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Abstract
We present time-resolved ultraviolet-pump x-ray probe Auger spectra of 2-thiouracil. An
ultraviolet induced shift towards higher kinetic energies is observed in the sulfur 2p Auger
decay. The difference Auger spectra of pumped and unpumped molecules exhibit ultrafast
dynamics in the shift amplitude, in which three phases can be recognized. In the !rst 100 fs, a
shift towards higher kinetic energies is observed, followed by a 400 fs shift back to lower
kinetic energies and a 1 ps shift again to higher kinetic energies. We use a simple
Coulomb-model, aided by quantum chemical calculations of potential energy states, to deduce
a C–S bond expansion within the !rst 100 fs. The bond elongation triggers internal conversion
from the photoexcited S2 to the S1 state. Based on timescales, the subsequent dynamics can be
interpreted in terms of S1 nuclear relaxation and S1-triplet internal conversion.
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1. Introduction

Nucleobases are strong absorbers in the ultraviolet (UV)
domain and show ultrafast processes after photoexcitation.
Canonical nucleobases exhibit ultrafast relaxation to the sin-
glet and triplet ground states after UV excitation through

internal conversion and intersystem crossing [1–4]. Elec-
tronic energy is ef!ciently transferred into vibrational exci-
tation, a process that likely contributes to the remarkable
stability of nucleic acids against UV-induced damage [1–3].
The processes underlying the ultrafast transitions violate the
Born–Oppenheimer–Approximation (BOA), which allows for
separate treatment of the electronic and nuclear degrees
of freedom of a molecule, and is an important tool in
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modeling many molecular phenomena. In the case of close-
lying potential energy surfaces such as avoided crossings or
conical intersections, non-adiabatic coupling elements, which
are neglected in the BOA, become large and lead to mix-
ing of different Born–Oppenheimer electronic states. This
redistributes the molecular population over initially unexcited
potential energy surfaces [4, 5, 6]. The study of nucleobase
dynamics, that cannot be described within the framework of
the BOA, presents challenges both for theory as well as exper-
iments that have been faced in the past by many systematic
theoretical and experimental studies, reviewed for example in
references [1–3, 7].

Thionucleobases are obtained by replacing one or two oxy-
gen atoms by sulfur in canonical nucleobases, and exhibit
two major differences compared to their canonical counter-
parts. The absorption spectrum is shifted from the UVC region
into the UVA region [8, 9], which is much more abundant
on the earth surface. In addition, photoexcitation produces
long living triplet states in thionucleobases, leading to cross
linking [10, 11] and the creation of reactive singlet oxygen
via a reaction with the triplet oxygen molecules in the vicin-
ity [12, 13]. These properties create on one hand a higher
skin cancer risk for patients treated with thionucleobase med-
ication for immunosuppression [14], on the other hand they
might open the path for targeted photoinduced tumor therapy
[15, 16].

The special case of thiouracil can be used for sketching the
reaction pathway following UV excitation. The system is ini-
tially excited to the S2 state, with 1ππ∗ electronic character.
In solution, intersystem crossing has been determined to be on
a few hundred femtosecond timescale in 2-thiouracil and 4-
thiouracil, as well as doubly thionated 2–4-thiouracil [9]. The
S1

1nπ∗ state has been suggested to act as a doorway state to
the lower lying triplet states in excited-state absorption studies
in 2-thiouracil [13] as well as for 4-thiouracil. For the latter, the
lifetime of the 1nπ∗ state has been indirectly determined to be
225 fs in solution [13, 17] by looking at the mismatch between
the 1ππ∗ singlet decay and triplet rise times. In contrast, time-
resolved photoelectron studies in the gas phase deduce an 1nπ∗

lifetime in 4-thiouracil of several picoseconds via !t of the
photoelectron spectra [18]. This discrepancy is unlikely a sol-
vent effect, as similar comparisons of gas and condensed phase
techniques in 2-thiouracil give good agreements [19]. For 2-
thiouracil, a joint theoretical-experimental investigation using
Dyson orbitals in conjunction with gas-phase photoelectron
spectroscopy [20] deduced a very fast time constant of 50 fs
for 1ππ∗–1nπ∗ internal conversion and 500 fs for the 1nπ∗

lifetime; excited state absorption studies in condensed phase
report on a similar 1nπ∗ lifetime [9].

We now concentrate on the case of 2-thiouracil (2-TU), on
which we perform our studies. The mechanism for sub-100 fs
decay out of the initially photoexcited S2 state as well as the
ultrafast intersystem crossing from the S1

1nπ∗ state into triplet
states are illuminated by theoretical investigations (see refer-
ence [21] for a concise review). Cui and Fang suggest elec-
tronic states as well as crucial geometries for three different
pathways, one of which includes the 1nπ∗ state, while the other

paths involve transitions directly from the S2 to triplet states.
Calculations by Mai, Marquetand and González predict two
different pathways for S2–S1 internal conversion, involving
two different minima of the photoexcited state of 2-thiouracil
[22]. One minimum is attributed to a 1πsπ6

∗ electronic char-
acter possessing a nearly planar geometry, while the other
minimum is attributed to a 1πsπ2

∗ electronic character and it
is reached via elongation and out-of-plane pyramidalization
of the C–S bond. In nonadiabatic surface-hopping calcula-
tions at the CASPT2 level by the same group, both minima
are predicted to be transiently populated, although the major-
ity of the molecular photoexcited population is predicted to
pass through the 1πsπ6

∗ minimum within 60 fs to a conical
intersection connecting it to the 1nπ∗ state, which then is pop-
ulated for around 500 fs before decaying into triplet states [23].
A second dynamics paper from the same group on this topic
using ADC(2) comes to very similar results but a longer 250 fs
1ππ∗–1nπ∗ transition time due to pyramidalization occurring
in the 1ππ∗ state [24].

