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Ultrafast Charge Transfer Processes Accompanying KLL
Auger Decay in Aqueous KCI Solution
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X-ray photoelectron and KLL Auger spectra were measured for the K and Cl~ ions in aqueous KCI
solution. While the XPS spectra of these ions have similar structures, both exhibiting only weak satellites
near the main line, the Auger spectra differ dramatically. Contrary to the chloride case, a very strong extra
peak was found in the Auger spectrum of K* at the low kinetic energy side of the 'D state. Using the
equivalent core model and ab initio calculations this spectral feature was assigned to electron transfer
processes from solvent water molecules to the solvated cation. The observed charge transfer processes are
suggested to play an important role in charge redistribution following single and multiple core-hole
creation in atoms and molecules placed into environment.
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Charge transfer (CT) processes are of wide relevance in
chemistry, physics, and biology. They are reportedly respon-
sible for important transformations in living organisms
and are involved in fundamental steps describing, e.g., the
photosynthesis [1] and respiration [2] mechanisms. Electron
and charge transport can be exploited for damage recognition
and repair in DNA [3,4]. Naturally, the use of such very
fast elemental processes for technological purposes has
attracted an extraordinary large scientific interest—both
theoretically and experimentally—for instance, on energy
conversion in photovoltaic or optoelectronic devices (see,
e.g., Ref. [5]).

CT processes may accompany core-hole creation in
atoms and molecules surrounded by ligands. X-ray photo-
emission spectroscopy (XPS) turns out to be a powerful
probe of CT processes which show up as well-defined low-
energy satellites in the XPS spectra. Particularly strong CT
satellites were found in XPS spectra of weak chemisorption
systems [6,7], in crystals [8,9], and in weakly bound atomic
[10] and microsolvated [11-14] clusters. As shown in the
latter studies, the energies and intensities of the CT
satellites are sensitive to cluster geometries. Furthermore,
the type of solvent molecules and their number have strong
effects on the CT states [15].

For elements from the first rows of the periodic table,
electronic Auger decay is the main relaxation channel of
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core-hole states. The lifetimes of these states usually range
in the femtosecond and subfemtosecond time scales and
may serve as internal reference clocks. Using these
references, the core-hole clock method allows one to
determine time scales of various processes competing to
Auger decay, including ultrafast CT processes induced by
inner-shell ionization [4,16,17]. For purely resonant
core-excited states, the use of a photon bandwidth narrower
than the core-hole lifetime broadening allows a control
over possible fast dynamical processes as demonstrated
in Ref. [18].

Recently, the core-hole clock method was applied for
determination of the intermolecular Coulombic decay
(ICD) time scale in core-ionized aqueous solutions [19].
Contrary to Auger decay, ICD is a nonlocal electronic
decay process involving environment of the ionized spe-
cies. Originally, it was predicted for inner-valence-ionized
weakly bound systems [20], but can also operate after core
ionization and efficiently compete with local Auger decay
[21]. Another nonlocal electronic decay process is the
electron transfer mediated decay (ETMD) [22], which was
also observed in aqueous solution [23]. As processes
leading to charge redistribution, nonlocal electronic decays
are believed to play an important role in nanoplasma
formation in clusters irradiated by intense hard x-ray
free-electron-laser (XFEL) pulses [24,25].
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In this Letter, we address yet another mechanism of charge
redistribution induced by core ionization. Here, the created
core-hole state of the solute, typically 1s~!, undergoes KLL
Auger decay in which two deep 2p core vacancies are
produced. Compared to the initial core ionization, a sudden
creation of two core holes in the KL L Auger decay induces
even larger perturbation in the valence region and, thus,
strong shake-up excitations. Some of these excitations have
CT character. Strong CT satellites were already detected in
KLL Auger spectra of solid state samples [26]. In the present
study, we observe them for the first time in a weakly bound
system, namely, in KCl aqueous solution. The corresponding
CT processes occur from solvent water molecules, which get
ionized by donating their electrons to the solute ion experi-
encing charge reduction instead. Note that in the absence of
ICD and ETMD (water molecules have no 2 p core electrons)
the above CT processes represent the only efficient mecha-
nism of charge redistribution in the KLL electronic decay
step. Being very fast in the femtosecond and subfemtosecond
time scales, they compete with the charge buildup caused by
Auger decay.

