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a  b  s  t  r  a  c  t

We  have  performed  theoretical  calculations  to reproduce  the  site-selective  X-ray  emission  spectroscopy
(XES)  spectra  of  liquid  acetic  acid at the  oxygen  K-edge  (OC O,1s and  OOH,1s). Structure  sampling  of  an
acetic  acid  cluster  model  was  performed  from  the  ab initio  molecular  dynamics  trajectory.  Relative  XES
intensities  for the  core–hole  excited  state  dynamics  simulations  were  calculated  using  density  functional
theory.  We  found  that  the theoretical  XES  spectra  reproduced  well  the  experimental  spectra  and  that
these calculations  gave  us electronic  and  molecular  structure  information  about  liquid  acetic  acid.

© 2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

An understanding of the electronic structure of materials is
important in many scientific fields. In particular, the valence
electronic structure plays an important role in the properties of
materials. Recently, direct observation of the valence electronic
structure becomes available for liquid and solutions by means
of soft X-ray spectroscopies [1–4], such as X-ray emission spec-
troscopy (XES) and X-ray absorption spectroscopy (XAS) which are
powerful tools to probe molecular electronic structure. Soft X-rays
are produced in synchrotron radiation facilities such as the SPring-8
facility in Japan.

When a molecule is irradiated with soft X-rays, a core–electron
of a particular atom is excited and the core ionized state is produced.
This state is unstable and a valence electron rapidly transfers to the
core orbital. The excess energy of this transition is released as either
emission of an Auger electron or soft X-ray fluorescence. Since
the X-ray fluorescence yield increases as atomic number increases,
intensity of the X-ray fluorescence is weak for lighter elements.
Especially, if the atomic number is less than 30, the Auger electron
yield is larger than the K-shell fluorescence [5]. Recently, because
of the development of soft X-ray spectroscopy, the soft X-ray fluo-
rescence of lighter elements can also be observed. The XES which
analyzes emitted photon energy of soft X-ray fluorescence allows
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the interpretation of the electron density distribution of the valence
electronic states. An important characteristic of XES is that the spec-
tra is dependent on the local chemical environment of the excited
site. Thus, XES spectra yield information on the environment of a
particular excited atom.

To interpret experimental XES spectra in liquid-state, many
attempts have been made to reproduce the XES spectra from theo-
retical models of the liquid. Guo et al. measured the XES spectrum
the oxygen K-edge in liquid water and reproduced the XES spec-
tra using theoretical calculations, and revealed electronic structure
information about liquid water clusters [1]. Kashtanov et al. mea-
sured the XES spectrum at the oxygen K-edge in liquid methanol
and predicted that liquid methanol has a structure consisting of 6–8
molecules with an intermolecular chain or cyclic structure [2].

We have recently measured the site-selective observation of
X-ray emission spectra for two oxygen sites of acetic acid in liquid-
state by tuning the excitation energy to a specific atomic K-edge
(OC O,1s, OOH,1s) [3]. Site-selective XES spectra can be measured
even if the liquid is multicomponent. For example, in aqueous acetic
acid, when the pH value is high, almost all of the acetic acid is ion-
ized. This drastically changes the XES spectrum obtained by OC O,1s
K-edge excitation energy [4]. In these studies, spectral structure of
XES was  assigned based on DFT theoretical calculations. However,
the calculation was modeled only one molecule, and it was  too sim-
plistic a model to reproduce the true liquid-state. In the present
study, we performed theoretical calculations to reproduce the site-
selective oxygen K-edge XES spectra (for OC O,1s and OOH,1s) in
liquid acetic acid using a cluster model. Furthermore, core–hole
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excited state dynamics are included in present calculation since
several recent studies pointed out the importance of core–hole
excited state dynamics to explain peak shape of XES spectra [6–8].

