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We explore ultrafast charge transfer (CT) resonantly induced by hard X-ray radiation in organic
thiophene-based polymers at the sulfur K-edge. A combination of core-hole clock spectroscopy with
real-time propagation time-dependent density functional theory simulations gives an insight into the

Received 5th September 2023, electron dynamics underlying the CT process. Our method provides control over CT by a selective
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powders and films consists of electron delocalisation along the polymer chain occurring on the low-
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1 Introduction

The process of charge transfer (CT) involving electron and nuclear
dynamics is a long-standing research topic, which nevertheless
remains bustling, essentially due to its significance for multiple
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applications in chemistry, biology and materials sciences.’
Continuous progress in experimental and theoretical methods
provides for an increasingly deeper understanding of the CT
process. Rapid development of time-resolved spectroscopy
allows nowadays probing the dynamics of CT in various sys-
tems on femtosecond and even attosecond time scale.”
In complex systems, the control over nuclear and electron
dynamics in time and space requires for a localised excitation
of the CT process. This can be achieved by X-ray sources
allowing for element-specific core-shell excitation. A combi-
nation of attosecond resolution with the X-ray photon energy
range is at the heart of the current developments at free-
electron laser and high-harmonic sources.®>”®

Meanwhile, high-resolution X-ray spectroscopy in the energy
domain can also provide a useful insight into ultrafast dyna-
mical processes in molecular systems. Using monochromatic
synchrotron X-ray radiation, resonant excitation of a specific
atomic core-shell in a molecule becomes possible. The lifetime
of a core-excited state varies from a few femtoseconds for
relatively shallow core holes with excitation energy up to
1 keV, down to the attosecond time scale for deep core holes
with higher excitation energy. Relaxation of a resonantly core-
excited molecule via emission of an X-ray photon or an Auger
electron, occurring within the lifetime of a core-excited state,
can serve as a probe of any dynamical process taking place in
the molecule on the same time scale. This is the basic concept
of “core-hole clock” spectroscopy (CHCS).® Didactic reviews on
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applications of CHCS in relation to various CT processes can be
found in ref. 7 and 8.

X-ray induced site-specific electron dynamics, monitored by
CHCS, offers an exciting opportunity to explore the conduction
properties of macromolecules. A remarkable example of atto-
second intramolecular electron delocalisation in a genomic
DNA molecule was demonstrated using resonant Auger spectro-
scopy of the powdered samples pressed onto a solid substrate.’
The mechanism of electron delocalisation was attributed to the
presence of extended unoccupied electronic states along the
phosphate groups in the DNA backbone. This finding may
constitute an additional pathway of CT in DNA, along with
the widely accepted mechanism of long-range charge transport
through the n-stacked arrays of bases of the DNA double helical
structure.’® Importantly, the intramolecular conductivity of
DNA is directly related to its structural integrity and therefore,
can serve for the diagnostics and repair of the radiation
induced damage."

The phenomenon of electron dynamics in organic molecules
is also of great relevance in optoelectronics, where charge
transport in organic polymers is the key issue for the efficiency
of organic photovoltaic devices. In conjugated polymers char-
acterised by a sequence of alternating single and double bonds,
electric conduction is mainly due to the n-electrons delocalised
over several carbon atoms along the polymer backbone. Apart
from delocalisation of n-electrons, key factors for charge trans-
port are inter-chain m-m stacking interactions through the
aromatic rings and side groups.'>"?

The conduction properties of conjugated polythiophene
polymers were explored in ref. 14 using CHCS upon the
resonant excitation of sulfur atoms near the S K-edge. Interest-
ingly, no signature of electron delocalisation has been observed
in the resonant Auger spectra of the powdered samples. However,
a subsequent study of the same polymer deposited on a substrate
as a thin film clearly revealed electron delocalisation in the low-
femtosecond regime.'® This effect was attributed to the interaction
between the polymer chains in the highly ordered films, since in
powder form, the electrons may only be delocalised along the
polymer chain (intra-chain mechanism), while in polymer films
the delocalisation path can be two-fold: intra-chain and/or between
the polymer chains (inter-chain mechanism). However, experi-
mental restrictions in the previous studies,"*'® in terms of a
limited number of the recorded Auger spectra and their insuffi-
cient statistical quality, may have affected the reliability of the
spectral assignment, which results in ambiguity concerning the
role of polymer chain ordering in oriented films for the electron
transport.

In the light of above discussions on the electron delocalisa-
tion in conjugated polythiophene, the motivation for our work
is to find answers to the following open questions: What is the
dominant mechanism of electron delocalisation in thiophene-
based polymer powders and films upon resonant excitation
at the S K-shell - along the polymer backbone (intra-chain)
or through the m-rn stacks (inter-chain)? Can we control the
electron localisation/delocalisation by selective excitation of a
specific resonance in the sulfur atom? Can we quantify the
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probability of electron delocalisation from the specific core-
excited state?