The experiment was performed on the newly operational
setup dedicated to measurements of liquids and specifically
designed for the HAXPES station [27] of the GALAXIES
beam line [28] of the SOLEIL synchrotron facility, France
(details of this setup will be given elsewhere). It is based on
the design presented in Ref. [29]. In short, the injection
chain is composed of a HPLC pump and a 30 ym glass
capillary facing a catcher used to extract the liquid from the
vacuum chamber, both placed in a differentially pumped
tube. The liquid jet is set perpendicular to the photon beam
propagation axis and to the spectrometer lens axis. We
performed measurements on 0.5M and 1M KCI aqueous
solutions that were prepared by mixing >99% KCI salt
with deionized water. Filtering and degassing procedures
were systematically performed on the solutions. The
spectrometer resolution of about 0.6 eV was achieved with
the 500 eV pass energy and 0.5 mm slits. The photon
energy resolution achieved at 5 keV was about 0.6 eV.

The 1s XPS spectra of the aqueous Cl~ and K ions
were recorded at hv =5 keV far enough from the 1s
ionization thresholds to avoid postcollision interaction
effects (Fig. 1). The incident energy was calibrated using
the Ols peak position in liquid water (538.1 eV [30]). The
1s ionization potentials (IPs) of C1~ and K* were found at
2825.4 and 3611.9 eV, respectively. The Lorentzian con-
tributions extracted from the main lines have the full width
at half-maximum of 0.62 eV for aqueous Cl~ and 0.72 eV
for aqueous K*, and compare well with the theoretical
values obtained for atomic chlorine (0.64 eV) and potas-
sium (0.74 eV) [31]. These values correspond to the core-
hole lifetimes of 0.9 and 1 fs, respectively. As seen from
Fig. 1, apart from the main line each XPS spectrum exhibits
a broad satellite region extended towards low Kinetic
energy and separated from the main line by about 67 eV.
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FIG. 1. The 1s XPS spectra of K™ (a) and CI~ (b) in aqueous

KClI solution recorded at photon energy hv = 5 keV (red lines). A
5x zoom (black line) in each spectrum highlights the presence of a
satellite structure at the low kinetic (high binding) energy side of
the main line. The bars indicate the energies of the computed main
states and low-energy satellites in monohydrated clusters. All
satellites in the calculated spectrum of K (H,0) [panel (a)] have
the CT character and are attributed to electron transfer from water
(W) to K*. The spectrum of Cl~(H,O) [panel (b)] is more
complex and contains excitations from water and CI~ to charge-
transfer-to-solvent (CTTS, see text) states. Electronic excitations
occurring entirely within the water molecule are also present here.

The 1s core-ionized K and Cl~ ions are unstable and
relax mostly via Auger decay processes. The KL,;L, 3
Auger decay produces 2p~2 double core-hole states repre-
sented by the 'S, 'D, and 3P terms, wherein the Auger
transitions giving rise to the P term are forbidden from
parity-conservation rules (cf. Fig. 2). Information on the
energy positions of these lines for chlorine and potassium
containing molecules is rather scarce, and to the best of our
knowledge is not available in the literature for solvated ions.

Cleft and Mehlhorn measured the KLL Auger spectrum
of Cl in CCl, and found the 'D line at the kinetic energy of
2382.8 £ 1 eV [32]. This experimental result agrees well
with earlier theoretical results predicting the kinetic ener-
gies of the 'S, 'D, and 3P lines at 2370, 2382, and 2391 eV,
respectively [33]. Vayrynen et al. [34] measured the KLL
Auger spectrum of chlorine in HCI and determined the
positions of the 'S and 3P lines at —8.5 and 6.4 eV,
respectively, relative to the energy of the D line at
2372.3 eV. The KLL Auger spectrum of aqueous CI™
[Fig. 2(b)] agrees well with these spectra: We found two
strong peaks at the kinetic energies of 2372 and 2381 eV
which are attributed to the 'S and 'D states, respectively,
and a weaker structure at ~2388.5 eV, assigned to the
3P state.
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FIG. 2. The KLL Auger spectra of K (a) and CI~ (b) in
aqueous KCI solution recorded at photon energy hv =5 keV. In
the spectrum of potassium, a Shirley background is shown by a
black dotted curve. The bars indicate the energies of the
calculated 2p~2 double core-hole main 'D and 'S states and
satellites in monohydrated clusters. The satellites are mostly
associated with the 'D state and can be either singlets (solid lines)
or triplets (dashed lines). The calculated main 3P states and
corresponding satellites are not shown due to their weak
intensities. All low-energy satellites in the theoretical spectra
are CT states attributed to electron transfer processes from water
(W) to either KT (panel a) or to the CTTS states (panel b).

