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Femtosecond concerted rotation of
molecules on a 2D material interface
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Masato Haniuda2, Christian Metzger1, Michael Heber 5, Dmytro Kutnyakhov 5,
Federico Pressacco 5, Lukas Wenthaus 5, Keisuke Hara 2,
Kalyani Chordiya3,6, Chul-Hee Min7, Martin Beye 5, Friedrich Reinert 1,
Friedrich Roth 8,9, Sanjoy Kr Mahatha5,10, Anders Madsen 11, Tim Wehling3,6,
Kaori Niki 2, Daria Popova-Gorelova 3,6,12, Kai Rossnagel 7,13,14 &
Markus Scholz 5

Interfaces between molecules and 2D materials exhibit energy-driven func-
tionalities, wherein charge transfer directs molecular motion. Unlike equili-
brium systems, where molecular assemblies settle into static configurations,
continuous energy input can drive transient, collective molecular rearrange-
ments. Here, we reveal ultrafast spectroscopic fingerprints of a collective
rotational response of molecules on a 2D material following photoexcitation.
Our results suggest that photoinduced charge transfer reshapes the interfacial
energy potential, giving rise tomacroscopic, unidirectionalmolecular rotation
and the formation of a homochiral molecular arrangement. Using a multi-
plexed ultrafast photoemission spectroscopy approach, we simultaneously
track electronic states, atomic positions, and orbital wavefunctions with
femtosecond and sub-Ångström resolution. Multimodal valence and core
electron emission analysis disentangles the intertwined electronic-structural
dynamics of the molecule and the 2D material, revealing the dynamic mod-
ulation of charge distribution and intermolecular forces that drive collective
molecular motion. Our findings open a pathway for designing energy-driven
molecular systems with tunable interfacial dynamics, with potential applica-
tions in chiral engineering and active matter systems.

Understanding and controlling molecular motion at interfaces is fun-
damental to designing functional materials with tailored properties,
particularly in molecular electronics, heterogeneous catalysis, and
chiral engineering1–6. In addition, ratchet mechanisms convert random
thermal fluctuations into directed motion under non-equilibrium
conditions, as exemplified by light-driven rotors and field-controlled
molecular gears but also in larger networks that enable autonomous
processes for applications ranging from information storage to
nanoscale actuators7–9.

The structural organization of molecular films is dictated by a
competition between molecule-substrate interactions, such as

covalent bonding and charge transfer, and intermolecular forces,
including Coulomb, van der Waals, and dipolar interactions10,11. These
forces collectively shape the potential energy surface, which, under
equilibrium conditions, determines the molecular configurations that
molecules adopt in long-range ordered films.

External stimuli, such as optical excitation or electric fields, can
transiently modify the intermolecular and molecule-substrate inter-
actions, as well as the potential energy surface, enabling rearrange-
ment processes that would otherwise be inaccessible under
equilibrium conditions4,12. As a result, molecular assemblies can
undergo phase transitions, reversible self-assembly, or directed

Received: 8 July 2025

Accepted: 5 February 2026

Check for updates

A full list of affiliations appears at the end of the paper. e-mail: markus.scholz@desy.de