In this paper, we investigate the dynamics of 2-thiouracil
using ultrashort x-ray probe pulses. Generally, time-resolved
x-ray spectroscopy has been proven to be a useful tool for the
study of structural changes in isolated molecules [25]. The x-
rays interact with core electrons of the molecule, whose bind-
ing energies are strongly dependent on the element. Thus, x-
rays offer the advantage of an element-selective spectroscopic
view on molecular dynamics. In addition, due to the narrow
spatial con!nement of core-electronic wavefunctions, the tran-
sitions are highly site-speci!c. In the gas phase, these advan-
tages have been used to follow for instance nucleobase internal
conversion [26], fragmentation [27], ring-opening [28] as well
as dissociation [29].

We use ultrafast x-ray induced Auger decay to investigate
2-thiouracil. This method has been applied before to investi-
gate the internal conversion of thymine [30]. The key feature
in this study was the change in molecular geometry on the pho-
toexcited state. This can be deduced from the delay-dependent
kinetic energy shift in the Auger spectrum. We used the fact
that the kinetic energy of emitted Auger electrons depends
strongly on the local bond distance of the molecule around
the core hole created by the x-ray probe pulse. Auger elec-
tron spectroscopy is particularly suited for the use with free-
electron lasers (FELs), since nonresonant Auger processes are
insensitive to the energy of the probing photon, rendering
the method immune against the energy "uctuation inherent
in the self-ampli!ed spontaneous emission (SASE) process.
Moreover, for a given x-ray energy, several Auger decays
of different elements can be addressed separately by analyz-
ing different kinetic energy ranges, allowing the simultaneous
study of the dynamics for different locations in the molecule.

We use ultrashort x-ray pulses to probe the sulfur 2p core
electrons of UV-photoexcited 2-thiouracil. We measure a gen-
eral shift of the 2p Auger spectrum towards higher kinetic
energies. By comparison to simulations, we deduce that the
molecule does not return to the molecular ground state for the
maximal delay of our measurements of 2 ps. On the transient
Auger signal, we identify three different dynamic features.
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A !rst, sub-100 fs shift of the Auger band towards higher ener-
gies, followed by a 500 fs period with a slight shift towards
lower energies and !nally a picosecond modulation with a shift
to higher kinetic energies. We show that the initial sub-100 fs
modulation in the Auger spectrum can be clearly attributed to a
C–S local bond elongation in the photoexcited S2 state as pre-
dicted in the theoretical literature [22–24]. The high-energy
edge shifts to lower kinetic energies in this time interval and
we show that an effective theoretical model can reproduce this
trend. The later modulations in the Auger spectrum !t dynam-
ics previously attributed to the S1 relaxation and S1-triplet
intersystem crossing.

2. Methods

The experiment was performed at the FLASH2 facility at
DESY, where the newly built URSA-PQ (German: Ultra-
schnelle Röntgenspektroskopie zur Abfrage der Photoen-
ergiekonversion in Quantensystemen, engl. Ultrafast x-ray
spectroscopy for probing photoenergy conversion in quan-
tum systems) experimental chamber [31] built by the
Potsdam group was connected to the FEL beamline FL24 (see
!gure 1).

The sample was introduced via a capillary oven [32], heated
to a temperature of 150 ◦C, creating a molecular gas jet that
crosses the x-ray beam in the interaction region of the TOF
spectrometer. We have not observed degradation of the sample
in previous experiments with our capillary oven under the con-
ditions used. The 150 ◦C for sample evaporation have also been
used in other studies on 2-thiouracil [18, 33] as tautomerization
can be neglected in this regime [33].

The molecule is preexcited with a 269 nm laser pulse at the
maximum of its 1ππ∗ absorption band [18]. The pulse dura-
tion was about 80 fs as determined with an FROG (frequency
resolved optical gating) setup. In the interaction region, the
pulse was focused to a spot size of 50 µm by means of a
focusing mirror. Inside the beamline, the x-ray beam passed
unperturbed through the center of a holey mirror, while the UV
beam was directed onto the re"ective section of the holey mir-
ror ( just off to the side from the hole) to produce near-collinear
trajectories for the two beams, as seen in !gure 1. The UV laser
power was adjusted by means of a λ/2 plate–polarizer combi-
nation. In the experiments, the UV laser pulse energy was set
below 1 µJ. We performed systematic power scans on the time-
dependent spectral features to make sure that the UV induced
signal is not over-pumped.