For potassium, the literature is even poorer. Lohmann
and Fritzsche [35] calculated the KLL Auger spectrum of
atomic potassium and obtained the kinetic energy of
2959.82 eV for the 2p*('D)4s state, 2950.49 eV for the
2p*(1S)4s state, and an energy window ranging from
2966.73 to 2969.62 eV for the 2p*(3P)4s state. The
KLL Auger spectrum of aqueous K* has a remarkably
different shape (Fig. 2). It has two peaks at 2957 and
2967.4 eV kinetic energy, and a weaker structure around
~2976.3 eV, which are assigned to the 'S, 'D, and 3P
states, respectively. In addition, a very intense extra peak is
observed at the low kinetic energy side of the 'D state, at
~2963 eV, which is not present in the Auger spectrum of
aqueous chloride. We note that neither the change in salt
concentration from 0.5M to 1M, nor the decrease of the
photon flux by a factor of 10 led to noticeable modifica-
tions in the shape of the potassium spectrum.

Before we explain this extra feature, let us focus first on
the satellite regions in the XPS spectra of both aqueous
ions. According to our calculations the first satellite in the
XPS spectrum of atomic K is separated from the main line

by about 40 eV. Thus, the low-energy satellites in the
spectrum of solvated K™ do not correspond to local
excitations but rather found their origin in the presence
and involvement of solvent water molecules. To gain more
insight we computed the energies of several core-ionized
states in microsolvated K*(H,0) and K (H,0), clusters
(similar calculations were carried out also for the atomic
CI™ anion and a C1~(H,O) cluster). The computations of
the 1s~' single- and 2p~2 double-core-hole states of
microsolvated and atomic ions were performed using the
occupation-restricted-multiple-active-space  single- and
double-excitation configuration interaction method as
implemented in the GAMESS(US) package [36]. All core
orbitals except for the considered ones were kept frozen.
We used the 6-311 + G* basis set for potassium and
chlorine, and the 6-311G* one for oxygen and hydrogen
atoms [37]. The cluster geometries were taken from
Refs. [11,19].

The results for the monohydrated K*(H,O) cluster are
shown in Fig. 1(a) as bars (an energy shift of 1.87 eV was
applied to adjust the main lines in the experimental and
theoretical spectra). All low-energy satellites in the theo-
retical spectrum have a CT character and correspond to
excitations of valence electrons from the water molecule to
vacant orbitals of the potassium cation. The first satellites
are separated from the main line by about 16 eV and are
attributed to excitations of a water’s 10, electron to the
unoccupied 3d orbital of potassium, 15, (H,0) — 3d(K™).
These satellites are followed by the 3a;(H,0) — 4s(K*)
and 1b;(H,0) —» 4p(K") CT states. In the dihydrated
cluster, the energy separation between the main line and the
first satellites increases to 20.5 eV (not shown). The same
trend with cluster size was found also in the XPS spectra of
microsolvated Na™ [15]. The CT states in the theoretical
spectra have thus nearly the same energies as the intensity
maximum of the experimental satellite feature at
~1368 eV. This is a strong indication that, at least partially,
this feature has a CT contribution. Note that the first
satellites in the experimental spectrum appear already at
6 eV from the main line, where theory predicts no states.
We attribute them to energy losses of emitted photoelec-
trons due to inelastic scattering from water. The onset of
these satellites matches the band gap of 6.9 eV in liquid
water quite well (see Ref. [38] and references therein). The
energy-loss states spread then to lower kinetic energies and
overlap with the CT satellites.