Nature Communications |         (2026) 17:2110 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0009-0000-9940-0263
http://orcid.org/0009-0000-9940-0263
http://orcid.org/0009-0000-9940-0263
http://orcid.org/0009-0000-9940-0263
http://orcid.org/0009-0000-9940-0263
http://orcid.org/0000-0002-6294-4600
http://orcid.org/0000-0002-6294-4600
http://orcid.org/0000-0002-6294-4600
http://orcid.org/0000-0002-6294-4600
http://orcid.org/0000-0002-6294-4600
http://orcid.org/0000-0002-8299-4269
http://orcid.org/0000-0002-8299-4269
http://orcid.org/0000-0002-8299-4269
http://orcid.org/0000-0002-8299-4269
http://orcid.org/0000-0002-8299-4269
http://orcid.org/0000-0001-7816-9007
http://orcid.org/0000-0001-7816-9007
http://orcid.org/0000-0001-7816-9007
http://orcid.org/0000-0001-7816-9007
http://orcid.org/0000-0001-7816-9007
http://orcid.org/0000-0002-5014-9079
http://orcid.org/0000-0002-5014-9079
http://orcid.org/0000-0002-5014-9079
http://orcid.org/0000-0002-5014-9079
http://orcid.org/0000-0002-5014-9079
http://orcid.org/0000-0002-3924-2993
http://orcid.org/0000-0002-3924-2993
http://orcid.org/0000-0002-3924-2993
http://orcid.org/0000-0002-3924-2993
http://orcid.org/0000-0002-3924-2993
http://orcid.org/0000-0001-7993-1171
http://orcid.org/0000-0001-7993-1171
http://orcid.org/0000-0001-7993-1171
http://orcid.org/0000-0001-7993-1171
http://orcid.org/0000-0001-7993-1171
http://orcid.org/0000-0001-9043-9807
http://orcid.org/0000-0001-9043-9807
http://orcid.org/0000-0001-9043-9807
http://orcid.org/0000-0001-9043-9807
http://orcid.org/0000-0001-9043-9807
http://orcid.org/0000-0001-6594-1029
http://orcid.org/0000-0001-6594-1029
http://orcid.org/0000-0001-6594-1029
http://orcid.org/0000-0001-6594-1029
http://orcid.org/0000-0001-6594-1029
http://orcid.org/0000-0002-0795-1007
http://orcid.org/0000-0002-0795-1007
http://orcid.org/0000-0002-0795-1007
http://orcid.org/0000-0002-0795-1007
http://orcid.org/0000-0002-0795-1007
http://orcid.org/0000-0002-3036-0467
http://orcid.org/0000-0002-3036-0467
http://orcid.org/0000-0002-3036-0467
http://orcid.org/0000-0002-3036-0467
http://orcid.org/0000-0002-3036-0467
http://orcid.org/0000-0001-5107-0090
http://orcid.org/0000-0001-5107-0090
http://orcid.org/0000-0001-5107-0090
http://orcid.org/0000-0001-5107-0090
http://orcid.org/0000-0001-5107-0090
http://orcid.org/0000-0001-5669-9912
http://orcid.org/0000-0001-5669-9912
http://orcid.org/0000-0001-5669-9912
http://orcid.org/0000-0001-5669-9912
http://orcid.org/0000-0001-5669-9912
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-69801-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-69801-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-69801-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-69801-6&domain=pdf
mailto:markus.scholz@desy.de
www.nature.com/naturecommunications


motion, unlocking dynamic and adaptive behaviors that mimic nat-
ure’s efficiency in transient systems9,12,13. These dynamic behaviors go
beyond static equilibriumconfigurations, enabling systems to perform
tasks that would be impossible in a stable state.

Here, we demonstrate how charge-driven potential energy sur-
face modification at a hybrid molecule-2D material interface induces
ultrafast, synchronized, unidirectional molecular rotation. Using a
multiplexed time-resolved photoemission spectroscopy approach14–19,
we track atomic positions20,21, charge dynamics, and orbital evolution
with femtosecond resolution22–24, revealing the atomistic mechanisms
that drive collective molecular motion at the nanoscale. Our results
further suggest that the interplay between electronic and structural
dynamics leads to the spontaneous formation of homochiral mole-
cular domains, an essential step toward realizing controlled chiral
molecular architectures. By integrating experimental observations
with theoretical modeling, we establish a framework for engineering
chiral-selective molecular motion at surfaces.

The interface we study is formed by copper(II)phthalocyanine
(CuPc) molecules in a self-assembled, highly ordered molecular film
adsorbed on the layered transition-metal dichalcogenide TiSe2 (see
“Sample preparation” and Supplementary Note 1.1). To directly cor-
relate the photoinduced charge and energy flow across the interface
with the molecular structural response, we have implemented a mul-
tiplexed electronic movie approach, integrating four modalities of
time-resolved photoelectron spectroscopy: time-resolved orbital
tomography (trOT), time- and angle-resolved photoemission spectro-
scopy (trARPES), time-resolved X-ray photoelectron spectroscopy
(trXPS), and time-resolved X-ray photoelectron diffraction (trXPD).
These techniques use ultrashort-pulsed extreme ultraviolet and soft
x-ray radiation for combined momentum-dependent valence-electron

and atomic site-specific core-electron emissions, as illustrated
in Fig. 1a.