The FEL produces frequency-tunable x-ray pulses via
SASE radiation. We used a mean photon energy of 272 eV with
a spectral bandwidth of 1%–2% (including jitter), as deter-
mined by the photoemission of rare gases in electron time-
of-"ight spectrometers (eTOF) integrated into the beamline
[34]. The x-ray beam was linearly polarized parallel to the
axis of our magnetic bottle spectrometer and parallel to the
UV polarization. The x-ray pulses were focused by means of
Kirkpatrick–Baez mirrors to a spot size slightly larger than the
UV spot. We used systematic power scans to make sure that
the x-ray induced electron spectra did not exhibit nonlinear
phenomena.

Figure 1. Experimental setup at the FL24 beamline of FLASH2. The
UV pump and x-ray probe beams from FLASH2 are focused into the
URSA-PQ chamber and hit the sample in the interaction region of
the magnetic bottle spectrometer. The sample is evaporated using a
capillary oven (located above the interaction region, out of the plane
of the diagram) [31]. The photo- and Auger electrons generated by
the x-ray interaction are guided into the "ight tube by the magnetic
bottle, detected using a multi-channel-plate (MCP) and their time of
"ight is measured by a fast analogue-digital converter (ADC).

The URSA-PQ setup contains a magnetic bottle electron
spectrometer (MBES), providing high angular collection ef!-
ciency for electrons [35]. We used a permanent magnet and
soft iron cone to reach a high magnetic !eld at the interaction
region, which adiabatically transforms into a homogeneous
magnetic !eld of a solenoid in a 1.7 m long "ight tube. The
magnet de!nes a small volume from which the electrons are
guided into the "ight tube. This volume is smaller than the
optical beam overlap along the beam propagation axis. A retar-
dation potential of 80 V was applied to the electrons using
an electrostatic lens in front of the "ight tube, diminishing
their speed and increasing the time of "ight and thus energy
resolution.

The "ight tube is kept at constant potential. At the very end,
electrons are accelerated on the multi-channel-plate detector
by a 300 V potential drop over 3 mm. The ampli!ed electron
signal trace is fully digitized using a 12 bit analog-to-digital
converter (ADC) with 2 Gs s−1 sample rate. The ampli!ed
electron pulses have an FWHM of 10 ns, typical "ight times
are on the order of 250 ns for the fast valence electrons and
410 ns for the slower Auger electrons. We chose to integrate
the ADC-traces to obtain our spectra, as individual electron
hits could not be distinguished in TOF regions of high signal
strength. The spectra were subsequently converted to a kinetic
energy scale.

Tests on the Kr MNN Auger lines at 0 V retardation demon-
strated an MBES resolution (E/∆E) of 40. This is not yet
the maximum achievable resolution, as some x-ray beam-halo
problems at the beamline prevented us from positioning the
magnet closer to the interaction region which would allow for
a better optimised signal. We did not check the resolution at
the retardation used further below (80 V). We estimate the res-
olution based on the sulfur 2p photoline with 3.5 eV width at
103.5 eV to be better than 30 with respect to the total kinetic
energy or 7 relative to the retarded kinetic energy. The photo-
line itself is considerably broadened due to the FEL linewidth
and therefore our estimate is really an upper limit.
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Spatial overlap of the UV-pump and x-ray probe pulses
was obtained by viewing a YAG screen inserted in the inter-
action region through a large work-distance microscope lens.
Temporal overlap was established coarsely on a 50 ps scale
using a fast photodiode and high-bandwidth (13 GHz) oscillo-
scope checking the rising "ank of the UV and x-ray induced
signals. Fine temporal overlap was found with the use of the
sample itself, utilizing the time-dependent behavior of Auger
and 2p-photoelectron lines. The width of the time-uncertainty
function is 180 fs, time zero can be found with an accuracy of
±20 fs.

The FLASH2 FEL delivers pulse-trains with a frequency of
10 Hz; we used 50 pulses at a 200 kHz repetition rate in each
pulse-train [36]. An eTOF spectrum is recorded and saved for
each FEL pulse. The UV laser is set to run at 100 kHz intra-
burst rep-rate, such that every second x-ray shot is pumped
by the optical laser, allowing the calculation of shot-by-shot
difference spectra. This results in 500 x-ray pulses per sec-
ond, with 250 pulses UV pumped. In the rest of the discussion,
we will refer to UV pumped shots as UV-on, while x-ray only
shots will be referred to as UV-off. FLASH2 instruments also
provide a shot-by-shot measurement of the x-ray pulse power
by means of a combined ion–electron detector. This data has
been used to rescale each eTOF spectra, therefore correcting
for "uctuations in the SASE pulse power.

A bunch arrival monitor (BAM) at the FEL measures the
time of arrival of each electron bunch, giving information on
the jitter of the x-ray arrival time [37, 38]. The width of the
arrival time distribution has been measured to be 140 fs. The
length of the x-ray pulse plus non-corrected jitter was esti-
mated to be 160 fs. Pump-probe delays have been corrected
with the BAM data and rebinned, exploiting the jitter and
allowing !ner delay binning than the time steps chosen dur-
ing the measurement. The bin sizes are chosen by dividing the
shot distribution in discrete parts, so that each bin is popu-
lated by the same number of shots. That is, the delay length
of each bin is adjusted so that all bins have the same statis-
tics. The delay points have been measured by random scans in
repeated cycles over many hours. Thus any systematic drifts in
the data-acquisition would average out.