In this paper we address the issue related to the mechanism
of CT in sulfur-containing polymers - polythiophene (PT)
powder and poly(3-hexylthiophene-2,5-diyl), commonly known
as P3HT, film. The CT is locally induced by resonant excitation
of sulfur atoms at the S K-shell and monitored by resonant
Auger electron spectroscopy. Our experimental results reveal
the signature of CT in both P3HT film and in PT powder
occurring on the low-femtosecond time scale. The fact that
CT is observed both in powder and in film points towards the
dominance of an intra-chain electron delocalisation mecha-
nism. Theoretical analysis of the dynamic processes, using real-
time time-dependent density functional theory (RT-TDDFT)
and Ehrenfest molecular dynamics (EMD) simulations, con-
firms this hypothesis. Furthermore, our detailed theoretical
analysis reveals that the CT process along the polymer chain
can only be initiated upon the resonant excitation of the S
1s 'o* state, whereas the resonant excitation of the S 1s™'r*
state does not lead to electron delocalisation. The electron
dynamics simulations show that CT occurs on a sub-femto-
second time scale upon creation of the S 1s core hole, which
compares reasonably well with the experimental estimate. This
detailed mechanistic insight in the ultrafast electron/nuclear
dynamics in core-level excitation in complex extended systems
is made possible by an efficient implementation of RT-TDDFT
in the CP2K software."®

2 Experiment

The experiments were carried out at the SOLEIL French
national synchrotron facility using the high-resolution HAXPES
station for hard X-ray photoemission spectroscopy'’ located at
the GALAXIES beamline.’® Linearly polarised light was pro-
vided by a U20 undulator followed by a Si(111) double-crystal
monochromator. Electrons were detected by a large-acceptance
angle EW4000 Scienta hemispherical analyser, the lens axis of
which was parallel to the polarisation vector of the incident
beam. A 200 eV pass energy and a 0.3 mm width curved slit were
used for the measurements. The spectrometer resolution was
determined at ~180 meV while the beamline photon band-
width 0E was ~225 meV at 2.5 keV photon energy. The
measurements were performed at close to normal incidence
of the X-ray beam with polarisation vector parallel to the
sample surface. To avoid radiation damage to the samples,
these were continuously moved during the measurements and
filters were used, when necessary, to reduce the intensity of the
X-ray beam.

The PT sample consists of a blend of polythiophene powder
and graphite powder purchased from Sigma Aldrich. Use of
such a blend served to tackle the space-charge build-up, which
can severely alter the energy distribution of Auger lines.'® Equal
amounts of polythiophene and graphite powders were ground
together until a homogeneous mixture was obtained. The blend
was deposited on carbon tape, covering the entire surface, and
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then fixed on a metal sample-holder. Additional carbon tape
was fixed along the perimeter of the sample, increasing electric
connectivity between the sample surface and metallic sample-
holder. In order to exclude the influence of graphite on spectral
features, we performed additional resonant inelastic X-ray
scattering (RIXS) measurements, which are not affected by
space charge effects in the samples. The RIXS spectra measured
in pure PT powder and in PT mixed with graphite showed no
differences.

The P3HT film was prepared by spin coating the 0.5 wt%
solution of regio-regular P3HT powder (Sigma Aldrich) in
CHCl;, onto an indium-tin-oxide (ITO) substrate at ~2000 RPM.
The resulting film was placed on a metal sample holder and
secured with carbon tape, also serving as an electrical conductor.
More details on the samples characterisation can be found in the
ESL{ Appendix A.

The presence of a good electric contact between the samples
and the spectrometer in our experiment results in a common
Fermi level (FL). This allows referencing the kinetic energy of
electrons emitted from the samples with respect to the FL by
adding the spectrometer work function ¢gp to the measured
electron kinetic energy. Our calibration on the Au 4f;,, photo-
electron line provides ¢gsp = 4.9 eV. The incident photon energy
was calibrated by using S K-edge X-ray absorption spectra of PT
powder from ref. 14, and P3HT films from ref. 20, where the
absorption spectra were obtained by recording the drain cur-
rent of the samples.

Resonant Auger S KL, 3L, 3 electron spectra were measured
at photon energies ranging from 2470 eV to 2475 eV with a step
of 0.1 eV. Such a fine photon energy step, along with high
statistics, allowed presenting the data in the form of 2D maps,
where the Auger electron spectra are shown as a function of
both the Auger electron kinetic energy and the incident photon
energy.

To extract information from the Auger spectra, these were
fitted using the SPANCEF fitting suite for Igor Pro.”" For both
polymers Voigt profiles were used, where both Lorentzian and
Gaussian components were set as free parameters. Two Shirley
backgrounds were used during the fit, to accurately account for
the increased intensity at lower kinetic energies caused by
inelastic scattering contribution.