Results
Charge transfer dynamics
Upon optical pumping of the hybrid interface (at time t0), the most
prominent effect observed in themomentum-integrated trARPES data
in Fig. 1b is the redistribution of spectral weight from the Se 4p valence
band to the Ti 3d conduction band14,15. Subsequently, hot electrons
relax by intraband scattering to lower energies into the Ti 3d con-
duction bandminimum, while hot holes scatter to higher energies into
the Se 4p valence band maximum.

From the trARPES intensity momentum distribution, we can
identify the lowest unoccupied molecular orbitals (LUMO and LUMO’,
Fig. 1c). These orbitals are transiently populated at t0, but play only a
minor role in modulating the interfacial potential landscape, as only
about 1% of the molecules are excited to this state. In the iso-energy
cuts at about 180meV above and 300meV below the Fermi level, we
identify the Ti 3d conduction band (Fig. 1d) and the CuPc highest
occupied molecular orbital (HOMO, Fig. 1e), respectively. Our calcu-
lations (see Supplementary Note 2.2) show that the momentum dis-
tribution of the HOMO for multiple domains is represented by a ring-
like intensity modulation around the Γ point with a radius of about
(1.67 ± 0.01) Å−1.

Experimentally, we find that the TiSe2 conduction-band popula-
tion reaches maximum intensity later for CuPc/TiSe2
(tmax = 0.369 ±0.041 ps) than for pristine TiSe2
(tmax = 0.181 ± 0.054 ps). The corresponding decay constants are
τ =0.441 ± 0.021 ps and τ = 0.386 ± 0.054 ps, respectively; the decay
constant is slightly longer for the CuPc-covered surface, but this

t-1= -700 fs                         t0= 0 fs                        t1= 375 fs                      t2= 1800 fs
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Fig. 1 | Time-resolved orbital tomography and band structure evolution at the
CuPc/TiSe₂ interface. a Conceptual sketch of the experiment including a real
dataset of the valence-band and core-level emissions of CuPc/TiSe₂. These four-
dimensional data sets capture ultrafast dynamics of the adsorbed molecules on a
sub-picosecond timescale, resolving changes in energy-momentum space.
b Momentum-integrated valence-band region. At four delay times t−1, t0, t1 and t2
the momentum maps at selected energies are extracted: c CuPc LUMO, (d) Ti 3d

conduction band of TiSe2, (e) CuPc HOMO. f Corresponding energy-momentum
maps of the valence-electron region dynamics. For (c–e), we integrated in energy
over ±220meV around the denoted center energy. For (c), (e), we applied a
Gaussian filter with a kernel size of 5 × 5. For (d), (f), the kernel size is 2 × 2. The red
and white colored arrows in (c) indicate the projected light incidence (315°) for all
measurements. Source data are provided as a Source Data file50.
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difference is within the combined uncertainty (Supplementary
Note 1.7). The shift of tmax to longer delays indicates that the excited-
state population evolves through an intermediate stage before
relaxation. We attribute this behavior to an extended cascade of sec-
ondary hot carriers generated by inverse Auger (impact-ionization)
processes14,15, which are prolonged further by charge exchange with
the CuPc layer. This observation highlights the critical role of the
molecular environment in shaping the dynamics of 2D materials,
effectively creating a hybrid system with modified electronic
properties.

To determine the role of hot hole transfer in modulating the
interfacial potential, we quantify the ratio of CuPc+

t1
to all molecules at

t−1 (CuPct�1
) using trXPS (Fig. 2a)21,25. First, we identify the spectral

signatures of CuPc+
t1
(red) andCuPc0t1 (blue)molecules in the carbon 1 s

(C 1s) core-level signal by comparisonwith calculations (see “Methods”

and Supplementary Note 2.3.3) (Fig. 2c). We find that the CuPc+
t1

spectrum shifts to higher binding energies and exhibits a modified
spectral signature compared to the spectrum before excitation
(CuPct�1

), due to reduced core-hole screening during hot-hole transfer
from the Se 4p band to the HOMO (see “Methods” and Supplementary
Note 2.3.3). In contrast, the CuPc0t1 signature shifts rigidly to lower
binding energies due to surface potential modulation (see “Methods”
and Supplementary Note 2.1). From the ratio of the CuPc+

t1
/ CuPct�1

peak intensities, we estimate that approximately 45% of the molecules
are charged. We note that the C 1s trXPS peak shifts and intensities
correlate well with the dynamics of the characteristic trARPES sig-
natures (Fig. 2d, e).