To facilitate the interpretation of the experimental data, we
make use of ab initio quantum chemical calculations to explore
the potential energy surfaces (PESs) of the neutral (2-TU),
core-ionized (2-TU+) and dicationic (2-TU++) molecule.
The ground and excited states of 2-TU and 2-TU++ were
computed using ground state coupled cluster theory with sin-
gles and doubles (CCSD) and the equation-of-motion formal-
ism for the excitation energies (EOM-EE-CCSD) with the
6–311++G∗∗ basis set [39]. In order to explore the high
lying states of 2-TU++, potential energy cuts along the C–S
bond distance were performed using time-dependent density
functional theory (TDDFT) with the B3LYP functional and
the 6–311++G∗∗ basis set. Geometry optimizations for the
ground and excited states of 2-TU were also performed at the
(EOM-)CCSD/6–311++G∗∗ level without geometrical con-
straints using Q-chem, and the stability was veri!ed by fre-
quency calculations with the smaller 6–31++G∗∗ basis set.
Stable minima were found for the states S0, S1, S2 and T1.

The minimum of S0 has a nearly planar structure. Further-
more, optimizations where the molecule was constrained to
be planar were also carried out and additional (unstable) sta-
tionary points could be located for the states S0, S1, S2, T1

and T2. The core-ionized states were computed using the
equation-of-motion ionization potential formalism (EOM-IP-
CCSD) with the 6–311++G∗∗ basis set for the S atom and
the 6–31++G basis for all other atoms; in order to simulate
the ionization from the excited states of 2-TU, the reference
(neutral) CCSD wavefunction was obtained starting from an
unrestricted Hartree–Fock wavefunction optimized using the
maximum-overlap-method(MOM) [40]. All calculations were
performed using the package Q-chem 4.4 [41]. Spin–orbit
coupling, leading to a splitting of the core ionized states of
about 1 eV is not included in the calculations, instead we model
photoionization from the px, py, pz orbitals.

3. Results

The 272 eV photons used in the experiment allow for an ele-
ment and site-speci!c investigation of the molecular dynamics
from the perspective of the sulfur atom. An overview of the
electron kinetic energy spectrum without UV pre-excitation is
shown in !gure 2. Various features are visible in the graph. A
sharp line at 103 eV in kinetic energy, corresponding to a bind-
ing energy of 169 eV, is attributed to photoemission from the
sulfur 2p ( j = 3/2 and 1/2) levels according to reference [33].
The∼1 eV spin–orbit splitting [33, 42] cannot be resolved due
to insuf!cient spectral resolution determined by the bandwidth
of the SASE FEL and the MBES energy resolution. The neigh-
boring feature, spanning the range 115–150 eV is attributed to
the Auger emission caused by the 2p core vacancy. Scanning
the photon energy does not change this feature, as it is typical
for Auger decay. Furthermore, the energy levels with 2p core
hole binding energies around 170 eV and ten to a few ten eV
valence binding energies result in Auger features at this energy
band. No detailed structure is visible, even at higher MBES
resolution with higher retardations, due to many broad Auger
decay channels overlapping. Coarsely, the atomic Auger spec-
trum should divide into three larger groups belonging to sulfur
3p3p→ 2p (highest energy), 3p3s→ 2p and 3s3s→ 2p (lowest
energy) type Auger decays. For molecules with mixed atomic
orbitals resulting in molecular orbitals, these groups can still
be identi!ed in case of oxygen Auger decay [30], here it is less
pronounced.

In !gure 3(a), we show the pump-probe difference spec-
tra in the energy range of the Auger features in false color-
representation. The spectra are obtained by subtracting UV-off
shots from the UV-on shots, accumulating data from ∼16 mil-
lion FEL shots over all delays. A positive differential signal
(rendered with red color in the !gures) signi!es that UV pump-
ing leads to more emitted electrons for that speci!c kinetic
energy, while negative values (rendered with blue color in
the !gures) stand for a UV-induced depletion of the electron
signal. Time zero was determined by maximizing the cross-
correlation between a step function and the differential signal
intensity. The delay values should therefore be regarded as
relative to the appearance time of this feature.
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Figure 2. Overview of the photoemission spectrum of 2-thiouracil
at 272 eV photon energy on an electron kinetic energy axis. Two
main features are visible; the sulfur 2p photoline centered at 103 eV
and the Auger band in the 115-150 eV range. Inset: structure of
2-thiouracil.

Figure 3. (a) False-color representation of time resolved differential
Auger spectrum (UV-on–UV-off) for 2-thiouracil (red: positive
signal, blue: negative signal). A differential feature appears at t
∼−60 fs and remains visible for all recorded delays. The Auger
emission shifts to higher kinetic energies with UV-illumination and
ultrafast changes in the shape are visible around time zero. (b)
Spectra without UV excitation (UV off, blue) and spectrum of the
excited state at 0.2 ps delay (orange) recovered by the procedure
described in the text.

