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The Chemical Bond in Carbonyl and Sulfinyl Groups Studied by Soft X-ray
Spectroscopy and ab Initio Calculations
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Erik Rubensson,[c] Nobuhiro Kosugi,[d] and Emad F. Aziz*[a, b]

The acetone and dimethyl sulfoxide (DMSO) molecules have
been thoroughly studied over the years.[1] Although their phys-
ical properties are very different, they are both widely used as
solvents for various chemicals. In addition, DMSO plays an im-
portant role in atmospheric chemistry as it is considered an in-
termediate in the atmospheric oxidation of dimethyl sulfide,[2]

and it has important pharmaceutical and biological applica-
tions. The electronic structure and dynamics of acetone have
recently been investigated with vacuum ultraviolet absorption
spectroscopy[3] and resonant inelastic X-ray scattering (RIXS),[4]

demonstrating that intermolecular interactions in the liquid
phase do not affect the intra-molecular interactions apprecia-
bly. Studies using Monte Carlo simulations revealed that the
dominant intermolecular interaction is steric rather than elec-
trostatic in liquid acetone.[5] DMSO has been given relatively
less attention experimentally, in spite of its importance and in-
triguing properties. Compared to acetone and other aprotic
solvents, it has a very large dipole moment and high boiling
and melting points (Table 1). The differences can primarily be
explained by the large polarity of the sulfinyl group in DMSO
compared to the carbonyl group in acetone, but the detailed
mechanisms behind the phenomenology are still under
debate. In ab initio molecular orbital calculations Pietro et al.

found that the sulfinyl group becomes zwitterionic (S+!O�)
or forms a double bond (S = O), depending on the basis set[1l]

(inset of Figure 1 a). Although the double-bond picture seems
to be widely accepted Clark et al[6] recently showed on a theo-
retical basis that the sulfur-oxygen linkage must be regarded
as a coordinate covalent (single) bond.

In this picture, the large dipole moments and dielectric con-
stants as well as the high boiling points and solvent power of
DMSO can be understood. On the other hand, it does not ex-
plain why the molecule is relatively inert. In addition, molecular
dynamics simulations have suggested that the partial charges
in the liquid DMSO might be different from those of an isolat-
ed molecule.[7]

Herein, we use X-ray absorption (XA), emission (XE), and res-
onant inelastic X-ray scattering (RIXS) at the oxygen K-edge to
study the carbonyl and sulfinyl groups of acetone and DMSO

Table 1. Experimental physical properties of DMSO and acetone.[6, 10]

Compound Dielectric
constant

Dipole
moment [D]

Melting
point [8C]

Boiling
point [8C]

DMSO 47.24 3.96 17.89 189
Acetone 21.01 2.88 �94.7 56.05

Figure 1. a) Schematic presentation for the LiXEdrom setup. b) The total
fluorescence yield obtained from acetone and DMSO respectively (with
a comparison spectrum from literature).
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in liquid form. Our recently developed high-resolution X-ray
emission spectrometer that was specifically designed for meas-
urements with a liquid micro-jet is used for this study.[8] A
schematic presentation for the setup is shown in Figure 1 a.
The XE spectra have been assigned with the help of ab initio
Hartree–Fock and configuration interaction (CI) calculations
using the GSCF3 code.[9] We correlate the origin of the solvent
power of DMSO to the partial negative and positive charge lo-
cated on the oxygen and the sulfur of the sulfinyl group. The
molecular orbitals of acetone and DMSO as well as the energy
gap allow us to draw detailed information concerning the
chemical stability of these solvents and its electrophilic and nu-
cleophilic reactivity.