In the computed XPS spectrum of atomic CI~ the lowest-
energy satellites, corresponding to the 3p(Cl~) — 4p(CI™)
excitations, are separated from the main line by 19 eV. In
the C1~(H,O) cluster, the unoccupied 4 p and 4s orbitals of
CI™ are mixed with each other and also with empty orbitals
of the water molecule. We call these resulted hybrid orbitals
the precursory charge-transfer-to-solvent (CTTS) states as
they resemble the CTTS states in aqueous anions, namely,
they are related to the anion, diffuse and have asymmetric
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shapes occupying predominantly the solvent-free space
[39,40]. The computed XPS spectrum of CI~(H,O)
[Fig. 1(b)] exhibits excitations to these CTTS orbitals from
chloride and water. The latter transitions are more numerous
and lie closer to the main line. As seen from Fig. 1(b), the
excitations to the CTTS states fit well with the position
of the experimental satellite structure centered at 2157 eV.
The experimental spectrum should also contain energy-loss
states and the first such states likely form the satellites’ onset
at 7 eV above the main line. Analogous states, e.g.,
3a,(H,0) — 4a,(H,0), are found also in the theoretical
spectrum although at rather high energies as a consequence
of small cluster size.

Since all satellites in the XPS spectrum of aqueous K*
are very weak (their total intensity is about 14 times smaller
than the intensity of the main line), Auger decay of these
states cannot contribute significantly to the K™ KLL Auger
spectrum. The appearance of the strong extra peak at
2963 eV in the latter spectrum with the intensity of only
about 3 times weaker than the 'D line (after subtraction of
the Shirley background shown in Fig. 2(a) by the black
dotted curve) cannot be explained by these relaxation
processes alone. The high intensity of this peak and its
close proximity to the !D main line also do not suggest that
this peak appears entirely due to inelastic scattering
processes of Auger electrons. Apparently, this spectral
feature has a different origin.

A similar structure was found earlier in the KLL Auger
spectra of various solid potassium compounds and assigned
to electron transfer processes from ligands to core-ionized
potassium [26]. Since counterions are far separated from
each other in the low-concentrated KCl aqueous solutions
studied here (0.5M and 1M), chloride anions can hardly be
involved in the CT processes. On the contrary, solvent
water molecules are able to donate their electrons to
neighboring core-ionized K* cations and their separations
from these cations are rather short (2.65 A [417).

Assuming that water molecules are involved in the CT
processes, we express the difference between the energy of
the main line, Eyy , and the energy of a CT satellite, Ecr, in
the K™ KLL Auger spectrum as follows:

AE = Ect — Ey = E(KZ/ H,0") — E(K3! H,0) + RE,

(1)

where ¢ denotes a 2p core hole, and RE is the Coulomb
repulsion energy between the potassium dication and a
water cation. Using the Z + 2 equivalent core model, we
substitute the core-ionized potassium by its equivalent-core
ion, Sc, and get

AE = Ecr — Ey, = E(Sc? H,0F) — E(Sc* H,0) + RE
= —IP(Sc**) + IP(H,0) + RE,  (2)

where IP refers to the outer-valence ionization potential in
solution. Contrary to the well-known IPs of liquid water,
those of aqueous Sc”>* are not available since this dication
does not exist in aqueous solutions. We shall use a value of
8.76 eV obtained by subtracting the solvation shift of
aqueous Ca’* (~16 eV [42]) from the IP of gas-phase Sc>*
(24.76 eV [43]). By substituting this value and the lowest IP
of liquid water (11.16 eV [44]) into Eq. (2) and neglecting
for the moment the repulsion energy RE (the Coulomb
interaction is largely screened in solutions [21,45]), we
obtain AE of 2.4 eV which agrees rather well with the
experimental observation of 4.4 eV.

This is, however, a crude estimate. In order to gain more
insight into the CT processes accompanying the K* KLL
Auger decay we computed the energies of the final Auger
states in the K* (H,0) and K™ (H,0), clusters. The main 'D
and 'S states together with the associated low-lying satellites
in the monohydrated cluster are shown in Fig. 2(a) as bars
(the satellites can be either singlets (solid lines) or triplets
(dashed lines) according to the multiplicity of the single
excitation on top of the double core vacancy). We shifted
them to adjust the energies of the 'D lines in the experimental
and theoretical spectra. The main 3P state and all related
satellites are not plotted because of their small intensities.