For positive delays, a general shift of the Auger spectrum
toward higher kinetic energies is visible. This coarse shift of
intensity in the difference spectrum related to the UV excita-
tion is about 4 eV, however, the shift undergoes dynamics on
an eV scale, as we will show below. We !rst investigate the
coarse shift closer. The UV-on spectrum is given as f ES + (1
− f )GS, where ES and GS are the excited state and ground
state Auger spectra respectively and f is the fraction of excited
molecules. The UV-off spectrum is given as GS. The differ-
ence UV-on minus UV-off is thus f (ES − GS). In the process
of photoexcitation, the f changes.

An estimate of the excited state Auger spectrum is shown
in !gure 3(b). It has been obtained from the UV-on and UV-off
data. We need to model f as a function of delay to obtain ES.
Assuming that the fraction of excited molecules, f introduced

Figure 4. (a) Zero crossing and differential signal centroid positions
vs delay. Ultrafast dynamics is visible after time zero, with changes
occurring on timescales from 100 fs to 1 ps. Solid lines are 3 point
moving averages. (b) Differential signal intensity, calculated from
the cumulative sum of positive plus absolute of negative data points
for each delay value. (c) Negative Coulomb energy constructed from
the trajectory set of reference [24] using a simple Coulomb potential
as a function of C–S distance.

above, in the ensemble rises as an error function from 0 to 0.22
we succeeded to reconstruct the ES spectrum. The !nal f of
0.22 was chosen as the minimum possible value that does not
lead to negative amplitudes in the reconstructed excited spec-
trum ES. We identify that the shape of the Auger spectrum
changes by comparing the UV-off spectrum with the recon-
structed ES spectrum at 200 fs delay. The maximum in the
UV-off spectra is located at 138 eV. For the excited state spec-
trum at 200 fs, the region around the maximum "attens up to
about 142 eV, for higher energies the excited state spectrum
drops. This leads to the observed gross shift in the difference
spectra with a bleach at 138 eV and an increase from 140 eV
on with its maximum at 142 eV. The edge itself shifts only
by about 1 eV in the center of the edge and about 2 eV at the
very high energy region. Assuming that the ES spectrum is
completely static (no molecular dynamics after photoexcita-
tion), the difference spectrum would not show any dynamics,
apart from a changing scaling factor f . We however observe
a !ne shift visible in the zero line, thus indicating the pres-
ence of ultrafast processes in the relaxation pathway of the
molecule.

In order to quantify the shift dynamics, the zero-crossing
position of the differential signal (white line in between blue
and red features) needs to be analyzed for each time delay. We
estimated this parameter by maximizing the cross-correlation
of the kinetic energy spectrum with a sign function. This
method delivers the blue datapoints in !gure 4(a). In addition,
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Figure 5. Auger edge shift as a function of pump-probe delay. Edge
values are taken at the point where the signal rises over 20% of the
peak intensity. Data points are shown for delays where the excited
state population is above 1% of the !nal value. Solid line is a 3 point
moving average.

we calculated the center of mass of the positive and nega-
tive contributions and averaged their value (red datapoints in
!gure 4(a)). The analysis of the centroid positions allows us to
be sensitive to changes in the overall spectral distribution that
might not affect the zero crossing point.

The aforementioned analysis technique does not give mean-
ingful results when no differential features are present as it
would be noise dominated. Therefore, we use the absolute
intensity of the differential signal in !gure 4(b)) (positive con-
tribution + absolute of negative contribution) to select the
delay regions that can be interpreted. The onset of the differen-
tial feature is found at delay ∼−60 fs, and we clearly identify
the typical lineshape in this time bin in the false color plot of
!gure 3(a).

The Auger dynamics shows three phases (see !gure 4(a)).
First, a fast shift towards higher kinetic energies on a ∼100 fs
scale is visible, shifting the centroid difference as well as the
zero crossing up by about 1 eV in kinetic energy. Since the time
resolution of the experiment is in this regime, we cannot give
more precise estimates of the dynamics. After this initial rise in
the kinetic energy, a transient dip of ∼0.5 eV is visible, lasting
for about 400 fs. This is followed by a 1 ps rise in centroid/zero
crossing energy by 1 eV.

We now concentrate on the shift in the edge of the excited
state Auger spectrum at high kinetic energies. We therefore
analyze the time dependent ES spectra with the dynamic f
described above. Figure 5 shows the edge-position, de!ned
by the ES signal being above 20% of the peak signal for each
delay bin. The shifts are evaluated relative to the ES spectrum
at zero delay. Ultrafast dynamics on the same time scales as
presented above can be discerned here, with some differences
in the shift amplitudes.

The three phases mentioned above are discernible here
again. The initial 100 fs dynamics is characterized by a shift
of the edge position of −0.5 eV (relative to the !rst datapoint),
which is the opposite trend as shown in the zero position and
centroid. This is followed by a plateau and a further dip at the
400 fs mark. After the dip, a fast 1 eV blue shift is observed,
persisting for the remaining of the time evolution. The differ-
ent signs of spectral shift in the edge and at zero crossing in
the beginning actually indicate that the excited state Auger
spectrum undergoes changes in its shape.

