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ABSTRACT 

Dimethyl sulfoxide (DMSO) is an important polar solvent that derives its unique properties from 

the lone pair and strongly polar bond at the sulfinyl functional group. To derive the local and 

symmetry-resolved electronic structure of liquid DMSO, we have used resonant inelastic soft x-

ray scattering (RIXS) maps at the S L2,3, C K, and O K edges. The experimental data is compared 

to spectra calculations based on density functional theory, which allows a detailed analysis of the 

molecular orbitals throughout the molecule. In the RIXS maps, we find the signature of molecular-

field splitting of the S 2p core levels, vibronic coupling, and ultra-fast nuclear dynamics on the 

timescale of the RIXS process. 
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Dimethyl sulfoxide (DMSO) is a commonly used highly polar solvent. It dissolves a wide range 

of both polar and non-polar organic and inorganic compounds, and has a comparatively low 

toxicity, which has led to its wide-spread use. DMSO has a trigonal pyramidal structure (see Figure 

S1) with a lone pair at the sulfur atom. Its advantageous properties are strongly defined by the 

sulfinyl functional group, in which the nature of the bond between sulfur and oxygen plays a 

crucial role. This bond has been intensively investigated, mostly based on density functional theory 

(DFT) calculations, and described with both double-bond and zwitterionic characteristics1–3. On 

the experimental side, the structure of liquid DMSO has been studied using x-ray and neutron 

diffraction4,5 as well as NMR spectroscopy3. 

To probe the electronic structure of DMSO, x-ray spectroscopy in the hard6,7 and soft6,8–12 x-ray 

range has been employed. In an early pioneering study by Sze et al.6, the x-ray absorption (XAS) 

spectra of gas phase DMSO were collected at the S L2,3, S L1, C K, O K, and S K edges with a first 

tentative assignment of spectral features. In a recent S K XAS study, combined with density 

functional theory (DFT) spectra calculations, a signature of hydrogen bonding in liquid DMSO 

was observed7. All other recent soft x-ray studies used XAS, x-ray emission spectroscopy (XES), 

and/or resonant inelastic x-ray scattering (RIXS) at the O K edge, to probe different aspects of 

DMSO from the viewpoint of the sulfinyl oxygen. O K RIXS studies of pure liquid DMSO focused 

on the S-O bond8 as well as the molecular orbital symmetry, exploiting the angular anisotropy of 

RIXS10. Furthermore, the hydrogen-bonding network in DMSO/water mixtures was investigated 

using XAS9,12 and RIXS9. 

In the present study, we probe all accessible sites of the molecule by employing RIXS (as well as 

non-resonant XES) at the S L2,3, C K, and O K edges, in combination with DFT calculations, to 

derive the first complete picture of the electronic structure of liquid DMSO.  
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The understand the spectral features in our RIXS maps, we first discuss the experimental non-

resonant O K, C K, and S L2,3 XES spectra (black) of DMSO in Figure 1, together with DFT-based 

spectra simulations (blue). Calculated intensities and energies of the individual transitions are 

shown as colored vertical lines, while the continuous blue spectrum was calculated after 

broadening with Voigt line profiles. The Gaussian widths were kept constant for all transitions 

(corresponding to an assumed constant instrumental resolution). For S L2,3, the strongest emission 

lines are well separated, which allows us to choose the Lorentzian widths separately for each 

emission line. For N and O K, this is not the case, and – as a simple approximation – Lorentzian 

widths were chosen to increase linearly towards lower emission energies (to account for variations 

in the lifetimes of the involved core and valence holes13). To align the position of the HOMO 

(14a’) transition with the experimental data at each edge, the calculated spectra needed to be shifted 

by only small amounts (< 1 eV). The theoretical energy scales for all edges were then stretched by 

a factor of 1.06 to align with the experiment over the full energy range. For the experimental C K 

and S L2,3 XES spectra, contributions from higher orders of O K (for C K) and C K (for S L2,3) 

emission, excited by higher orders/harmonics of the beamline, were subtracted. The energy axes 

for O K, C K, and S L2,3 were aligned in Figure 1 such that features originating from the same final 

state are aligned, as also indicated by the dashed vertical lines. 



 5 

  

Figure 1. Non-resonant O K (top), C K (center), and S L2,3 (bottom) XES spectra of DMSO. 

Experimental spectra (black) are shown in comparison with DFT-based spectra calculations (blue). 