3 Theory

3.1 Core-hole clock spectroscopy

The principle of the CHCS method, that we apply to reveal the
CT effect, is illustrated in Fig. 1 showing the major excitation
and decay events occurring in S KL, ;L, 3 Auger process. If the
incident X-ray photon energy Zw exceeds the S 1s ionisation
threshold, a 1s photoelectron (PE) is ejected into the conti-
nuum, followed by electron relaxation in the form of normal
Auger decay, where one 2p electron fills the S 1s vacancy, while
another 2p electron is ejected as an Auger electron (AE). In this
case, the final state is dicationic with two holes (2h) in the 2p
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Fig. 1 Schematic of excitation and decay events upon absorption of an
X-ray photon. lonisation with emission of a photoelectron (PE) is followed
by the normal Auger decay (c) with emission of an Auger electron (AE).
Resonant excitation leads to resonant spectator Auger decay (a), when the
spectator electron (SE) remains localised on the excited atom, or, to a CT decay
channel (b), occurring in the case of delocalisation of the resonantly promoted
electron to the environment. The green box represents destination environ-
ment of the delocalised electron. The spectator Auger decay leads to a
monocationic final state (2hle), whereas both the CT and the normal Auger
decay channels lead to a dicationic (2h) final state. Longer vertical purple arrow
in (a) indicates higher kinetic energy of the spectator Auger electron, compared
to that of the normal Auger electron (c).

shell and the Auger electron energy is independent of the
incident photon energy.

If the photon energy is insufficient for photo-ionisation, a
core electron can be resonantly promoted to one of the unoc-
cupied molecular orbitals (MO). In the event of delocalisation
of the promoted electron to the surrounding environment, the
subsequent relaxation, designated as a CT channel, is unaf-
fected by the delocalised electron, and hence the process is
similar to the normal Auger decay: the final state is also locally
dicationic, while the Auger electron energy is constant and
equal to the energy of the normal Auger line.

In the case where the promoted electron remains localised
on the excited atom, one can talk about resonant Auger relaxa-
tion. In the resonant Auger process, the spectator Auger decay
(the promoted spectator electron (SE) remains in the excited
orbital) strongly dominates over the participator decay (the
promoted electron participates in the relaxation process), there-
fore the latter process will be omitted in the following
discussion.?” In the case of spectator Auger decay, the final
state is monocationic (2h1e) with two holes in the 2p shell and
one spectator electron. Here, under resonant Raman condi-
tions, when the experimental resolution is smaller than the
lifetime broadening of the core-excited state, and in absence of
ultrafast nuclear dynamics in the molecule, a linear relation
between the energy of the incident photon and the spectator
Auger electron kinetic energy can be observed.”” Due to the
screening of the 2p holes by the spectator electron, the result-
ing spectator Auger kinetic energy is blue-shifted with respect
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to the normal Auger line. The presence of this so-called spec-
tator shift is essential, since it allows separating the spectator
Auger channel and the CT channel directly at the resonant
excitation photon energy.

The branching ratio between the localised spectator Auger
and delocalised CT channels, provides an estimate of the CT
rate upon core-excitation. To determine the CT time scale tcr,

the following relation is generally considered valid”*>*
Ispect:
Ter = Ten X Speclalor7 (1)
Icr

where Igpectator and Icr correspond to the integrated intensity
of a specific resonant spectator Auger channel and the corres-
ponding CT channel, respectively, and 7¢y = 1.1 fs is the core-
hole lifetime of the S 1s vacancy.>®

3.2 Computational methods

Kohn-Sham density functional theory (KS-DFT)***” simula-
tions have been carried out employing the Perdew-Burke-
Ernzerhof (PBE)*® exchange-correlation functional supplemen-
ted with the Grimmes D3*° dispersion correction. The simula-
tions have been performed using the CP2K program,®® under
the Gaussian and plane-wave (GPW) approach. Valence elec-
trons were treated explicitly, and norm-conserving Goedecker-
Teter-Hutter (GTH) pseudopotentials®® were used to account
for the interaction between the valence electrons and the
atomic cores. We employed double-zeta valence plus polarisa-
tion (DZVP) basis sets, and a cutoff of 1000 Ry for the auxiliary
plane-wave basis set. The computational parameters used in
the reported simulations have been converged with respect to
the system size and the basis set size.

The simulations for P3HT were carried out with a regio-
regular model adapted from ref. 33, shown in Fig. 2. According
to the experimental conditions, the lamella sheets are posi-
tioned in the XZ plane parallel to the sample surface. The
model contains two layers of 2 x 2 units, corresponding to a

(@) . . ()

o P RS = = YOUP L
B AR a s T
e s L VI

L

Do gD

Fig. 2 Ball and stick illustration of the employed P3HT simulation cell:
(a) and (b) bottom, (c) side, and (d) diagonal views. The XZ plane is parallel
to the sample surface. Colour code: brown for carbon, yellow for sulfur,
green for chlorine (Z + 1 approximation), light pink for hydrogen. In panel
(b), different polymer layers are depicted in pink and green to show the
lateral displacement between the chains when stacked. All the structures’
rendering were generated using the VESTA®? software.
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simulation cell with size of 30.52 x 15.02 x 15.93 A®, for which
periodic boundary conditions have been applied to all three
directions. In one unit, the polymer chains are laterally shifted
in the XZ plane by 1.3 A with respect to each other, as Fig. 2(b)
shows. The stacking of polymer chains is then ABAB along the y
direction. The calculated geometry of the system was fully
relaxed until the maximum force component was smaller than
1.0 x 10~ * Ha bohr ', Electronic structure calculations were
performed at 0 K temperature and at the Gamma point of the
supercells.