4. Discussion

First, we discuss the results of the calculations. Table 1 reports
our calculated energies at different stationary points on the
excited states surfaces, and the corresponding value for the
C–S bond distance. Geometry optimizations have been car-
ried out with and without the constraint of planarity. Local
and global minima on the singlet and triplet potential energy
surfaces of 2-TU have been located by Mai et al using mul-
tistate complete active space perturbation theory calculations
and in the present study using EOM–CCSD theory [22]. The
calculated energies as well as geometry parameters are close
to those of Mai et al [21]. Surface-hopping trajectories calcu-
lated by Mai et al predict that in the !rst 50 fs the molecule
retains a near-planar geometry, and so do many trajectories
at subsequent times and after transitions from S2 to other
states.

In order to investigate the initial behavior of the Auger
signal at photoexcitation, we computed the energies of the
valence-excited, core-ionized and dicationic states in the
Franck–Condon region (see !gure 6). We also calculated PESs
along a reaction pathway which linearly interpolates between
the unrestricted optimized minima of S0(reaction coordinate =
0) and the initially photoexcited S2 (reaction coordinate = 1)
states. This will help later in the interpretation of the high
kinetic energy Auger edge.

The data in the Franck–Condon region allows us to estimate
the change in the kinetic energy of emitted Auger electrons, as
Auger kinetic energy is equal to the difference between the
core ionized state (one electron missing from the sulfur 2p
shell) and the dicationic manifold (with two electrons miss-
ing in the valence orbitals). Auger emission from the non-UV
excited molecule occurs from the ground core-excited state
(black around 170 eV) to many different dicationic states,
of which only the lowest ones are calculated. Auger emis-
sion from the UV excited molecule occurs from the core ion-
ized S2–1ππ∗ state (green with an energy of 175 eV in the
Frank–Condon region). Assuming that the rates for the Auger
transitions do not change upon UV excitation, the model pre-
dicts a general shift towards higher kinetic energy of the Auger
spectrum in the range of 5 eV.

Molecular dynamics on the core-ionized states can be
neglected within the few fs-Auger decay timescale. All the
states visited by the molecule after UV excitation show a gap
with respect to the ground state. If ef!cient coupling to the
ground state is absent on our measured timescales, as predicted
by many previous papers [9, 20, 21], the measured Auger spec-
tra must show a long lasting blue shift that begins at time
zero and remains present for all probed delays. This is in gen-
eral agreement with the spectral trend observed in our mea-
surements, and thus serves as a con!rmation of excited state
lifetimes longer than a few picoseconds.

The assumption of no Auger rate changes upon UV excita-
tion however is oversimpli!ed. As the valence occupation of
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Table 1. Calculated electronic energies and C–S bond distances at planar (∗) and
non-planar minima of 2-thiouracil, optimized at the EOM–CCSD/6–311++G∗∗
level.

Planar geometries Non-planar geometries

Minimum S0
∗ S1

∗ S2
∗ T1

∗ T2
∗ S1 S2 T1

Energy (eV) 0.00 3.78 4.44 3.17 3.65 3.48 3.96 3.00
C–S distance (Å) 1.65 1.74 1.76 1.67 1.73 1.77 1.90 1.77

Figure 6. Calculated energy values for different electronic levels
and for various nuclear con!gurations interpolated between the S0
and S2 minima. The energy scale is divided in ground and valence
excited states (lower portion), 10 lowest energy dicationic states
(middle) and core ionized (2p−1) states (upper). The core excited
states follow the color coding of the valence states, meaning that
their valence con!guration is maintained with a 2p core hole. The
core ionized states of each valence state are divided into three states,
according to px, py, pz ionization. SO coupling, leading to an
observed core-ionized state splitting of 1 eV, is not included in our
calculation. Singlet and triplet dicationic states are shown in orange
and violet, respectively. Auger features with the highest observable
kinetic energy can be calculated from the energy gap between core
excited and dicationic states.

two of the highest valence orbitals changes, there will be rate
changing effects. Similar to the resonant-Auger language, one
can de!ne spectator and participator channels here but the cal-
culation of those rates is beyond the scope of this paper. We
expect the valence reorganization effects induced by the UV
excitation to be most effective at the high energy edge of the
Auger spectrum, with participation from the highest orbitals.
A comparison with the reconstructed ES spectrum (!gure 3(b))
serves to support this point. The edge of the spectrum shows
a UV induced shift of only 1–2 eV. In the region around the
maximum, the redistribution of population is larger indicat-
ing shifts closer to those predicted by the gap between ground
cationic state and excited cationic states, thus rate changes due
to UV are less important in this region.