The first satellites in the theoretical Auger spectrum lie
about 4 eV away from the D state, in agreement with the
position of the strong experimental satellite peak. These
states correspond to electron transfer from the water’s
outermost 1b; orbital to the unoccupied 3d orbital of
potassium, 1b;(H,0) — 3d(K") in the presence of the
2p~2 ('D) double core hole on potassium. The CT satellites
3a;(H,0) — 3d(K*) and 1b,(H,0) — 3d(K™) appear at
higher kinetic energies overlapping with the 'S main state.
The electronic transitions from water to the 4s and 4p
orbitals of potassium are even more energetic and the
respective satellites are found at the lower kinetic energy
side of the 'S state (not shown), where the experimental
spectrum show no satellite peaks.

Note that neither the LM M Auger spectra of aqueous K™
and Ca®* [19,45] nor the KLL Auger spectrum of solvated
Na™ [42] exhibit any intense satellites. This is because the
corresponding Auger processes create outer-valence double
vacancies and do not induce strong electron relaxation as in
the case of the double core-hole creation in the K* KLL
Auger decay. Surprisingly, although the CI~ KLL Auger
decay also produces a double core hole, no obvious low-
lying satellites were found in the respective spectrum
[Fig. 2(b)]. This may have several reasons. One of them
is the large anion-water distances (3.16 vs 2.65 A in
aqueous K™ [41]) making the CT processes in aqueous
Cl~ less efficient than in aqueous K*. Furthermore, the
Coulomb attraction between the created double core-hole
and the electrons of neighboring molecules is reduced due
to a screening effect of the excess electron of CI™.
According to our calculations, the Auger spectrum of
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Cl~ (H,0) does have satellites but they are more separated
(16 eV and more) from the main 'D line than in K*(H,0)
(Fig. 2). The absence of low-lying vacant orbitals in
chloride explains this behavior. The first such satellites
correspond to the electronic transitions from water to the
CTTS states. Probably, the very weak feature at 2367 eV in
the experimental spectrum originates from these transi-
tions. The excitations of the 3 p(C1™) electrons to the CTTS
states were not found among the low-energy satellites.
These have higher energies and might be responsible of the
spectral structure starting at about 2355 eV.

To summarize, we performed the first high kinetic energy
photoemission experiments on an aqueous salt solution. By
measuring XPS and KLL Auger spectra we highlighted CT
processes from solvent water molecules to solvated ions which
were not observed in aqueous media before. These CT
processes accompany the single and double core-hole cre-
ations, occur with the latter on the same time scales (the core-
hole lifetimes) and, thus, are ultrafast. The particularly high
intensity of the CT satellite peak in the K™ KLL Auger
spectrum suggests a high efficiency of the corresponding CT
processes. This efficiency depends on many factors, especially
on the ionic charge, ion-water distances, and the electronic
shell where the single and double core holes are created
inducing large relaxation effects.

The occurrence of CT processes in aqueous environ-
ments may have implications for radiation therapy. Until
now the therapeutic effect of K-shell-ionized Auger elec-
tron emitters was entirely ascribed to energetic Auger
electrons affecting biomolecules both directly and indi-
rectly [46]. Our study demonstrates that KL L Auger decay
also efficiently produces harmful water radical cations, and
the effectiveness of such Auger processes is actually higher
than it was thought before.

The above CT processes deserve special attention also
because of the occurring ultrafast charge redistribution and
ensuing structural changes in x-ray irradiated objects. The
time scale of these changes is relevant, e.g., for XFEL-
based experiments on object imaging.

An open question remains whether the addressed CT
processes may also occur in rare-gas clusters characterized
by rather large interatomic distances. The possible con-
tribution of these processes into x-ray-induced charge
redistribution and nanoplasma formation [24,25] should
be carefully examined in future studies.

Experiments were performed at the GALAXIES beam
line, SOLEIL  Synchrotron,  France  (Proposal
No. 20140160). The authors are grateful to the SOLEIL
staff for assistance during the beam time and to P. Morin for
supporting this project. N.V.K. thanks the Deutsche
Forschungsgemeinschaft for financial support and Dr. V.
Stumpf for help with calculations. We are grateful to Dr. M.
Tashiro for valuable discussions. Campus France and the
PHC SIAM exchange program are acknowledged for
financial support.
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