Although the simulations for the measurements of PT
powder could not be performed due to the lack of crystalline
structure in the sample, we have explored theoretically a PT
film constructed by removing the hydrocarbon side chains
from the P3HT model, followed by full relaxation of the
system’s geometry.

To initialise the electronic structure in the 1s™'m* core-
excited state, we made use of the Z + 1 approximation, in which
the potential of the core-excited sulfur atom is replaced by that
of the fully relaxed chlorine atom. The additional electron
behaves as an electron promoted to a * MO, which splits out
from the n* band after creation of the core hole. To address the
1s~'o* excited state, we modified the initial occupation of the
orbitals, by removing the electron from the n* and occupying
the higher-lying split-out * MO localised at the excited ring.

Starting from electronic configurations in the Z + 1 approxi-
mation corresponding to 15~ 'n* and 1s~ 'c* core-excited states,
the electron dynamics has been propagated using the RT-
TDDFT** approach, in which the electronic wavefunctions are
propagated in real-time and are not associated with energy
levels. The nuclei were kept at the ground-state optimised
coordinates throughout the entire propagation. By means of
RT-TDDFT, we are able to address the dynamical rearrange-
ment of the electronic charge, which is taking place within a
few femtoseconds upon the formation of the S 1s core hole.
Hence, the electronic wavefunctions of the 1s™'n* and 1s™'c*
states were propagated for 20 fs, using a time step of 0.5
attosecond (as). The evolution of the electronic charge distribu-
tion has been monitored by plotting its running changes at
time intervals of 5 as. Moreover, we applied the Bader popula-
tion analysis to the time dependent charge density,*® to reveal
the regions of charge accumulation and charge depletion
during the relaxation.

4 Results and discussion
4.1 Experimental data analysis

Experimental resonant Auger S KL, 3L, ; spectra for P3HT thin
film and PT powder are shown in Fig. 3 as 2D maps, where the
resonant Auger electron spectra are plotted as a function of
both the electron kinetic energy and incident photon energy.
The logarithmic colour scale represents intensity normalised to
the background.

The most intense features in the maps (indicated with white
crosses) correspond to the spectator Auger transitions from the
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Fig. 3 2D maps of S KL, 3L, 3 Auger spectra recorded in PT powder (a) and
P3HT thin film (b). Transitions to the 2p~2(!S)nf._ and 2p~2('S)c}_ final
states are indicated with black crosses. Transitions to the 2p~2('D)ng_c
and 2p~2('D)c_. states, indicated with white crosses, are labelled as n*
and o*. Blue lines and adjacent labels (A-D), indicate the corresponding
resonant photon energies. Diagonal dotted lines show dispersive beha-
viour of resonant structures. Purple stadium shapes indicate the region

where the CT feature is most prominent. The maps are normalised to the
background. The colour-coded intensities are on a logarithmic scale.

—1 %

Tc—c
2p('D)ng_ and 2p~2('D)cy . final states, respectively
(labelled as n* and o*). The attribution of the states is based
on earlier investigations in thiophene.*® The white dotted
diagonal lines highlight the dependence of the resonant Auger
kinetic energy on the photon energy, typically observed in
Raman conditions. Horizontal blue lines with adjacent labels
(A-D) indicate the corresponding resonant photon energies.
The features indicated with black crosses correspond to the

first two core-excited states 1s and ls*'cg_c to the

transitions to the 2p~2('S)nf._ and 2p~2('S)c}_ . final states.
The *P multiplet structures are forbidden due to angular
momentum and parity conservation rules and are absent in
the figure due to their low intensity.

Both 2D maps contain a feature on the low-energy side of the
2p %('D)o* line, which is marked with purple stadium shapes
and labelled CT. At the top of the maps, at the photon energies
above 2474 eV, one can see contributions of the Auger lines
corresponding to the excitation to high-energy delocalised
states. Upon further increase of the photon energy beyond
the ionisation threshold located at ~2478 eV, these features
evolve into normal Auger lines.*”

We underline a qualitatively similar manifestation of the CT
channel in both polymers in Fig. 3, which likely indicates the
similarity of the CT mechanism in the powder and the thin film
polymer forms. This goes in contrast to the conclusions of ref.
14, where the absence of CT in PT powder was probably due to
insufficient statistics of the measurements.

Remarkably, in both polymers the CT feature is most intense
at the photon energies around ~2473.5 eV, ie. close to the
resonant excitation energy of the 1s 'c* state. As introduced
above, the blue shift of the spectator Auger electron kinetic
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energy relative to the normal Auger line allows us to separate
the delocalised CT channel from the localised resonant channel
at the resonant photon energy. Indeed, at the photon energy of
2473.3 eV, the resonant Auger electrons resulting from the
spectator Auger transition to the 2p~*(*D)c* state have kinetic
energy of around 2116 eV. The CT channel, instead, is observed
at the kinetic energy around 2113 eV. The 3 eV difference
represents the spectator shift caused by the screening of the
1s and 2p core holes by the spectator electron in the c* MO.

