitted with
Pearson-VII functions.
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Ground state DFT calculations were used in the pre-
sent study for modeling the experimental spectra.12 In
Figure 2A, we show the theoretical spectrum for Na2SO4

including the first coordination sphere for sulfur, i.e., the
tetrahedral sulfate ion, (SO4)

2-. The calculation is in good
agreement with the experimental spectrum, indicating that
the cations do not significantly influence the spectral profile.
The spectral features can be assigned to molecular orbitals
following a Mulliken analysis. The character of the molec-
ular orbitals contributing to the sulfate spectral features is
shown in Table 2. We note that the intensity of peak Kβx is
underestimated in the calculations.The reason is that, for the
spectrum shown, only the anion, i.e., a small five-atom
(SO4)

2- cluster with Td symmetry, was used in the calcula-
tions.However, a larger cluster including the cations changes
the point group symmetry, and as a consequence a different
mixing of the atomic orbitals will be allowed, leading to a
new configuration ofmolecular orbitalswith different dipole
transition matrix elements that form the Kβ spectrum. We
can observe this effect in the calculation including a larger 7
ÅNa2SO4cluster shown inFigure2A,where theKβx feature
is better reproduced. Moreover, in the calculation of the
(SO3)

2- cluster (Figure 2B), the Kβx feature is also visible
due to its lower C3v symmetry. In the larger Na2SO4

calculation, additional symmetry-allowed transitions model
the Kβ spectrum. The results of the atomic orbital popula-
tion analysis are similar to those of the sulfate ion calcula-
tion. A scheme of the atomic contributions to the mole-
cular orbitals associated with the transitions producing the

different spectral features obtained by the 7 Å Na2SO4

cluster calculation is shown in the bottom of Figure 2A.
Similar DFT calculations were performed for sodium

sulfite (Figure 2B). The atomic partial chargesmodeling the
spectral shape obtained with the four atoms anion (SO3)

2-

are reported in Table 2. The calculation underestimates the

Figure 2. SKβX-ray experimental spectra of sodium sulfate and sodium sulfite alongwith calculationswith different cluster sizes. A scheme of the atomic
contributions to the transitions that give rise to spectral features is shown in the bottom.

Table 2. Character of the Molecular Orbitals Contributing to the Spectral
Features for Sulfate, Sulfite and Sulfide Clusters

features (SO4)
2- (SO3)

2- ZnS

2449.47 eV 2458.97 eV

Kβ0 S3p 12% S3s 26% S3p 12% A Zn3d 99%
O2s 86% O2s 60% and O2s 80% S3p 1%

O2p12% O2p 6%
Kβx S3s 21% S3s 37% B central S3p 6%

O2s 47% S3p 10% other S3p 43%
O2p 32% O2s 36% Zn4s 33%

O2p 15% Zn3p 8%
Kβ1,3 S3p 25% S3p 42-26% C central S3p 30%

O2s 19% O2s 8-18% other S3p 43%
O2p 56% O2p ∼50% Zn3p 19%

Kβ0 0 S3p 4% S3p1-3% central S3p 8%
S3d 8% S3d 8-5% D other S3p 80%
O2p 88% O2p ∼85% Zn4s 4%

Zn3p 4%

Only for Na2SO3 cluster

Kβxx S3s 13%
S3p ∼12%
O2p ∼40%
Na2s ∼13%



6472 Inorganic Chemistry, Vol. 49, No. 14, 2010 Mori et al.

strength of the transition moments between the orbitals
associated with Kβ00. The character of this peak, similar
to the Kβ00 feature in the sulfate spectrum, supports the
assignment of this peak, which was not previously reported
in the literature, as Kβ00. Accordingly, we label the feature
present at higher energies (2472.3 eV) as Kβxx, which was
reported in other works as Kβ00. Kβxx is not reproduced in
the simulation based on the naked anion, but in the calcula-
tion with a larger 5 Å Na2SO3 cluster this feature is clearly
visible (Figure 2B). Symmetry arguments similar to those
used for the feature Kβx in the sulfate discussion can be
invoked here for the feature Kβxx, which is associated with
transitions that are only allowed in the lower (C3) symmetry
of the 5 ÅNa2SO3 calculation. These examples demonstrate
the importance of symmetry arguments to account for spec-
troscopic data. According to the larger simulation, Kβxx is
the only feature where sodium cations contribute to the
spectral shape, and therefore Kβxx would be a spectral fea-
ture that can be expected to be sensitive to changes related to
the cations in oxy-anions. However, the spectral intensity
mainly arises fromO and S, and the sensitivity to the type of
cation may be weak. All other spectral features simulated
with the larger cluster are in good agreement with the simple
four-atom naked anion calculation.
A remarkable difference between both sulfate and

sulfite species is the shape of Kβ0, which is characteristic
of oxy-anions reflecting the binding between the S3p
and O2s orbitals. Kβ0 is broader in the sulfites where
two molecular orbitals with different electronic character
are involved, whereas in the sulfates the low-energy
transitions are forbidden (Table 2). Besides, feature
Kβxx is not present in the sulfate spectra and can thus
be used to identify the presence of tetravalent sulfur
in unknown or multivalent systems. We also note that a
S 3d contribution is only weakly found in Kβ00 for sulfur

oxy-anions, although it has been discussed earlier in the
literature.21

B. Reduced Sulfur (S2-). Sulfur Kβ emission spectra of
various sulfide compounds are reported in Figure 3. The
spectral shape is strongly affected by the structure, bond dis-
tances, angles, and ligand type.The energyvaluesof the char-
acteristic peaks obtained from the fits are given in Table 1.
The majority of the sulfur Kβ emission spectra shown here
have been reportedpreviously by Sugiura et al.,7a,22 although
with considerably lower instrumental resolution.
The five Cu/Fe containing sulfide spectra (CuFeS2, (Cu,