Oxygen K-edge TFY spectra of acetone and DMSO are
shown in Figure 1 b. A reference spectrum for acetone ob-
tained from a flow cell separating the liquid acetone from the
vacuum by Si3N4 membrane measured by Tokushima et al.
(dashed curve) is also included.[11] The XA spectrum of acetone
is dominated by the transition from the oxygen 1 s orbital to
the lowest unoccupied molecular orbital (LUMO) at 531.3 eV.
The LUMO has p* character and due to the attractive potential
of the core hole, the O 1 s�1p* resonance appears below the
ionization limit.[12] The spectral features are much broader than
the gas-phase spectrum[13] and it is not trivial to determine the
exact position and the origin of the features at higher energy.
Nevertheless, from the interpretation of the gas-phase features
by Hitchcock et al.[13] we can attribute the broad peak between
535 and 538 eV to unoccupied valence states of oxygen p-
character. In the gas-phase case we would expect to find Ryd-
berg states in the region between 541 and 544 eV[1h, k, 14] fol-
lowed by doubly excited states at higher energies. Rydberg
states could be mixed with carbon-derived anti-bonding orbi-
tals of the same symmetry, and in the liquid further smearing
of the spectral features is due to the interaction with neighbor-
ing molecules. Finally, we assign the absorption peak centered
at 547 eV to the shape resonance (s*), in analogy with the gas-
phase assignment.[15]

The peak at the lowest energy in the DMSO spectrum is
found at 532.8 eV. Following Sze et al. , we assign this peak to
a transition from the oxygen 1 s orbital to the LUMO, which,
also in DMSO primarily has p* character.[16] Indeed, the p* reso-
nance is only observed for molecules which have p bonding.[17]

Thus, already this observation suggests the sulfinyl group
rather has a double (S = O) bond than a single (S+!O�)
bond.[6] The features at higher energy of DMSO are most likely
due to transitions to MOs with local oxygen p-character. The
peak at 534.2 eV is of low-lying s* character in the relatively
weak sulfur-oxygen bond. For molecules with a carbonyl
group, the s* resonance lies in the continuum above the ioni-
zation potential (IP) due to its relatively strong anti-bonding
character. Note that the oxygen 1 s IP of DMSO in gas phase is
at 536.67 eV as obtained from X-ray photoelectron spectrosco-
py.[18]

The RIXS spectra of acetone excited on the oxygen 1 s�1p*
resonance and the high-energy non-resonantly excited XE
spectra are presented in Figure 2. The spectra are due to the
radiative decay of core-excited states as an electron from the

valence orbitals fills the core hole. In the RIXS process, also the
excited electron can fill the core in transitions to the electronic
ground state, giving rise to a quasi-elastic line with only vibra-
tional energy losses. The highest energy feature in Figure 2,
marked with a Gaussian fit (shaded gray), corresponds to the
elastic scattering and is used for energy calibration. Apart from
this feature, there are unresolved vibrational progressions.[4]

The dominant contribution is due to the C�O stretching mode
(shaded red). In order to understand the origin of the rest of
the emission peaks, we use the MO picture. According to
Zheng et al. ,[19] the occupied orbitals for a single acetone mole-
cule with the C2v symmetry in the increasing energy order are:
1a1, 2a1, 1b2, 3a1, 4a1, 5a1, 2b2, 6a1, 3b2, 7a1, 1b1, 1a2, 8a1, 4b2,
2b1, and 5b2 (HOMO). In Figure 2, the calculated XE peaks are
shown as bars below the experimental results. Accordingly, re-
laxation from the valence 5b2, 4b2, 3b2, 2b1, 1b1, 8a1, 7a1, 6a1

orbitals (emission from a2 type orbitals is dipole forbidden) to
the core-hole 1a1 takes place for both non-resonant and reso-
nant cases. The spectral features of the non-resonant series are
in good agreement with the theoretical predictions. A feature
unaccounted for by the calculation appears at emission ener-

Figure 2. RIXS and XE spectra for acetone together with the calculated spec-
tra (the insets are not intensity-normalized).
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gies above the 5b2 (HOMO) peak at 535 eV excitation energy
in a long tail and peak at 530 eV (shaded black). Here we are
exciting the 1a1 electron to mixed valence-Rydberg states, re-
quiring energy of 535 eV according to the XA spectrum (see
Figure 1 b). We assign the long tail to unresolved vibrational
progressions associated with the electronic ground state as
the excited electron refills the core hole. The peak at 530 eV
emission energy could be due to mixing with the 1 s�1p* state.
At higher excitation energies, a high-energy shoulder on the
HOMO peak appears (Figure 2 upper inset). The energy posi-
tion of the peak is close to the 3b1 LUMO peak, and conse-
quently it is tempting to assign it to emission from the 3b1