Due to the proximity of the CuPc HOMO to the Fermi level EF, hot
holes are injected into the molecule within ~375 fs after absorption of
the pump pulse (t1). This charge transfer process alters the
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Fig. 2 | Interfacial electronic dynamics. a Transient trXPS spectrum of the C 1s
core level and (b) Se 3p core level. c C 1s trXPS spectra at t−1, t0, t1 and t2’ (from
bottom to top, marked in (a)) including fits of the signatures of neutral (blue) and
charged (red) molecules and the corresponding simulations (dashed lines). The
inset depicts a probable arrangement of both neutral and charged molecules.
d Transient normalized photoemission intensities of the CuPc LUMO (light brown),

HOMO (black), the C 1s core level of neutral (blue) and charged (red) CuPc mole-
cules, and the Ti 3d states of the substrate (gray). e Transient energies of the C 1s
level of neutral molecules (blue), the HOMO (black), and the Se 4p valence-band
maximumof the substrate (gray). fSketchof the charge-transfer dynamics between
CuPc and TiSe2. Source data are provided as a Source Data file50.
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electrostatic potential at the interface. We model the excitation-
inducedbinding energy shifts using a dielectric approach that assumes
charge transfer from TiSe2 to a fraction of the CuPc molecules,
resulting in an electrostatic potential that qualitatively reproduces the
experimental level shifts (see “Methods” and Supplementary Note 2.1).
Consequently, all energy levels shift toward lower binding energies,
reaching a maximum shift of ~200meV at t1 (Fig. 1f, Fig. 2a, b). The
charge carrier dynamics, as deduced from the momentum maps
(Fig. 1b–f), core-level shifts (Fig. 2a, b), and intensity transients (Fig. 2d,
e), are schematically summarized in Fig. 2f.

Molecular rotation and deformation
As shown in Fig. 3a, the HOMO electron density distribution forms a
ring-like structure with 12 distinct peaks (α) inmomentum space. At t1,
we observe additional features (β and γ) separated from the initial
peaks by about –15° ± 3° and +15° ± 3°, respectively, indicating rota-
tional motion of the molecules. While the trOT data shows the
occurrence and magnitude of the molecular rotation, it does not
provide directional information or distinguish between charged and
neutral molecules.

Similar rotations are inferred from the C 1s trXPD patterns
(Fig. 3b). However, the distinct spectral fingerprints of neutral and
charged molecules in the C 1s trXPS spectra, together with a trXPD
R-factor analysis, considerationof steric constraints, andpair-potential
calculations, allow us to determine the direction of rotation and dis-
entangle the atomic rearrangement for each species.

The C 1s trXPD patterns of neutral and charged molecules display
6 and 3 distinct peaks, respectively, due to intramolecular scattering.
Figure 3b shows the trXPD pattern and the extracted neutral molecule
contributions. At t−1, the neutralmolecule signal is integrated between
−282.6 eV and −284.1 eV. At t1, the neutral and charged molecules are
isolated by integrating the C 1s signal between −284.1 eV and −284.8 eV
(neutral) andbetween−282.7 eV and−283.6 eV (charged), respectively.

Azimuthal line scans extracted at (0.7 ± 0.15) Å⁻¹ from the trXPD
data at t−1 and t1 (Fig. 3b) show that the δ and ε features of the neutral
molecules rotate clockwise by –15° ± 3°, which is consistent with the
R-factor analysis (Supplementary Note 1.6). In addition, the δ’ and ε’
appear shifted toward the Γ point for CuPc0t1 , indicating a decreased
adsorption height. Multiple scattering calculations for different model
geometries reveal out-of-plane deformation with benzene wings
approaching the substrate (Fig. 3d).