2. Theoretical and experimental methods

2.1. Theoretical methods

To obtain theoretical XES spectra of the liquid, an equilibrated
MD snapshot is needed. Therefore, we performed classical MD
simulations using GROMACS [9] version 4.5.5. An NVT ensemble
MD simulation comprising 40 molecules modeled using the OPLS
[10,11] force field was performed. The temperature during the sim-
ulation was 300 K, which was controlled using the Nosé–Hoover
[12,13] thermostat. The simulation cell was a cubic cell with a
cell length of 15.6 Å. The density of acetic acid in the simula-
tion cell was 1.049 g/cm3 which was in good agreement with the
experimental density (1.044 g/cm3 at atmospheric pressure and at
298.15 K) [14]. The simulation was performed with a time step
of 0.1 fs and a total time of 200 ps. From this, one snapshot was
obtained and this was used as the starting configuration for a
DFT ab initio NVT ensemble MD  simulation using VASP [15,16].
This was performed to more accurately model the liquid. A plane
wave basis set with an energy cutoff of 400 eV was used, and
PAW potentials [17,18] were applied to all atoms. The Perdew,
Burke, and Ernzerhof (PBE) exchange correlation functional was
used [19,20]. The simulation temperature was 300 K, controlled by
the Nosé–Hoover thermostat. The time step was 0.2 fs and the total
time was 4.0 ps. The first half of the simulation was used as the equi-
librium time (2.0 ps). Intermolecular radial distribution functions
obtained from both the classical and ab initio NVT-MD simula-
tions are shown in the supporting information as Figures S1 and S2,
respectively. These radial distribution functions are in good agree-
ment with the experimental data, which were obtained from liquid
acetic acid by X-ray scattering at atmospheric pressure and at
298 K [21].

Next, structure sampling from the obtained ab initio MD tra-
jectory was performed. One characteristic of XES spectra is that
they are representative of the chemical environment of the excited
site. Because we expected that acetic acid would form strong inter-
molecular O H· · ·OC  O hydrogen bonds between H at O H and
O at C O (HO and OC O respectively) site in the liquid phase,
the structure sampling was based on the atomic radial distribu-
tion functions to identify molecules that formed these hydrogen
bonds. The HO· · ·OC O radial distribution function was calculated
from the ab initio MD  trajectory: A 16-molecule cluster was  sam-
pled with the condition that the HO· · ·OC O distance (between
a molecule at the center of cluster and that formed an inter-
molecular HO· · ·OC O interaction) corresponded to a peak in the
HO· · ·OC  O radial distribution function. Typical 16-molecule clus-
ters are shown in Figure S3 of the supporting information.

For the 16-molecule cluster obtained by structure sampling
described above, an acetic acid molecule at the center of these
clusters was used to model the OC O,1s or OOH,1s core–hole state
and the core–hole excited state dynamics simulations. The time
step in this simulation was 0.25 fs and the core–hole excited state
dynamics simulations were propagated for 20 fs. These MD simula-
tion time lengths are sufficient for the required spectral resolution
for comparison with the experimentally determined decay process.
The core-excited oxygen atom was described using the IGLO-III
[22] basis set of Kutzelnigg et al., and the TZVP [23] basis set
was employed for all the other atoms. The non-core-excited oxy-
gen atoms were described by effective core potentials. During
the 20 fs simulation, OC O,1s and OOH,1s excited dynamics were
modeled and each snapshot was used to calculate the relative line
intensities.

Figure 1. HO· · ·OC O radial distribution function obtained from ab initio MD  trajec-
tory for liquid acetic acid.

Figure 2. Comparison of theoretical and experimental XES spectra for liquid acetic
acid. Theoretical XES spectra calculated from the total core–hole excited state
dynamics, obtained from structure sampling based on the HO· · ·OC O radial distri-
bution function (Figure 1). The calculated XES spectra are shifted to lower energy
by  3.22 and 2.03 eV for OC O,1s and OOH,1s, respectively to fit the experimental XES
spectra.

Relative intensities of the XES spectra from the core–hole
excited state dynamics simulation were calculated within the
framework of DFT using the deMon2k code [24]. The PBE exchange
and correlation functionals [19,20] were used. The relative inten-
sities were evaluated from the dipole matrix elements between
the core and valence orbitals. Dipole matrix elements between
the core and valence orbitals of different molecules of the cluster
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