LUMO orbital populated in a shake-up process, or via screen-
ing from the surrounding molecules. Alternatively, this intensi-
ty can be satellites due to multiply ionized states populated
via shake-off in the excitation step. The appearance of such
satellites complies with the expectations for a free molecule
and shows that the extra vacancies are not screened in the
liquid during the core-hole lifetime (<4 fs).[20]

The RIXS and XE spectra of DMSO (Figure 3) show quite dif-
ferent trends compared to the acetone case. At the first reso-
nant excitation, the elastic scattering peaks are less prominent
than in acetone. This directly demonstrates that the excited
electron is less localized than the electron in the 1 s�1p* excita-
tion in acetone. Another distinction from the acetone case is
the shift of the valence peaks towards higher energies as the
excitation energy increases within the first resonance. For
higher energy excitation, beyond the first resonance, the va-
lence peaks do not show any shift energetically or any change
in the relative structure. DMSO has a lower symmetry (Cs sym-
metry)[21] compared to acetone. The molecule has only one
symmetry element, a mirror plane bisecting the molecule be-
tween the two methyl groups. According to the theoretical
analysis of the MOs, the occupied orbitals for a single molecule
are: 1a’, 2a’, 1a’’, 3a’, 4a’, 5a’, 2a’’, 6a’, 7a’, 8a’, 3a’’, 9a’, 10a’,
4a’’, 11a’, 5a’’, 12a’, 6a’’, 13a’, 7a’’, and 14a’ as the HOMO. 15a’
and 8a’’ are the close-lying LUMO and LUMO + 1, respectively.
In Figure 3, the calculated peaks are shown along with the ex-
perimental results. Hereby, another interesting distinction from
the acetone case arises. At the first resonance, both, 15a’ and
to 8a’’ excitations, theoretically at 532.8 and 533.2 eV, respec-
tively, may contribute. Their intensities are predicted to be dif-
ferent, the 8a’’ excitation being less probable by a factor of
0.36. Based on the calculations of the RIXS spectra we can at-
tribute the main variation in the resonantly excited spectra to
a superposition of scattering involving the 15a’ and 8a’’ chan-
nels (Figure 3). At 532.3 eV excitation energy the 15a’ channel
is dominant. By increasing the excitation energy, the 8a’’ chan-
nel is progressively mixed in. Another remarkable difference
from the acetone case in the series of XE spectra excited at
higher energy is the apparent absence of high-energy satel-
lites. This can be understood in both interpretation schemes
that we considered plausible in the acetone case. Any screen-
ing from the surrounding molecules to the LUMO or LUMO +

1 orbitals would be much weaker in DMSO as these orbitals
are much less localized compared to acetone. Any additional
valence ionization due to shake-off would also have less effect

in DMSO as also the valence orbitals are more diffuse than in
acetone.

Finally, we highlight the striking similarity between the ace-
tone and DMSO XE spectra in Figure 4. By stretching the
energy scale of the DMSO spectrum, we get a very good con-
cordance between the spectra. This may be surprising consid-
ering the large difference between the molecules. As the spec-
tra reflect the local electronic structure at the oxygen site, this
result suggests that the oxygen atom interacts in a similar way
with neighboring atoms in DMSO and acetone. The spacing
between the peaks is directly related to the spacing between
the final states. In the MO picture, the wider spacing between
the valence orbitals in acetone is interpreted as due to a larger
overlap between the atomic orbitals than the corresponding
overlap in DMSO. The difference in overlap in the bonding mo-
lecular orbitals can be directly associated with the difference in

strength of the C�O and S�O bonds of the two molecules. Be-
sides the energy spacing, the largest difference between the