For the charged molecules, R-factor analysis does not yield an
unambiguous rotational anglewithin the errormargin (Supplementary
Note 1.6). However, steric constraints must also be considered. At a
coverage of onemonolayer, themolecules are densely packed. In such
an arrangement, a rotationof the neutralmolecules necessarily implies
a correlated motion of neighboring molecules in opposite directions
to avoid collisions. The measured XPD pattern and the pattern calcu-
lated for CuPc+

t1
molecules rotated CCW by +15° ± 3° are shown

in Fig. 3c.
To further understand the observed rotations,weperformedpair-

potential calculations to evaluate how charge transfer modified the
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Fig. 3 | Molecular structural dynamics. a Structural dynamics extracted from the
CuPc HOMO momentum distribution. Azimuthal line cuts along the dashed lines
marked in the insets show the appearance of additional features (β, γ) at t1, sepa-
rated by ~−15°/ + 15° from theHOMO features (α) at t−1. The integration range of the
azimuthal line cuts is 0.1 Å⁻¹.bAnalysis of theC 1sXPDpattern of the neutral CuPc0t1
molecules. The signatures are indicated by red crosses. At t1, the signatures asso-
ciated with neutral CuPc exhibit an azimuthal shift corresponding to a clockwise
rotation of approximately −15°, as deduced from the displacement of the δ→ δ’ and
ε→ ε’ features. The azimuthal line cutswereextracted at |k | = (0.7 ± 0.15)Å⁻¹. For t−1,
the energy window spans (282.6 eV – 284.1 eV) binding energy. At t1, the XPD was
extracted between (284.1–284.8) eV and (282.7–283.6) eV binding energy for
charged and neutral molecules, respectively. c Comparison of the C 1s XPD pat-
ternof CuPc+

t1
with theory. The three red crossesmark the characteristic signatures,

whose azimuthal displacement is consistent with a rotation of approximately +15.
d Structural models extracted from the XPD pattern for CuPc and CuPc+

t1
. Atomic

diameters are scaled by a factor of 1/7. e Schematic representation of the experi-
mental results of (a), (b) and (c): cogwheel rotational motion of the adsorbed
molecules on a sub-picosecond time scale in energy-momentum space and real
space. The rotations are triggered by changes in the potential energy surface fol-
lowing charge carrier transfer between TiSe2 and CuPc and are in opposite direc-
tions for charged (red) and neutral (blue) molecules. Panel (f) and (g) displays
schematic representations of themolecular arrangements at t−1 and t1, respectively.
Panel (f) is based on data extracted from LEED measurements, whereas panel (g)
derives from pair-potential calculations. Source data are provided as a Source
Data file50.
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intermolecular interaction landscape. We calculated the pair potential
between the molecules using the partial charges on each atom in the
molecules obtained from theRASCI calculation26 of the ground state of
CuPct�1

and the ionized state of CuPc+
t1
(see Supplementary Note 2.4).

The potentials are shown in the lower part of Fig. 3e. This method,
previously applied to similar systems27–29, shows that, depending on
the initial in-plane orientation of the molecules relative to their unit
cell (angles marked in Fig. 3f, g), the CuPc+

t1
and CuPc0t1 molecules

adapt to the new potential energy surface by rotating by +15° and −15°,
respectively, in agreement with the experimental results. The result is
illustrated in Fig. 3e.

This ultrafast rotation is captured in both tomographic trOT
snapshots of the HOMO (Fig. 3a) and trXPD patterns of the C 1s core
level (Fig. 3b, c) within ~375 fs after absorption of the pump pulse.
However, not all molecules rotate at t1; signatures of non-rotated
molecules are detected in both the HOMO snapshots and the trXPD
pattern. About 20% of the neutral molecules remain unrotated, and a
similar fraction is estimated for charged species, with a ± 10%marginof
error due to pattern overlap.

Homochiral domain formation
Our combined trOT and trXPD data provide consistent and com-
plementary electronic (orbital) and structural (atomic-site) perspec-
tives on the uniform, unidirectional rotation of themajority of charged
and neutral molecules within the probed area. However, static low-
energy electron diffraction (LEED) revealed mirror-symmetric
domains in the as-prepared CuPc/TiSe₂ monolayer (see Supplemen-
tary Note 1.1), and the pair-potential calculations predict that mole-
cules in mirror domains should rotate in opposite directions. Yet,
within the sensitivity of the trXPD experiment, we observe no sig-
natures consistent with counter-rotating domains under continuous
photoexcitation.