In order to interpret the initial ultrafast changes of the shift
in the Auger spectrum, we include a model for the more ener-
getic states of the dicationic manifold. The previously pre-
sented calculations on the lowest dicationic states will be used
further below in a comparison to the edge features presented
in !gure 5. Upon sulfur 2p Auger decay, dicationic states with
electrons missing in orbitals localized at the sulfur atom will
be preferentially populated, as the decay matrix element is sen-
sitive on the overlap of core and valence holes [30, 43]. Those
orbitals promote the C–S bonding and thus the Auger decay
kinetic energy will be sensitive to the C–S bond [30]. Since
the missing valence electrons expose the nuclear charges, the
Auger manifold will be dominated by Coulomb repulsion. The
lowest energy dicationic states often show a binding character
as seen in !gure 6. We performed a Löwdin population analy-
sis on the dicationic states of !gure 6. Indeed, for most states
the computed charge on the S atom is in the range 0.8–1.0 e.
The electron hole on the S atom is present for all geome-
tries, suggesting that Coulomb repulsion should be present, at
least at longer C–S distances. From the kinetic energy differ-
ence between the maximum and the edge of the Auger band,
the Coulomb repulsive states should be located 7–8 eV above
the lowest (bound) states of 2-TU2+, therefore they are not
covered by our EOM–CCSD calculations. Repulsive potential
energy curves in this energy range are predicted by TDDFT
scans we performed along the C–S bond distance (not shown
here). Indeed, with higher potential energy, dicationic states
are increasingly dominated by Coulomb repulsion [44]. All
statements below are therefore valid for the majority of the
Auger decay channels, apart from the highest kinetic energy
ones. Figure 7 shows a sketch of the electrostatic energy e2/R
for a dicationic state as a function of C–S bond stretch R. Qual-
itatively speaking, this can be seen as the central energy of the
!nal state in the Auger decay process. Therefore, the decrease
of Coulomb energy with increasing C–S bond distance will
lead to an increase in Auger kinetic energy, given that the
core ionized starting state remains approximately constant in
energy along the reaction coordinate as seen in !gure 6.

The data on the zero-crossing as well as the centroid in
!gure 4 indicates an initial dynamic shift towards higher
kinetic energies around time zero by less than 1 eV. Assuming
that the ground and excited state spectra have similar shape,
the overall spectral shift will be double the zero crossing shift,
so between 1 and 2 eV. According to !gure 7, the simple
Coulomb-potential model predicts a bond expansion. At the
Franck–Condon point, the molecule possesses a C–S bond
distance of 1.65 Å (table 1). The experimentally observed shift
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Figure 7. Electrostatic energy for a dicationic state for various bond
lengths. Numerical values for the bond lengths as in table 1. In the
suggested dynamics, the electrostatic contribution to the molecular
energy follows the highlighted path, caused by an ultrafast stretch
and subsequent contraction of the C–S bond.

would predict an expansion of the C–S bond by nuclear relax-
ation into an interval from 1.85 to over 2 Å within a delay range
limited essentially by our temporal resolution. This interval
does not include the calculated planar minimum at 1.76 Å.
Our planar minimum has a structure similar to the (slightly
non-planar) πsπ6

∗ minimum found by Mai et al [23], and
predicted to be the dominant pathway for nuclear relaxation
out of the Franck–Condon region on the S2 surface at short
times. The experimentally found interval includes the unre-
stricted minimum at 1.90 Å. This minimum has a structure
similar to the πsπ2

∗ minimum found by Mai et al [22]. It is
predicted to be populated, however with much less amplitude
compared to the other minimum. The ADC(2) calculations by
the same group however predict the internal conversion mostly
occurring through a pyramidal deformation [24].

Shortly after the maximum in spectral shift, there is a
reverse shift in the zero crossing and centroid towards lower
kinetic energies by about 0.5 eV, as observed in !gure 4. The
feature is then stable for about 400 fs. The ADC(2) based tra-
jectory calculations indeed show a reverse trend. In order to
compare the results to our data, Mai et al kindly sent us the
C–S distance of their trajectories [24]. We used those to cal-
culate the dicationic energies and show them in !gure 4(c)).
We clearly identify the reverse trend indicating shrinking C–S
bond length over 400 fs. In the framework of the ADC(2) cal-
culations, this period is dominated by dynamics on the S2 state
[24]. In comparison to these simulations, we seem to pick up
the trends in the bond extension well. The rising kinetic energy
after 400 fs does not !nd its counterpart in any of the calculated
C–S bond data of [24]. Thus it would need to be attributed to
electronic state effects. On this timescale the triplet T1 state is
predicted to take over in referene [24].

The CASPT2 trajectory calculations of Mai et al [23], dis-
play a S2–S1 internal conversion on the order of 60 fs (below
our time-resolution), with an S1 state lifetime of 400–500 fs
[23]. This interpretation is also chosen in previous experiments
[18, 19, 40]. Afterwards, the T1 and T2 states become popu-

lated via an intersystem crossing with the S1. In this frame-
work, the !tting time scales suggests that the pump-probe
Auger signal in the interval between 50 fs and 400 fs is most
likely due to the population in the S1 (1nπ∗) state. According
to the Coulomb-potential model, the decrease in kinetic energy
should be associated with a slight contraction of the C–S bond.
However, at the S1 minimum, optimized at the EOM–CCSD
level, the C–S distance is 1.77 Å, i.e. very similar to the bond
length at the S2 planar minimum. Therefore, the C–S bond
contraction could be explained by allowing that a relevant frac-
tion of molecules on the S2 surface either evolve towards the
1πsπ2

∗ minimum (a barrierless pathway as shown in !gure 6,
but less relevant according to the simulations of reference [23])
or undergo a large C–S elongation while retaining planarity,
before undergoing the internal conversion. On the other hand,
many of the nonadiabatic dynamics trajectories of reference
[23] evolve along planar con!gurations also on the S1 sur-
face. Optimizing the S1 state with the constraint of planarity
we obtained a stationary point with a shorter C–S distance
(1.74 Å), which might also explain the observed decrease in
kinetic energy. This model of course neglects all changes in
the Auger spectra induced by electronic transitions. While our
assumptions are justi!ed on the initially photoexcited state, a
transition from S2 to S1 can equally alter the Auger kinetic
energies on the eV level. In order to make more precise state-
ments about the competition of electronic vs nuclear relaxation
in shaping the Auger spectrum, further simulations need to be
accomplished, which are beyond the scope of this work.