Figure 3. RIXS and XES spectra obtained from dimethyl sulfoxide together
with the calculated spectra (the inset is not intensity-normalized).
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two spectra concerns the two peaks at the highest energy. In
both spectra, the highest-energy peak can be assigned to final
states with a vacancy in the HOMOs. The difference between
the two spectra is that the intensity in the DMSO spectrum is
about half the corresponding intensity in the acetone spec-
trum. Assuming the validity of the one-center intensity model
this indicates that the HOMO in DMSO has less oxygen p-char-
acter compared to the acetone HOMO. In both molecules
these orbitals are often termed oxygen “lone-pair” orbitals, and
the present results indicate that the lone-pair character of the
HOMO is much less pronounced in DMSO. The second peak
corresponding to final states with a vacancy in HOMO-1 shows
a strong additional energy shift in Figure 4 when comparing
acetone and DMSO spectra. In acetone, the HOMO-1 orbital is
p-bonding, with coinciding nodal and molecular planes. In
DMSO the HOMO-1 orbital has also p-bonding character but
the situation is complicated in the molecular geometry where
the S�O bond is bent out of the molecular plane, and the anti-
bonding interaction with the methyl groups is more prominent
than for acetone. The p-bonding due to the HOMO-1 in ace-
tone is thus much weaker in DMSO, reflected in the additional
energy difference between the corresponding peaks.

It is well known that DMSO has a large dipole moment[10a]

with excess negative charge at the oxygen site. One may have
expected that this would resulted in an increased oxygen
weight of molecular orbitals associated with large polarizability,
reflected in spectral intensity redistribution. The small differen-
ces between the spectra of acetone and DMSO show that the
oxygen p-character of the orbitals is affected in a largely ho-
mogenous way. Comparing acetone and DMSO, there is, how-
ever, a small redistribution of intensity from the “lone pair”

peak to the low-energy part of the spectra, which according to
our calculations corresponds to the 6a1 orbital in acetone (see
Figure 2). This intra-molecularly delocalized orbital has s-anti-
bonding character with respect to the C�O bond. The increas-
ing relative XE intensity in the sulfinyl group associated with
this feature suggests that this orbital is particularly polarized
towards the oxygen atom, thus weakening the S�O bond fur-
ther. Accordingly, we could conclude from this picture that the
partially charged oxygen in the sulfinyl group originated from
the deeper valence orbitals than the highest ones. This would
give a higher dipole moment for the DMSO compared to ace-
tone. According to the frontier molecular orbital theory of
chemical reactivity, the formation of a transition state is due to
an interaction between the frontier orbitals (HOMO and LUMO)
of reacting species.[22] Thus, as the partial charge comes from
deeper valence orbitals, it will interact with the neighboring
molecules purely electrostatically. In other words, if the partial
charges come from the HOMO, we would expect a stronger in-
teraction between DMSO molecules and any solute.

Figure 5 presents a conclusive picture for the valence and
the unoccupied MOs of both acetone and DMSO. In both spec-
tra the core-hole effects are assumed to be similar enabling us
for a direct comparison. In the bottom of the Figure, we draw

Figure 4. a) Comparison of the XE spectra of acetone and DMSO as obtained
experimentally in the non-resonant regime. b) Stretching of the XE spectrum
of DMSO to fit that of acetone. The comparison demonstrates that the local
electronic structure at the oxygen atom is similar in the C = O and S = O
bonds, albeit with a weaker interaction in the latter case.

Figure 5. The MOs of acetone and DMSO, as obtained from the XA and XE
spectra, are combined with the theoretical simulation. Bottom: schematic
representation of the carbonyl and sulfinyl groups of acetone and DMSO
based on our experimental observations.
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a schematic picture for both acetone and DMSO structure ac-
cording to the obtained MOs information from the valence
and the un-occupied states. A clear distinguishable difference
between the acetone and the DMSO is the HOMO–LUMO
energy gap. Where in acetone it is 4.2 eV, in DMSO it is 6 eV. It
is quite interesting to observe that the ratio of the dipole mo-
ments for DMSO and acetone is 1.4, which is equal to the
energy gap ratio.