The absence of opposite-rotation features implies that a homo-
chiral molecular configuration emerges under photoexcitation. This
behavior is consistent with that of other energy-driven molecular
systems on surfaces30–34. The homochiral arrangement vanishes once
the excitation is removed, confirming that the effect is reversible and
not due to permanent structural modification.

We attribute the transient homochirality to a photoinduced
rebalancing of the molecule-substrate and intermolecular forces.
When the energy barrier between mirror-symmetric domains is small,
the system can overcome it under external excitation, favoring the
formation of a single chiral phase30,31. The removal of domain walls
reduces the overall energy dissipation, analogous to non-equilibrium
Ostwald ripening35. This transient stabilization is further supported by
the out-of-plane deformation of CuPc+

t1
, which breaks the fourfold

symmetry of neutral molecules into a twofold one36–38. The nearly
square molecular unit cell (Fig. 3f) suggests a small potential barrier
between the domain and the mirror domain, consistent with the
transient suppression of the mirror domains during pumping. We
therefore propose that the interfacial potential modulation drives the
symmetry breaking and domain coarsening via non-equilibrium pro-
cesses. The molecular arrangements deduced from LEED experiments
and pair-potential calculations are shown in Fig. 3f–g.

Discussion
In summary, we have observed ultrafast concerted rotation of achiral
molecules on a 2D material driven by charge carrier transfer between
substrate and molecules. Our results demonstrate how non-
equilibrium conditions can significantly alter the molecular assembly
process by shifting the balance between intermolecular forces and
molecule-substrate interactions. Under non-equilibrium conditions,
continuous energy input reshapes the energy landscape, allowing
molecular systems to overcome local barriers and form dynamic
configurations that are unattainable in equilibrium. This energy-driven

process initiates femtosecond-scale unidirectional rotation, which
stabilizes amoreordered, homochiral state byminimizing domainwall
formation. Prolonged relaxation times in TiSe₂ due to molecular
adsorption suggest that the molecular layer modifies charge carrier
dynamics, offering potential for controlling energy transfer and charge
transport in molecular electronics, chiral systems, and spintronics.

Our multimodal approach integrating trOT, trARPES, trXPS, and
trXPD provides comprehensive insight into both global interfacial
electronic dynamics and local atomic site-specific charge-state
dynamics. Direct, microscopic, and multi-perspective insight into the
interplay between structural and electronic dynamics is crucial for
better understanding and controlling molecular motion on surfaces.
Our findings open a path for the rational design of new functionalities
in hybrid systems, particularly in non-equilibrium active matter. This
could lead to innovations in molecular machines, chiral engineering,
and smart material systems, where dynamic control of molecular
behavior is essential.

Methods
Photoemission experiments
The time-resolved CuPc/TiSe2 photoemission measurements were
performed at both a HHG and a FEL source, with a pump excitation
energy of 1.6 eV and a probe pulse photon energy of 36.3 eV (both p-
polarized). Both experiments lead to the sameobserved dynamics, but
due to longer acquisition times and thus better statistics, we have
chosen to present the valence-band data obtained at the HHG source
in the main manuscript39. The C 1s core-level measurements were
performed at the PG2 beamline at FLASH inHamburg, Germany, with a
pump photon energy of 1.6 eV and a probe photon energy of 370 eV.
The pump andprobe pulses are incident on the sample at a polar angle
of 68° and an azimuthal angle of 0°with respect to the Γ-Mdirection of
the substrate. The spot sizes of the pump and probe beams on the
sample are approximately (260 × 150) µm2 and (200× 100) µm2,
respectively, and both beams are aligned to spatially overlap. The
average FEL pulse energy of 30 µJ is attenuated by several thin-film
filter foils and nitrogen gas. The pump laser delivers a maximum flu-
ence of 1 mJ/cm2. The energy resolution of the experiment is 80meV,
evaluated by fitting the Fermi edge of an Ag(110) crystal at room
temperature. The temporal resolution is (95 ± 5) fs for the valenceband
data taken at the HHG source and (180 ± 10) fs for the core-level data
taken at the FEL source, evaluated from the cross-correlation of the
pulses. The photoelectrons are detected by a time-of-flight momen-
tummicroscope24. The data sets, sampling over ~2 ps, were acquired in
~15 h. The energy of the obtained spectra is calibrated by comparing
the central CuPc HOMO energy with a value previously measured at a
He-I source using a hemispherical analyzer (Scienta Omicron R3000).
Themomentummaps are similarly calibrated at the Γ points of a clean
TiSe2 sample. All shown momentum maps are integrated over
±220meV around the indicated center energy.