The spectator shift reflects the efficiency of screening of the
1s and 2p core holes by the spectator electron and therefore
depends on the energy of the core-excited state with respect to
the ground state. Generally, it takes the largest value for the
resonant excitation to the lowest unoccupied MO and gradually
decreases for higher-lying orbitals converging to zero at the
ionisation threshold. On the contrary, in our case, the spectator
shift of the 2p~2c* line is larger than that of the 2p~rn* line.
Indeed, the spectator shift corresponding to the 2p *(*D)n*
line, is less than 1 eV at the resonant excitation photon energy
(2472.5 eV) of the 1s™ 'n* state.

This counter-intuitive behaviour has been recently observed
in gas-phase thiophene.’® It was demonstrated that in the
process of core-excitation and Auger decay, the energy order
of the first two core-excited states and the corresponding final
states reverses due to the destabilisation of the conjugated -
system in the aromatic molecules. The presence of the same
effect in gas-phase thiophene and solid-state thiophene-based
polymers points at the general nature of the observed phenom-
enon for conjugated systems.

Using 2D maps as a guide, we can trace the spectator Auger
and the CT channels as a function of photon energy with the
help of the fitting procedure described in the Experimental
section. Fig. 4 shows least-squares fit analyses of the spectra at
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Fig. 4 S KL, 3L, 3 Auger spectra of PT powder (a), (b) and P3HT thin film
(c), (d) at resonant excitation energies of the S 1s7'6* (a), (c) and S 15~ n*
(b), (d) states. The fitted lines correspond to the resonant spectator Auger
transitions to the 2p~2c* (magenta) and 2p~2n* (purple) final states. Green
and orange show the CT channel and a shake-up from an occupied band
to an unoccupied MO, respectively.
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the resonant photon energies indicated in Fig. 3 by labels A-D
and horizontal blue lines.

For both samples, at Ziw = 2473.3 €V (Fig. 4, panels (a) and
(c)) corresponding to the resonant excitation photon energy of
the 1s~'c* state, the spectra are dominated by the resonant
spectator Auger transition to the 2p~>c* final state at a kinetic
energy ~2116 eV (magenta). The shoulder on the low-energy
side of the dominant line contains the contributions from the
resonant spectator transition to the 2p~>n* final state (purple)
and the CT channel at a kinetic energy ~2113 eV (green).

Around 7w = 2472.5 eV (Fig. 4, panels (b) and (d)), corres-
ponding to the resonant excitation photon energy of the 1~ 'n*
state, the 2p~>rn* line at a kinetic energy ~2114 eV (purple) is
predominant, accompanied by a less intense 2p~>c* line to the
higher kinetic energy side (magenta) and a weak shoulder to
the low-energy side at a kinetic energy of ~2112 eV (orange).

The reason for using different colour coding for the green
and orange lines in Fig. 4 becomes clear when considering
dispersion, or kinetic energy position of the spectral features of
interest as a function of the incident photon energy presented
in Fig. 5. It is readily apparent that both spectator channels
follow a dispersive energy trend in PT (Fig. 5(a)) and P3HT
(Fig. 5(b)).

In contrast to the dispersive resonant spectator channels,
the kinetic energy of the Auger electrons ejected as a result of
electron delocalisation is expected to be independent of the
incident photon energy. We use this property as a fingerprint to
identify the origin of the peaks observed in the spectra on the
low-energy side of the resonant spectator features. In PT and
P3HT, at i > 2473 eV, close to the resonant excitation energy
of the S 1s™'o* state, the position of the low-energy peak stays
constant, which is the hallmark behaviour of electron deloca-
lisation. Therefore, we attribute this peak to CT corresponding
to electron delocalisation from the resonantly excited
1s~'o* state.

At photon energies i < 2473 eV, close to the excitation

energy of the S 1s™'n* resonant state, the kinetic energy of the

S 21174 o] 2117 0
E 2116 a)..."“.......nl..“ | 2116 (b) ..“..“.un
g 2115 o0 .....O.o"” 2115 ...-Onouu . ool

-1 o0 o oo
= o 00®
§ 21 1 :_ 0"....... 21 1 :_ nooooon.“. °

113 . 113 O

T 2112, T 07 PT| 2112{ T " 0" P3HT
o I I | T T |

2472 2473 2474 2472 2473 2474

Incident photon energy (eV)