As stated above, we assumed that only nuclear geometry
is able to in"uence the Auger kinetic energy. This is certainly
justi!ed for the initial relaxation of the molecular vibrational
wave packet out of the Franck–Condon window. At later times,
there might be an increasing in"uence of the electronic state
changes on the Auger spectrum, and the argument will become
more intertwined. However, we note that for Auger decay of
the lighter oxygen, we have observed this strong electronic
state dependence before as a massive redshift of the Auger
band [30]. This is obviously lacking in our current experi-
ment. We thus speculate, that the Auger decay of the much
heavier sulfur, due to its increased density of states on the dica-
tionic manifold will be less susceptible to those electronic state
effects.

Regarding the dynamics of the high energy Auger edge,
we can compare the excited state spectrum inferred from the
experimental data to a synthetically constructed spectrum from
the calculated potential energy curves of !gure 6. It is impor-
tant to note, that the computational results do not give us any
information on the relative strengths of the various transitions;
therefore, the constructed spectrum should be regarded as a
qualitative guideline, and not as a predictive tool. Assuming
a linear relaxation along the S2 potential surface on a time
scale of 60 fs, a time dependent excited state spectrum from
the data in !gure 6 can be constructed. The energy difference
between the core excited S2 state and each of the calculated
dicationic states is taken as a function of time, and all the con-
tributions are broadened and summed together to generate the
time dependent spectrum. Convolving the result with an error
function in order to model the non-simultaneous excitation of
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Figure 8. (a) Reconstructed high kinetic energy band of the Auger
spectrum for the calculated energy levels, convoluted with an error
function to account for non-simultaneous excitation of the molecular
ensemble. (b) Auger edge shift in the reconstructed spectrum as a
function of pump-probe delay. Dashed line shows values where the
excited fraction is below 1% (compare to !gure 4(b)).

the ensemble, we obtain an estimate for the dynamics of the
Auger edge.

The calculated spectrum is shown in !gure 8(a). Analyzing
the edge shift in the same way as in !gure 5, we deduce a red-
shift of the edge position (!gure 8(b)) in agreement with the
experimental result in !gure 5. The calculated value is 0.3 eV,
while the experimental shift in the edge is 0.5 eV with a dis-
crete bin interval of 0.2 eV. According to the simulation, the
energies of the lowest dicationic states and of the core-ionized
states accessed from S2 increase and decrease respectively,
along the reaction pathway of !gure 6. This is associated with
a highest kinetic energy of the Auger electrons. Therefore,
the short-time observed redshift of the Auger band edge pro-
vides further evidence for an ultrafast nuclear relaxation of the
molecule out of the Franck–Condon region on a sub 100 fs
timescale.

On a longer time scale, for delays in the range 0.4 to
1.5 ps, the shift to higher kinetic energies observed on both
the zero crossing and the edge position points to further ultra-
fast processes in the molecular dynamics (!gures 4 and 5).
The detailed interpretation of those features however requires
a deeper understanding of the Auger processes in the molecule,
due to the aforementioned electronic state effects.

5. Summary

In this work, we have used Auger spectroscopy to investi-
gate the ultrafast dynamics of 2-thiouracil after UV excitation,
using a UV pump—x-ray probe setup. The experiment has
been carried out at beamline FL24 at the FLASH2 free elec-
tron laser. We observe a shift in the overall Auger emission
pattern, as well as ultrafast dynamics in the shift amplitude,
providing evidence for ultrafast processes in the molecule. The
dynamics of the zero-crossing/centroid of !gure 4 in conjunc-
tion with our quantum chemical calculations and the trajectory
simulations by Mai et al [23, 24] strongly suggests that the

time-resolved Auger signal is capable of capturing the main
relaxation pathway of 2-thiouracil, which involves three steps:
(i) an ultrafast, <100 fs, process likely associated with an over-
stretching of the C–S bond, which leads to the S2–S1 internal
conversion; (ii) an intermediate evolution on the S1 surfaces,
for approximately 400 fs [23] or alternatively a shrinking C–S
bond dominated by S2 dynamics [24]; (iii) the !nal intersys-
tem crossing and subsequent relaxation in the triplet manifold.
The C–S bond elongation in step (i) can be deduced from
the observed zero line/centroid Auger shift towards higher
kinetic energies using a simple Coulomb-model for dicationic
states. Additional support for this behavior is delivered by
an observed edge shift towards lower kinetic energies, which
is predicted by our model using the lowest dicationic states.
Experimental evidence for (ii) and (iii) comes from an agree-
ment of timescales in the zero line/centroid Auger shift, the
details of the shift required additional Auger spectrum mod-
eling involving electronic and nuclear dynamics, which is
beyond the scope of this work.
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