Sample preparation
TheCuPcmonolayer onTiSe2wasprepared in situ at a basepressure of
10-10mbar. The TiSe2 substrate of ~(5 × 5) mm2 size was cleaved in situ
and characterized by low-energy electron diffraction (LEED) and
photoemission measurements prior to deposition of the molecules.
CuPc molecules (gradient sublimated) were deposited by organic
molecular beam epitaxy from a home-built Knudsen cell evaporator at
a Knudsen cell temperature of 400K and a deposition rate of 1
monolayer per 40min at an evaporator-to-sample distance of 15 cm.
These growth parameters were previously determined by means of
LEED and photoemissionmeasurements on CuPcmolecules deposited
on anAg(110) crystalwith awell-characterized growth. The LEED image
characteristic of a monolayer of CuPc molecules on TiSe2 is shown in
the Supplementary Note 1.1 and a molecular superstructure of (2,4.5/
4,0.2) is determined. This epitaxial relationship corresponds to a
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point-on-line superstructure: the CuPc overlayer is commensurate
with the TiSe₂ substrate alongone crystallographicdirection,while the
perpendicular direction exhibits a quasi-incommensurate registry.
From this superstructure, a real-space arrangement of densely packed
flat-lying CuPc molecules with an intermolecular spacing of 13.8 Å can
be determined. During the beamtime, several samples were prepared
and their quality was verified by LEED.

Time-resolved orbital tomography analysis
Centered at an energy of −310 meV below the Fermi level, we identify
the CuPc HOMO from its intensity distribution in momentum space.
The orbital is characterized by an intensity modulated ring centered
around the Γ point with a radius of (1.67 ± 0.01) Å−1. The energy inte-
gration range in Fig. 1c–e is ±220meV around the denoted center
energy. The calculationof aCuPcmolecule adsorbedon an8x8x1TiSe2
supercell is performed based on DFT calculations using the Vienna Ab
Initio Software Package (VASP). Ground-state and excited-states cal-
culations of a neutral and positively charged isolated CuPc molecule
were performed with the MOLCAS package40 using the RASCI
method26. Further details of the calculation are given in the Supple-
mentary Note 2.3.

At t0 and between 550 and 990meV above the Fermi level, we
identify the CuPc LUMO, which is depopulated with a decay time of
τLUMO = (92 ± 50) fs. Its momentum distribution (Fig. 1c) shows an
intensity close to the Γ point originating from Ti 3d states as well as a
ring-shaped intensity centered around the Γ point with a radius of
(1.60 ±0.05) Å−1. This is supported by comparison with the calculated
momentum distributions of the lowest unoccupied molecular orbitals
(LUMO and LUMO’) of isolated CuPc, which are superimposed on the
experimental data as 1=2 LUMO +

ffiffiffi

3
p

=2 LUMO’. Two excitation
mechanisms can play a role in the transient LUMO population: a direct
excitation from the HOMO to the LUMO, corresponding to an optical
gap of ~1.1 eV, which is slightly smaller than the 1.4 eV reported for thin
films on ametal substrate41. Due to the off-resonant excitation and the
momentum distribution of the (1=2 LUMO +

ffiffiffi

3
p

=2 LUMO’), we con-
sider the most likely excitation channel to be via hot electron scat-
tering from the Ti 3d band into the LUMO. More details on the LUMO
calculations are given in the Supplementary Note 2.3.4.