The latter are shown as colored vertical lines, illustrating the intensities and energies of the 

individual valence hole final states (14a’ to 7a’, as labelled next to the respective lines for O K, C 

K, and S L3). Theoretical spectra after broadening with Voigt line profiles are shown as blue 

continuous lines.  
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The three spectra give a quite comprehensive picture of the occupied valence orbitals of DMSO, 

spreading over an energy range of more than 20 eV. Except for a few distinct differences (which 

will be discussed further below), the calculations are in very good agreement with the experimental 

spectra. This allows us a detailed assignment of the spectral features and a discussion of the 

spectral intensities based on the iso-density surfaces in Figure 2 and the Löwdin population 

analysis14 of the involved orbitals in Table S1 in the supporting information. The main aspects for 

this discussion are a suitable local symmetry (p-type for K emission and s- or d-type for L2,3 

emission) and the overlap of the orbitals at the respective atomic sites. 

While this is straight-forward for O K and C K XES with a single core level, the situation for S 

L2,3 XES is more complex. In DMSO, the S 2p core levels experience both spin-orbit and 

molecular-field splitting15–17. Since the spin-orbit splitting of ~1.2 eV18,19 is much larger than the 

molecular-field splitting ΔE𝑀𝑀𝑀𝑀, which is ~0.15 eV in our case (see below), mixing of states with 

different j can be neglected16 and splitting into three levels, i.e., one 2p1/2 and two 2p3/2 levels, is 

expected. This was discussed in detail by Gel’mukhanov et al. for the S 2p photoemission and 

L2,3VV Auger spectra of H2S15,16, giving the wave functions for the molecular-field split 2p3/2 

levels as a linear combination 𝜓𝜓 = 𝐴𝐴�32 ±3
2� + 𝐵𝐵�32 ∓12� of the atomic eigenfunctions |𝑗𝑗𝑗𝑗⟩, while the 

wave function 𝜓𝜓 = �12 ±1
2� of the 2p1/2 level is undisturbed16. The coefficients A and B, as well as 

ΔE𝑀𝑀𝑀𝑀, can be determined analytically as a function of the S 2p ionization potentials 𝐼𝐼(𝑆𝑆 2𝑝𝑝𝑥𝑥), 

𝐼𝐼�𝑆𝑆 2𝑝𝑝𝑦𝑦�, and 𝐼𝐼(𝑆𝑆 2𝑝𝑝𝑧𝑧), calculated without taking the spin-orbit splitting into account16. Using this 

approach and the ionization potentials from our StoBe calculations, we estimate a molecular-field 

splitting of ΔE𝑀𝑀𝑀𝑀 = 0.15 𝑒𝑒𝑒𝑒 for the S 2p3/2 levels in DMSO, and derive the wave functions of the 

2p1/2 and 2p3/2 levels. Using the 2p orbitals without spin-orbit splitting (see iso-density surfaces in 
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Figure 2) as a basis, we get √3�2𝑝𝑝1/2� = |2𝑝𝑝𝑥𝑥⟩ + �2𝑝𝑝𝑦𝑦� + |2𝑝𝑝𝑧𝑧⟩, �2𝑝𝑝3/2�1 = 0.112|2𝑝𝑝𝑥𝑥⟩ +

0.756�2𝑝𝑝𝑦𝑦� + 0.645|2𝑝𝑝𝑧𝑧⟩, and �2𝑝𝑝3/2�2 = 0.809|2𝑝𝑝𝑥𝑥⟩ + 0.308�2𝑝𝑝𝑦𝑦� − 0.501|2𝑝𝑝𝑧𝑧⟩. In Figure 1, 

the emission intensities for these three core-level hole initial states |𝐶𝐶𝐶𝐶⟩ and the valence hole final 

state |𝑓𝑓⟩ are then simulated by  

𝐼𝐼𝑓𝑓,𝐶𝐶𝐶𝐶 = (ℎ𝜈𝜈)3�∑ |⟨𝑓𝑓|𝑎𝑎�|𝐶𝐶𝐶𝐶⟩|2𝑎𝑎�=𝑥𝑥�,𝑦𝑦� ,𝑧̂𝑧 � = (ℎ𝜈𝜈)3 �∑ �∑ 𝑐𝑐𝑏𝑏,𝐶𝐶𝐶𝐶⟨𝑓𝑓|𝑎𝑎�|2𝑝𝑝𝑏𝑏⟩𝑏𝑏=𝑥𝑥,𝑦𝑦,𝑧𝑧 �
2

𝑎𝑎�=𝑥𝑥�,𝑦𝑦� ,𝑧̂𝑧 �, 

with the cartesian components of the dipole matrix elements ⟨𝑓𝑓|𝑎𝑎�|2𝑝𝑝𝑏𝑏⟩ calculated by StoBe, and 

the coefficients 𝑐𝑐𝑏𝑏,𝐶𝐶𝐶𝐶 given above. 