Fig. 5 Kinetic energy position of Auger electron lines in PT powder (a) and
P3HT thin film (b) as a function of photon energy. Grey vertical lines
indicate the resonant excitation photon energies for the 1s 'n* and 1s 'c*
states. Resonant spectator channels 2p~2c* (magenta) and 2p~2n* (purple)
show a quasi-linear photon energy dependence. Dashed horizontal line
highlights the constant kinetic energy of the CT channel (green). Dispersive
low-energy peak observed at the photon energies close to the resonant
excitation of the 1s~'n* state (orange) is attributed to a shake-up process.
The systematic error from the fitting procedure is within the size of the
marker.
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low-energy peak strongly depends on the photon energy. At
these photon energies the intense resonant 2p ™~ >n* line strongly
overlaps with the weak low-energy peak (see Fig. 4, panels (b)
and (d)), which reduces fitting accuracy. Nevertheless, a clear
dependence of the peak kinetic energy on the photon energy
eliminates its possible attribution to the CT process. Its origin
may possibly be attributed to shake-up of an electron from an
occupied band to an unoccupied MO during the Auger decay as
was previously observed in gas-phase systems.*’

According to eqn (1), from the integrated intensities of the
2p *c* lines and of the CT lines, resulting from the fits in
Fig. 4(a) and (c), we can estimate the CT time tcr at the
resonant excitation energy of the S 1s~'c* state. The obtained
tcr values are ~3 fs and ~9 fs for PT powder and P3HT film,
respectively. Note that the 9 fs estimate of 7¢r obtained for
P3HT film is comparable with the values reported in earlier
studies on PT and P3HT thin films.">*>*" A three times shorter
CT time estimated for PT powder indicates a stronger coupling
between the resonantly excited S 1s 'c* state, the source
orbital of the CT process, to the conduction band of the
polymer, serving as the receiver for the delocalised electron.

We would like to underline that the accuracy of the reported
CT times depends on the fitting uncertainties related to the
choice of such fitting parameters as shapes, widths and asym-
metry of the spectral lines, the shape and the level of back-
ground as well as correlation of the fitting parameters for a
sequence of spectra. We estimate this uncertainty to be around
20%. Furthermore, in the case when the spectral lines strongly
overlap and are affected by the background, the CT times
obtained with eqn (1) have to be taken with extra caution.

4.2 Computational analysis

The ultrafast dynamics of the electronic structure induced by
the creation of a core hole upon absorption of resonant or non-
resonant X-ray radiation, can be simulated by RT-TDDFT. The
initial electronic structure of the S 1s 'n* and 1s 'c* core-
excited states is constructed as described in the Computational
methods section. It is worth mentioning that we assume
the presence of the core hole only at one thiophene ring in
the simulation box. This induces symmetry breaking and the
localisation of some low-lying empty states around the excited
ring, which split out of the corresponding band. Under these
conditions, the 1s 'n* and 1s 'c* states, occupied by the
excited electron, are easily identified as the most localised, but
are not necessarily the lowest in energy. Such split-out states are
also referred to as core-exciton states in the literature.®

To illustrate the energy levels of the split-out states with
respect to the unoccupied n* and o* bands, Fig. 6 shows the
density of states (DOS) projected on the angular momentum
components p, (m-orbital character), and s + py + p, (c-orbital
character), and on the carbon and sulfur/chlorine atoms that
compose the excited and a reference thiophene rings. The latter
was chosen to be the most distant ring from the excited one.
Here, we want to emphasise the energy level relaxation around
the excited ring. In particular, when the excitation to the
n* band (II in Fig. 6(a)) occurs, the energy of the split-out

Phys. Chem. Chem. Phys., 2024, 26, 1234-1244 | 1239


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp04303g

Open Access Article. Published on 15 December 2023. Downloaded on 6/21/2026 10:33:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

Ground state
—— Reference ring - core-excited state
—— Excited ring - core-excited state

(@)

n-projected DOS (states/eV)

_'4 _|2 0 2 4 6
E-Ef(eV)

|
(e}

Ground state

(b)

< —— Reference ring - core-excited state
g —— Excited ring - core-excited state
2
©
@ V
n
g
) \Y)
2
o
ko)
<)
e
) L
d . UL A
-6 -4 -2 0 2 4 6
E-Ef(eV)

Fig. 6 DOS computed for P3HT projected on the carbon and sulfur/
chlorine atoms of the excited and reference rings, and on the angular
momentum components (a) p, (n-orbital character) and (b) s + px + p; (o-
orbital character). The energy of states is shown relative to the Fermi level.
At the reference ring, the projected DOS in the ground state (grey area)
and in a core-excited state (blue line) are nearly identical. The roman
numerals label the occupied ©t band (1), the first unoccupied n* band (Il) and
the unoccupied o* band (IV). At the excited ring, the projected DOS in a
core-excited state (red) contains the split-out n* MO (lll) and the split-out
o* MO (V).

1s~'n* state (III in Fig. 6(a)) falls below any other unoccupied
states. This is not the case for the excitation into the ¢* band
(Iv in Fig. 6(b)), since despite the relaxation, the split-out
1s'o* state (V in Fig. 6(b)) still remains above the unoccupied
n* band (II in Fig. 6(a)). This implies a possibility of CT only
from the S 1s~'c* state.