The HOMO–LUMO gap is an important stability index for the
molecules.[23] A large HOMO–LUMO gap implies high stability,
which reflects low reactivity toward chemical reactions.[22] This
is in a supportive agreement with our previous conclusion that
the DMSO solvent power is based on electrostatic interaction.
Indeed, according to Pearson, the increase of the HOMO–
LUMO gap would reveal on the hardness of the molecule.[24]

Hardness is closely related to the polarizability, since a decrease
of the energy gap usually leads to easier polarization of the
molecule.[24] The majority of chemical reactions take place at
the position and in the orientation where overlap of the
HOMO and LUMO of the respective reactants can reach a maxi-
mum.[22] For donor molecule, the HOMO density is critical to
the charge transfer (electrophilic electron density) and in the
case of an acceptor molecule the LUMO density is important
(nucleophilic electron density). This also proposes that DMSO
is more nucleophilic and electrophilic than acetone, since it
can give and receive electron density easier.

The investigation of the local electronic structure of acetone
and DMSO adds significantly on the power of X-ray absorption
and emission on the micro-jet using the soft X-ray photons.
The high-energy resolution of our recent spectrometer (<
200 meV at the oxygen K-edge) and the ability of the method
to probe ultrafast dynamics (core–hole lifetime of <4 fs[20])
allows us to address the structure of the carbonyl and the sulfi-
nyl chemical bonds in solution. The obtained electronic infor-
mation show that while the carbonyl group has a stronger and
shorter double bond, the sulfinyl has a longer double bond.
The partial charges on the oxygen and the sulfur rather origi-
nate from deeper valence orbitals than the highest occupied
ones. This correlates the high solvent power of DMSO to pure
electrostatic interaction with the neighboring molecule. The
wider HOMO–LUMO gap of the DMSO as compared to acetone
explains its chemical stability and its stronger nucleophilic and
electrophilic properties. The present work marks a significant
step forward towards understanding chemical bonds in solu-
tion.[25]

Experimental Section

The experiments were conducted using soft X-rays obtained from
the U41 PGM undulator beamline of the synchrotron light facility
BESSY II, at Helmholtz-Zentrum Berlin. Experimental details have
been described previously.[8] Fresh samples were constantly intro-
duced using a liquid micro jet of ~16 mm diameter. The total fluo-
rescence yield (TFY) XA spectra were recorded with a InGaAsP
diode. For the XE measurements of the oxygen emission lines
a Rowland spectrometer with a grating of 7.5 m radius and a line
density of 1200 lines per mm was used. The calibration of the TFY
spectra was done according to Tokushima et al. based on their XA

measurement of acetone.[11] The emission spectra were calibrated
using the TFY spectra together with the elastic scattering peaks in
the XE spectra. The estimated temperature of the liquids in the
probing zone is around 15 8C.[26]

To understand the molecular orbital (MO) origin of the emission
peaks, ab initio quantum chemical calculations were carried out
using the GSCF3 code. The present calculations ignore effects of
molecular vibrations and dynamics as well as intermolecular inter-
actions which have been already discussed in detail for acetone.[4]

Non-resonant and resonant XE spectra were calculated for the
ground state geometry as transitions between core and valence
ionized states and between core-p* and valence-p* excited states,
respectively. Primitive basis functions were taken from (533/53),
(73/7), and (63/5) contracted Gaussian-type functions of Huzinaga
et al.[27] which are augmented with d-type polarization functions
a= 1.154 for O and 0.421 for S. The contraction Scheme was
(412121/41111/1*) for S, (3111121/31111/1*) for O, (621/41) for C,
and (32) for H atoms. Diffuse functions were not included in this
calculation as the Rydberg states are out of the present scope. The
O 1 s ionized and O 1 s-p* excited states were calculated within
DSCF (self-consistent field) approaches. The valence ionized states
were obtained by single hole, double hole single particle, and
triple hole double particle (1 h, 2 h1p and 3 h2p) configuration in-
teractions (CI) involving single and double substitutions from all
valence ionized states by using the Hartree–Fock orbitals. Valence
excited states are complicated and 1 h1p components giving tran-
sition probabilities are distributed across many excited states in
large scale CI, which makes it difficult to interpret moderate-resolu-
tion spectral profiles. Therefore, the valence-excited states were
obtained by 1 h1p CI among all the singly excited configurations
from the Hartree–Fock ground state configuration. This type of CI
gives upper bound state energies for primary states of valence ex-
citations.
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