While the experimental resolution for the S L2,3 data would be in the range of the expected 

molecular-field splitting, the sharpest feature in the emission spectra (the 14a’ S L2 emission) has 

a width of ~0.5 eV, which we attribute to lifetime, inhomogeneous, and – probably dominating – 

vibronic broadening. In fact, coupling to the symmetric umbrella bend in the methyl moieties was 

observed for S 2p photoelectron spectroscopy of dimethyl sulfide20, and it is reasonable to expect 

that this also happens for S L2,3 of DMSO. Thus, the molecular-field splitting is too small to be 

resolved in the experiment. In contrast, the composition of the core levels in terms of S 2px, 2py, 

and 2pz does directly influence the spectral intensities, as will be discussed below. 
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Figure 2. Energy diagram and iso-density surfaces (iso-surface value: 0.05 𝑒𝑒 Å3⁄ ) of the occupied 

and three lowest unoccupied ground state valence orbitals of DMSO. The non-relativistic S 2p 

core orbitals are illustrated in the red box on the bottom right. 

 

In the following, we discuss the contributions of all valence orbitals to the O K, C K, and S L2,3 

XES spectra, starting with the 14a’ orbital (HOMO) and continuing to lower-lying orbitals. We 

find that the 14a’ and 7a” orbitals are dominated by O 2p contributions – in a simplified picture 

representing the lone-pair orbitals at the oxygen atom – and give rise to the strongest spectral lines 

in the O K XES at 527.6 and 526.7 eV, respectively. Furthermore, these orbitals also extend to the 

S and C atoms, including C 2p and S 3s and 3d contributions, and thus corresponding emission 

lines are also found for C K (281.2 and 280.1 eV) and S L2,3 XES (162.6 and 161.3 eV for S L3). 
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While the spectral shape and relative intensities of the broadened theory curve gives a good 

description for C K XES, the HOMO peak in the broadened O K XES calculation appears more 

intense than in the experimental spectrum. There are several factors that might play a role: first, 

the calculated spectra are broadened with symmetric profiles, while some asymmetry can be 

expected due to vibrational broadening. This could shift some intensity of the 14a’ line to lower 

emission energies, lowering the intensity of the highest-energy peak at 527.5 eV while increasing 

that of the peak at 526.6 eV. Second, the calculations were performed for an isolated DMSO 

molecule, while the experiment probes liquid DMSO. In the latter, some influence of the 

neighboring molecules is expected, in particular for the O lone pairs participating in hydrogen 

bonding, as has been studied for DMSO/water mixtures9. 

For S L2,3, the situation is interesting: emission involving the 14a’ orbital gives only significant 

intensity with �2𝑝𝑝3/2�2 or �2𝑝𝑝1/2� initial states, while nearly no intensity is expected for �2𝑝𝑝3/2�1. 

The situation is then reversed for 7a”, with emission mainly involving �2𝑝𝑝3/2�1. We note that the 

7a” intensity is underestimated in the calculation, which might be caused by the interaction with 

neighboring molecules not included in the calculation. 

13a’ and 12a’ again exhibit significant O 2p contributions, leading to the two prominent O K 

emission lines at 524.5 and 523.2 eV. These orbitals also have C 2p contributions, and the 

calculation thus predicts significant contribution for the C K emission as well. In contrast, they 

only have small admixtures of S 3s and 3d, and the corresponding lines are very weak in the S L3 

emission; however, they are still visible, since they are well separated from any other line with 

larger emission intensity. 6a”, as well as 5a” through 10a’, are dominated by C 2p contributions 

with very small overlap with the O atom and no S 3s or 3d contributions. Consequently, the 
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corresponding lines are very strong for C K XES, while they lead to only weak (but distinctive) 

features in the O K and S L3 XES. 

The main contribution to the 9a’ orbital is from S 3s, leading to the most prominent S L2,3 emission 

lines at 152.6 and 153.8 eV. Since this orbital is well separated from the others and has some minor 

O 2p and C 2p contributions, we can also identify corresponding peaks in the C K and O K XES. 