Fe)12Sb4S13, Cu5FeS4, Fe1-xS, and FeS2) have similar spec-
tral shapes, indicating a similar p-electron density in the
valence level of S. They are characterized by a prominent
peak, C; a well-resolved feature at higher energy, D; and a
shoulderat lower energy,B.The spectrumof (Cu,Fe)12Sb4S13

Figure 3. High-resolution S Kβ X-ray spectra of various sulfide compounds where the spectra of As2S3 and Cu5FeS4 have been fitted with Pearson-VII
functions.

Figure 4. S K-edge XANES and Kβ emission spectra of R-HgS
(cinnabar), CdS (hawleyite), and ZnS (sphalerite). The atomic structures
are also shown.

(21) Stromberg, A.; Wahlgren, U.; Pettersson, L. G. M.; Siegbahn, P. E. M.
Chem. Phys. 1984, 89, 323-328.

(22) Sugiura, C.; Suzuki, I.; Kashiwakura, J.; Gohshi, Y. J. Phys. Soc.
Jpn. 1976, 40 (6), 1720-1724.
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also showsaclear feature, labeledA,at even lower energy that
isnotobserved in theotherCu/Fesulfides.Wedidnotachieve
convergence in theDFTcalculations for these systems,andan
analysis of the spectra based on the molecular orbital transi-
tions is thus not possible.
Themetal cations in ZnS, CdS, andR-HgS exhibit a filled

highest d shell (Zn 3d10, Cd 4d10, andHg 5d10), and sulfur is
expected tohave a similar valence electronic structure for the
three systems.5a This leads to very similar Kβ XES spectra
even for different sulfur local structures and coordinations.
As shown in Figure 4, the S local symmetry is Td in ZnS and
CdS and distorted Oh in the case of R-HgS. The emission
spectra consist of two features around 2466 eV (C andD), a
shoulder in the lowenergy side (B) anda third feature at even
lower energy (A). A comparison between Kβ XES and
XANES nicely illustrates the sensitivity of the different
techniques (Figure 4).While the threeKβXES spectra show
a very similar shape, in XANES this only holds for ZnS and
CdS, whereas the R-HgS XANES spectral shape is very
different from that of the other two compounds. The reason
is thatKβprobes localized occupied orbitals that participate
in the bonding, which is similar in the three systems with
filled d-shell cations, while the XANES spectral shape
depends on the scattering properties of the extended atomic
environment.
We have modeled the experimental S Kβ emission

spectrum of ZnS by means of DFT calculations. The

theoretical and experimental spectra are in good agree-
ment (cf. Figure 5). The simulated cluster includes 4.5 Å
and 29 atoms. The character of the molecular orbitals
involved in the transitions associated with the spectrum is
reported in Table 1. The feature A is due to the transition
into the 1s shell from a group of molecular orbitals with
almost pure Zn d character. The d orbitals in the metal
cation of these compounds are fully occupied and barely
mix with the sulfur orbitals. The character of the rest
of the molecular orbitals indicates some hybridization
between the central and the neighboring sulfur atoms.
The results obtained for ZnS can be extrapolated to

R-HgS andCdS. Similarities with the spectra ofAs2S3 and
PbS, where the feature A is visible, can also be found;
these metal cations also have a filled d-orbital shell close
to the valence shells.Moreover featureA is also present in
the only Cu/Fe sulfide experimental spectrum with a full
d-orbital provided by the Sb atoms, (Cu,Fe)12Sb4S13. We
assume that this feature is related to a full d-orbital close
to, or in, the valence shells.

Conclusions

The comparison of S Kβ XES spectroscopy and theoreti-
cally calculated spectra is a valuable tool to extract informa-
tion about the electronic structure of sulfur in various sulfur-
containing compounds. The calculations, based on DFT,
provide the contributions of the different molecular orbitals
to the spectral shape, giving information about the bonding
and hybridization of sulfur with the cations. The localized
character of the orbitals involved in the emission process
renders theDFT cluster simulations an appropriate approach,
where the main spectral features can be reproduced and thus
interpreted in terms of transitions between molecular orbitals
The Kβ spectra are also influenced by the sulfur local

symmetry that determines the intensity of the electron transi-
tions to the S 1s orbital. The spectral shape for all sulfur oxy-
anions is similar. However, an additional feature at high
energies appears in the sulfite spectra due to the lower
symmetry. Calculations of the sulfides based on DFT are
challenging, and convergencewas achieved only for ZnSwith
a filled 3d shell.
A more in-depth interpretation of the Kβ spectral shape is

currently limited by the accuracy of the computational
approach. The results obtained on sulfates and sulfites in
the present study are promising. A more suitable approach
for the sulfides may be band-structure calculations that
consider the long-range order. XES may be more accessible
to theoretical modeling than XANES due to the localized
character of the orbitals that give rise to the spectra, while the
two techniques are complementary in the information they
can provide. Unlike for XAS measurements, no monochro-
matic tunable incident energy is required, and an efficient
XES spectrometer can push the detection limit into the range
of a few hundred parts per million.
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Figure 5. S Kβ X-ray experimental spectra of ZnS along with a 4.5 Å
cluster theoretical spectrum. Schemes show the atomic contributions to
the transitions modeling the spectra.