The CT mechanism can be further inferred by considering
the spatial distribution of the split-out n* and o* orbitals upon
creation of the 1s'o* core-hole state. In the XY view, Fig. 7(a)
and (c), the excited thiophene ring is located in the bottom
right section of the plane, while in the XZ view, Fig. 7(b) and (d),
it is located in the top right section. One can see from Fig. 7(a)
and (c) that both the split-out * orbital and the split-out 7*
orbital (as well as the orbitals in the unoccupied n* band) are
limited to the polymer chain containing the excited thiophene
ring. In addition, Fig. 7(b) shows that the split-out n* orbital
significantly extends along the polymer chain containing the
excited thiophene ring, whereas the split-out o* orbital is
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Fig. 7 XY and XZ views of the spatial distribution of the split-out n* (a),
(b) and * (c), (d) orbitals after creation of the 15 1o* state in P3HT. The n*
orbital significantly extends along the polymer chain, whereas the c*
orbital is spatially localised mainly on the excited thiophene ring. The red
and green coloured lobes depict the orbital amplitude and represent the
different phases of the wavefunction. The surfaces were plotted with an
isovalue of 9.5 x 10 %ag /2,

y
t

X

localised on the excited thiophene ring only (Fig. 7(d)). The
spatial distributions provide qualitative information about the
states, in that an apparent overlap between the c* orbital and
the unoccupied n* band can be observed. This overlap might
favour the flow of electronic charge along the polymer chains.

By running the real-time propagation of the electronic
density for a few femtoseconds, it is possible to monitor
whether and how the electronic distribution around the excited
ring evolves. To illustrate the electron dynamics responsible for
CT in P3HT film and estimate the time scale of this process, we
have extracted the spatial electron density distributions every
5 attoseconds along the first few femtoseconds of propagation.
Fig. 8(a)-(c) shows the electronic density differences computed
at intervals of 5 as, at 5, 15, and 30 as of propagation of the
15 'c* state. In the case of Fig. 8(c), for instance, we plot the
difference between the electronic charge density obtained at
times ¢ = 25 as and ¢ = 30 as, with the subtraction performed
point by point. Depending on the values of the density at every
point in space at both instants of time, we get positive or negative
values for the difference, which represent gain or loss of electronic
charge, shown in Fig. 8 in blue and red, respectively.

We observe that, already on this time scale, a significant
evolution of the electron density occurs from the excited
thiophene ring along the polymer chain (right-hand side of
panels (a)-(c) in Fig. 8). Furthermore, from the left-hand side of
panels (a)-(c), we can conclude that the net amount of electron
density propagating across the polymer chains is negligible.
The electron density differences computed at 0.25, 0.5, and 1 fs,
shown in Fig. 8(d)—(f), demonstrate that the dynamical electro-
nic rearrangement slows down with time, reaching a final state
within the first 0.5 fs of simulation.

One useful tool to extract quantitative information from the
electronic distribution is the population analysis performed
according to the Bader formalism.** In particular, we have
calculated the total charge assigned to the excited ring, as well
as the population on the neighbouring rings along the chain
and in the layers above and below the excited ring.
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Fig. 8 Electron density differences in P3HT film computed at time intervals of 5 as, at (a) 5 as, (b) 15 as, (c) 30 as, (d) 0.25 fs, (e) 0.5 fs, and (f) 1 fs of
simulation. The electronic dynamics is limited only to the stack of polymer chains containing the excited thiophene ring. Electron accumulation regions

are shown in blue, whereas electron depletion regions are shown in red. The surfaces were plotted with an isovalue of 6.0 x 10™%a,~>.

The variation of the computed populations Ag over the first
3 fs of the propagation of the 1s 'n* and 1s 'c* state are
shown in Fig. 9(a) and (b), respectively, with positive (negative)
values indicating electron accumulation (depletion). The Bader
charge analysis indeed confirms that upon promotion of the
core electron to the n* band, the population of all the selected
rings remains unchanged (Fig. 9(a)).

0.2
(a) S 1s~irt* excited state
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)
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<
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Fig. 9 Bader charge analysis of the selected rings in P3HT for the first 3 fs
of propagation in the core-excited states (a) 1s'n* and (b) 1s'c*. The
grey line denotes Ag = 0. Negative (positive) values indicate electron
depletion (accumulation).

This journal is © the Owner Societies 2024

3

For the 1s™'o* state the situation is different. Upon promotion of
the core-excited electron to the * band and propagation of the
corresponding electronic wavefunction, we indeed reveal a propensity
for charge transfer. The populations of the excited ring (purple) and
of the adjacent rings in the same chain (blue) present a significant
change at the very beginning of the propagation, which is then
stabilised in less than a femtosecond (Fig. 9(b)). About 0.40 electrons
are transferred from the excited ring to the neighbours along the
same polymer chain. The variation of population on the rings in the
layers above and below the excited ring (red) is negligible.