The 3a” orbital is mainly derived from C 2s and has no overlap and/or the wrong symmetry to lead 

to an emission line in any of the three spectra. Finally, 8a’ and 7a’ have significant S 3s character, 

giving two distinct emission lines in the S L2,3 XES. 7a’ also has some O 2p admixture, leading to 

a weak emission line in the O K XES. 

We note some (weak) intensity in the experimental S L2,3 XES around 150.5 eV, which has no 

counterpart in the calculated spectrum. This feature can likely be attributed to “semi-Auger” 

satellites, which we have previously observed in the S L2,3 emission of alkaline earth metal 

sulfides21.  

 

Figure 3. O K (left), C K (center), and S L2,3 (right) RIXS maps of liquid DMSO. The emission 

intensity is shown color-coded from blue (low intensity) to white (high intensity) as a function of 
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emission and excitation energies. Above the maps, emission lines are labeled and marked 

according to their calculated non-resonant emission energies. 

In Figure 3, the RIXS maps at the O K, C K, and S L2,3 edges are shown. For the S L2,3 map, 

contributions from 2nd order C K emission excited by higher orders/harmonics of the beamline 

have been subtracted. Emission lines are labeled at the top of each map using the calculated non-

resonant emission energies. Along the excitation energy direction (ordinate), the map can be 

divided into three regions: (1) below the absorption edge, where no emission and only elastically 

scattered photons (at equal excitation and emission energies) are found, (2) the area at and a few 

eV above the absorption edge, where significant changes of emission line energies and intensities 

are observed as a function of excitation energy, and (3) the area at higher excitation energies, where 

the emission lines do not shift and the spectra are very similar to the non-resonant spectra presented 

in Figure 1. Along the emission energy direction (abscissa), we can distinguish between the 

participant region, including and just below the elastic line, and the spectator region at even lower 

emission energies. 

In all three maps, we observe significant shifts of the emission lines around the absorption edge, 

caused by the interaction between the excited electron in one of the LUMO levels (“spectator”) 

and the final state valence hole; such shifts are often referred to as “spectator shifts”22,23. They are 

strongest for S L2,3 (up to 1.4 eV) and weakest for C K RIXS. 



 12 

 

Figure 4. a) Experimental C K spectra of DMSO with non-resonant (XES,ℎ𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒. = 319 𝑒𝑒𝑒𝑒) and 

resonant (RIXS, ℎ𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒. = 287.7 𝑒𝑒𝑒𝑒) excitation (black), in comparison with calculations for 

DMSO (blue) and DMSO minus one proton, i.e., 𝐶𝐶𝐻𝐻3𝑆𝑆𝑆𝑆𝑆𝑆𝐻𝐻2− (red, see text). The iso-density 

surface (iso-surface value: 0.05 𝑒𝑒 Å3⁄ ) of the HOMO of 𝐶𝐶𝐻𝐻3𝑆𝑆𝑆𝑆𝑆𝑆𝐻𝐻2− is also shown. b) 

Experimental S L2,3 spectrum at non-resonant (XES, ℎ𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒. = 184 𝑒𝑒𝑒𝑒) and S L3 spectrum at 

resonant (RIXS, ℎ𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒. = 166.9 𝑒𝑒𝑒𝑒) excitation (black), in comparison with the UV absorbance 

spectrum of DMSO digitized from24 (red). 

 

In the participant region, we find loss signals close to the elastic line at all absorption edges, which 

can be attributed to vibrational excitations. Relative to the elastic line, these features have low 

intensity for O K and S L2,3, while they are much more intense for C K, where strong coupling to 

the vibrational modes of the –CH3 moieties occurs. This is expected, since the nuclear dynamics 

on the time scale of the core-hole lifetime that give rise to the coupling25–27 will be stronger for the 

(light) protons at this functional group. A closer look at the excitation energy region around 

ℎ𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒. = 287.7 𝑒𝑒𝑒𝑒, with strong vibrational loss intensity, reveals a significant increase of the 

relative intensity of the emission line at ℎ𝜈𝜈𝑒𝑒𝑒𝑒. = 281.2 𝑒𝑒𝑒𝑒 compared to the non-resonant spectrum, 
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as is also visible in Figure 4 a). Such changes in relative intensities as a function of excitation 

energy can be caused by the angular anisotropy of the x-ray emission process28 for molecules. The 

linear polarization of the exciting photons (in the plane of the storage ring) can only excite orbitals 

(and consequently molecules) of suitable orientation. For processes, in which the molecule does 

not move significantly before emission takes place, this leads to an angular anisotropy of the 

emission as well, depending on the symmetry of the involved molecular orbitals. For DMSO, a 

significant effect of the angular anisotropy was found at the O K edge10. However, for the 

experimental geometry in our experiment with an angle of 45° between the polarization vector of 

the exciting photons and the direction of the outgoing photons, an anisotropy effect of only 15% 

is predicted when using the formalism of Luo et al.28, which will be further reduced by some 

movement of the molecules on the time scale of the RIXS process. Instead, we thus attribute the 

increased intensity at ℎ𝜈𝜈𝑒𝑒𝑒𝑒. = 281.2 𝑒𝑒𝑒𝑒 to nuclear dynamics in the core-excited state, leading to 

the full removal of one of the protons. As an approximate model for the fully dissociated state, we 

have calculated the C K XES spectrum of DMSO minus one proton, i.e., 𝐶𝐶𝐻𝐻3𝑆𝑆𝑆𝑆𝑆𝑆𝐻𝐻2−, which is 

shown in red in Figure 4 a). Removing a proton from the –CH3 group changes the orbital structure, 

with the new HOMO orbital now dominated by the remaining lone pair electrons at the −𝐶𝐶𝐻𝐻2− 

moiety (see iso-density surface in Figure 4 a), which gives rise to the strongest peak of the spectrum 

(red). In a rough approximation, the experimental spectrum can then be described as a weighted 

sum of the calculated (non-resonant) spectrum of DMSO (representing processes without 

dissociation) and that of 𝐶𝐶𝐻𝐻3𝑆𝑆𝑆𝑆𝑆𝑆𝐻𝐻2− (representing processes with dissociation), which is shown 

in gold in Figure 4 a) and gives a good description of the experimental spectrum. 

For S L2,3 RIXS, significant spectral changes can be observed as a function of excitation energy.  

As discussed above, strong spectator shifts are observed, which is illustrated by dashed lines in 
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Figure 4 b), where the non-resonant S L2,3 spectrum is compared with the S L3 spectrum resonantly 

excited at 166.9 eV. In addition to the shifts, a significant broadening of the 9a’ emission line is 

observed for resonant excitation. This could be caused by stronger lifetime broadening of this 

particular final state, an increased vibronic coupling, and/or an overlap of different close-lying 

final state configurations, with the spectator electron in different formerly unoccupied valence 

states. 

In the emission energy region between 159 and 163 eV, where emission with final state holes in 

the 14a’ and 7a” is expected, we find three distinct features for excitation at ℎ𝜈𝜈𝑒𝑒𝑒𝑒𝑒𝑒. = 166.9 𝑒𝑒𝑒𝑒. 

At this energy, we expect very closely lying resonances involving the 8a” and 15a’ orbitals (see 

also discussion of Figure 5 below) that are expected to strongly overlap if vibrational broadening 

is included. This gives a total of 4 possible electronic final states. Discussing this in an energy-loss 

picture, we compare with the UV absorbance spectrum of DMSO24 (shown in red in Figure 4 b)). 

The electronic initial and final states are the same for RIXS and UV absorption and, disregarding 

nuclear dynamics in the RIXS process, energetics are expected to be very similar. In the energy-

loss picture, we have thus aligned the 0 of the energy scale of the absorption spectrum with the 

elastic line of the RIXS spectrum and find a good agreement between the energy positions in RIXS 

and UV absorption, as indicated by the dashed lines. In contrast, the relative intensities are very 

different, which is expected by the different transition matrix elements involved (Kramers-

Heisenberg formalism for RIXS and Fermi’s golden rule for UV absorption). We tentatively assign 

the lowest-energy emission line at 160.4 eV to the (7a”)-1(8a”)1 final state, the center line at 161.0 

eV to (7a”)-1(15a’)1 or (14a’)-1(8a”)1 final states, and the highest-energy emission line at 161.8 eV 

to the (14a’)-1(15a’)1 final state. 
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Figure 5. O K, C K, and S L2,3 partial fluorescence yield XAS spectra (black), extracted from the 

RIXS maps in Figure 3, in comparison with calculated XAS spectra. Colored vertical lines 

represent energies and intensities of individual transitions, while the blue curves show the 

calculations broadened by a Gaussian with a full width of half maximum of 0.7 eV. Below the two 

lowest transitions, the corresponding (ground state) orbital assignment is given. 