Note that in simulations employing real electromagnetic
pulses to tackle electronic excitation processes, oscillations in
the Bader charges are understood as an effect of the coherent
superposition of excited states.*” In this study, however, the
beating pattern present in Fig. 9(b) should be rather interpreted
as an artefact intrinsic to the method chosen to create the core-
excited 1s~'c* state in the Z + 1 approximation. As described in
the section on computational methods, the 1s 'c* state is
created by transferring an electron from the n* orbital to the
o* orbital. This manipulation creates an artificial superposition
between the 1s~'n* and 1s 'c* states leading to fast oscilla-
tions in the Bader population analysis.

Similar results were also obtained for a PT film. The Bader
charge analysis performed for the first 2 fs of real-time propa-
gation, shows no change in population in the selected thio-
phene rings for the 1s~'n* state. On the other hand, for 1s™'c*
state, exchange of population can be observed mainly between
the excited ring and the adjacent rings along the chain (see
ESL+ Appendix C). The similarity of the results obtained for
P3HT and PT show that the hydrocarbon side chains present in
P3HT do not appear to modify the mechanism behind the CT
processes for this type of polymer films.

The Bader charge analysis presented in Fig. 9 and the quali-
tative analysis provided by the electronic density differences
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presented in Fig. 8 provide an estimate of CT time occurring
along the polymer chain in the core-excited 1s~'c* state on the
order of 1 fs. This estimate is significantly shorter compared to
the experimental values of ~9 fs and ~3 fs for P3HT and PT
samples, respectively, obtained using eqn (1). There are several
possible reasons for this discrepancy. A possible effect of
nuclear motion has been ruled out by the Ehrenfest molecular
dynamics simulations (see ESL{ Appendix B). Sensitivity to
potential surface effects and defects can also be safely excluded,
since in the hard X-ray regime used in our study, the X-ray
attenuation length in the sample is on the order of tens of
microns, which largely exceeds the sample thickness of
~30 nm (see ESIf Appendix A). However, the simulations
cannot fully account for such experimental parameters as
possible defects in the crystalline structure of the P3HT film
and thermal effects. Furthermore, as mentioned above, the
accuracy of the experimental CT time estimates provided by
eqn (1) is limited due to a strong overlap of the spectral features
and a significant background, preventing from a reliable fitting
of the peak areas.

Nevertheless, despite the quantitative variance between the
experimental and computational estimates of CT time scales,
our simulations provide a solid theoretical foundation for the
experimental observations. Considering the density of states in
the core-excited states, the spatial distribution of the relevant
orbitals and the evolution of the electronic density on the
femtosecond time scale, the simulations have unambiguously
revealed the mechanism of CT in the studied polymer systems in
agreement with the insights inferred from the experimental data.

5 Conclusions

Our joint experimental and theoretical study has demonstrated
the presence of ultrafast CT in organic conjugated thiophene-
based polymers induced by resonant hard X-ray excitation at
the sulfur K-edge. Comparing the experimental evidence of CT
in polymer powders and thin films and following the results of
real-time propagation TDDFT simulations, we have established
that intra-chain electron delocalisation is the dominant mecha-
nism of CT, whereas inter-chain electron delocalisation is
negligible in the studied systems. This main conclusion of
our work is sketched in Fig. 10.

Furthermore, we have shown that intra-chain electron delo-
calisation can be exclusively induced upon resonant excitation
of S 1s 'c* state, whereas resonant excitation of the S 1s™'n*
state does not lead to electron delocalisation. Therefore, our
approach demonstrates a capacity to not only initialise and
monitor ultrafast electron dynamics in extended systems by
resonant element-specific core-shell excitation, but also pro-
vides a control over electron delocalisation by a selective
excitation of a specific resonance in the excited atom.

This opens perspectives for the forthcoming studies on
intra-molecular conductivity in organic molecules including
technologically and biologically relevant systems. A striking
resemblance between the polymeric structures containing
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Fig. 10 Sketch of the excited thiophene ring (purple) and its nearest
neighbours along the chain (blue) and in the layers above and below
(red) in P3HT film. The green arrows show that only the intra-chain CT is
possible.

n-stacked arrays and the DNA double helical structure with n-
stacked arrays of bases implies a manifestation of common
mechanisms responsible for electric conduction in these sys-
tems. Thus, further investigation of CT in biological samples
can provide a better understanding of the mechanisms behind
molecular damage induced by X-ray radiation.

The insights into the CT mechanisms in complex systems
provided by the CHCS approach owing to its site-specific
nature, augmented by the high-level computational analysis,
can be taken further towards the emerging field of time-
resolved attosecond X-ray spectroscopy. As an example of
time-resolved X-ray induced CT, proton transfer was demon-
strated to occur within several femtoseconds in the course of
isomerisation of an acetylene molecule ionised at the carbon 1s
shell.** Taking a step towards potential applications, very
recently, proton transfer and the coupled dynamics of the
electronic structure in urea solutions have been demonstrated
using the element and site selectivity of X-ray absorption
spectroscopy in the water window.** Availability of higher
photon energies for time-resolved experiments at XFEL facil-
ities will allow probing deeper shells of such elements as
magnesium or manganese, whose ionic form plays a vital role
in the catalytic activity of DNA polymerase.*>*®
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