 

Figure 5 shows partial fluorescence yield (PFY) XAS spectra, extracted from the maps in Figure 

3 by integrating the emission intensity over the entire emission energy range of each RIXS map 

(excluding the elastic line). Calculated spectra are shown for comparison. For S L2,3 XAS, spectra 

were simulated in an analogous way as for XES. Depending on the edge, the calculations indicate 

changes in the energetic order of the orbitals involved in the two lowest absorption resonances: 

For O K and S L2,3 XAS, the first resonance involves the 14a’ and the second resonance the 8a” 
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orbitals, while this is reversed for C K XAS. The calculated spectra qualitatively reproduce the 

spectral features of the experimental spectra, but some relative intensities are different. In 

particular, spectral features are better defined for the calculation, which can be attributed to 

vibrational envelopes present in the experiment but not included in the calculation, as well as 

saturation effects that often affect XAS spectra collected with PFY. 

In summary, the complete electronic structure of liquid DMSO has been investigated using RIXS 

at the O K, C K, and S L2,3 edges. By comparing to DFT-based spectra calculations, the data allows 

a local and symmetry-resolved analysis of the orbital structure of DMSO. The calculated molecular 

orbitals are analyzed in terms of their atom- and symmetry-resolved Löwdin gross populations. 

We find some orbitals mostly located at individual atoms, while others are delocalized over several 

atoms or the entire molecule. The analysis of the S L2,3 XES spectra requires to take molecular-

field splitting of the S 2p levels into account, which strongly influences the relative intensities 

involving the 2p1/2 and molecular-field split 2p3/2 levels. The RIXS maps at all three absorption 

edges exhibit significant spectator shifts as a function of excitation energy. Furthermore, we find 

strong vibronic coupling and the ultra-fast removal of a proton on the timescale of the RIXS 

process for excitation at the −𝐶𝐶𝐻𝐻3 moieties of the molecule. We describe this in a simplified 

computational model, which can serve as an approach for other molecular systems without the 

need for an explicit molecular dynamics treatment. 

 

METHODS 

Pure liquid DMSO (99% purity, purchased from VWR) was measured with RIXS and XES using 

the flow-through liquid cell of our Solid and Liquid Spectroscopic Analysis (SALSA) endstation29 

at beamline 8.0.1 of the ALS. The high transmission of SALSA’s variable line space grating soft 



 17 

x-ray spectrometer30 allows to collect full RIXS maps, where the x-ray emission intensity is color-

coded as a function of excitation and emission energies30–32. During the measurements, the DMSO 

sample was continuously pumped through the liquid cell, replacing the probed volume several 

hundred times per second. In SALSA, the liquid is separated from the vacuum of the experimental 

station by thin (~100 nm) membranes made from Si3N4 (for the O and C K edges; SILSON) or 

amorphous carbon (for the S L2,3 edge; JAVU AB). We routinely monitor for spectral contributions 

of molecular fragments that might deposit on the membranes during the measurements but could 

not find any such contributions during the DMSO experiments reported here. The emission and 

excitation energy scales were calibrated using the prominent features of the O K XES spectrum of 

liquid water and the elastically scattered peak, respectively, as described in the Supplementary 

Information.  

The XES and XAS spectra at the C K, O K, and S L2,3 edges of an isolated DMSO molecule were 

calculated using the StoBe-DeMon package33. The modified generalized gradient approximation 

(GGA) exchange and correlation functionals of Becke and Perdew34–36 and double-zeta (for 

hydrogen) and triple-zeta (for carbon, oxygen, and sulfur)37 bases were employed for geometry 

optimization and single-point calculations. For core-excited atoms, diffuse IGLO-III basis sets38 

were used. XAS and XES transition probabilities were calculated by the half core-hole transition 

potential method39 or based on the ground-state, respectively. The transition energies were 

calculated with a Δ(Kohn–Sham self-consistent field) approach that includes differential 

relativistic effects associated with the removal of one electron from the 1s orbital39. In the case of 

the C emission, the role of the two indistinguishable carbon atoms needs to be briefly discussed. 

In the gas phase, the core hole would delocalize over the two carbon sites and an interference term 

for the cross section would need to be considered27,40. For liquid DMSO (as in our study), we do 
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not need to include this interference term, since the symmetry is (slightly) broken, thus localizing 

the core hole at one of the two sites.  
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