Time-resolved XPS analysis
The C 1s core-level spectrum of the neutral CuPc molecule on TiSe2
consists of two main peaks and their shake-up satellites. We have
performed calculations of the C 1s XPS spectra of neutral CuPc and
positively charged CuPc+ using the extended Koopmans theorem42.
The calculation reproduces the spectrum without the shake-up satel-
lites, but overestimates the separation between the peaks. From the
calculation of neutral CuPc, we determine that the lower binding
energy peak originates from the carbon atoms in the benzene rings,
while the higher binding energy peak originates from the carbon
atoms in the pyrrole rings, in agreement with the literature43. The
calculated C 1s spectrum of positively charged CuPc+ also has two
peaks, but the structure of the spectrum changes. The separation
between the benzene peak and the pyrrole peak increases by 1 eV. In
addition, the benzene peak becomes broader and less intense. The
calculated hole density of CuPc+ is mainly located on carbon atoms in
the pyrrole rings. These atoms experience a greater decrease in Cou-
lomb screening than atoms in the benzene rings. This results in the
larger shift of the pyrrole peak compared to the shift of the benzene
peak toward higher binding energies. A small fraction of the positive
charge is also located on the carbon atoms in the benzene rings, but is
unevenly distributed over these atoms. As a result, the carbon atoms in
the benzene rings experience a slightly different decrease in Coulomb
screening, so that the corresponding peak becomes broader.

The C 1s spectra after time zero (t0) contain the signatures of both
neutral and positively charged molecules. To determine the ratio of

the contributions of the neutral CuPc and the positively charged
CuPc+ to the total spectrum, we fitted the total spectrum by adding
the two calculated spectra in different ratios. For better comparison,
we fitted the global positions of the spectra and reduced the over-
estimated peak separation by the same value for both spectra.We find
that the total spectrum is best reproduced when about 45% of the
positively charged molecules contribute to the spectrum.

Time-resolved XPD calculations and analysis
The XPD data in Fig. 3b–c show the C 1s signal of CuPc/TiSe2 after
subtraction of the inelastic background and correction for inhomo-
geneity of the 2D instrumental response function. To extract the
molecular geometries at t−1 and at t1, the experimental momentum
maps are compared with a multiple scattering calculation based on
Fermi’s Golden Rule using the Lippman-Schwinger equation for the
final state44 of 42 different sample geometries. Both intramolecular
scattering within CuPc and scattering between CuPc and the sub-
strate are considered. The atomic orbitals of the C atoms repre-
senting the initial states are calculated by Gaussian45. In the partially
overlapping trXPS spectral signature of CuPc before time zero,
CuPc+

t1
and CuPc0t1 , we can clearly isolate the intensities originating

from the carbon atoms located in the benzene rings. Consequently,
we extracted the experimental XPD pattern and calculated XPD
momentum maps for these atoms. Due to the limited statistics in
trXPD, we carefully three-fold symmetrized the experimental data.
The quantitative agreement between the experimental and calcu-
lated XPD patterns is evaluated by means of a R-factor analysis
according to the procedure shown in ref. 19. The 42 evaluated
R-factors are shown in the Supplementary Note 1.6, and the models
corresponding to the smallest R-factor are considered as the closest
fits to the experiment (shown in Fig. 3b, c).

The simulated models consider a CuPc molecule adsorbed on a
cluster of 58 atoms of 1T-TiSe2 in its normal phase. The different
geometric models of CuPc+

t1
and CuPc on TiSe2 include different

molecular out-of-plane distortions, adsorption heights, adsorption
sites, and molecular in-plane rotations. For each model, three mole-
cular orientations along the substrate high-symmetry directions
according to the point-on-line growth are considered and their inten-
sities are added to the resulting XPD momentum map. Further details
of the calculations are given in the Supplementary Note 1.6.

Dielectric model of the photoexcited system
The excitation-induced binding energy shifts of the CuPc- and TiSe2-
derived states toward EF aremodeledby adielectricmodel.We assume
that a hole is transferred from TiSe2 to a certain fraction of CuPc
molecules. This fractionwill be positively charged, while the rest of the
molecules will remain neutral. The substrate carries the opposite
negative charge. To describe the dielectric screening in this setup, the
CuPc molecules are represented as a dielectric layer (ε1 = 446) with
thickness h = 3.95 Å. The TiSe2 substrate is modeled as a half-space
with dielectric constant ε2, while we assume vacuum above the CuPc
layer (ε3 = 1). For the electron-doped substrate, we consider ε2 = 6047

and, most simply, a perfect metal ε2 =1. The CuPc molecules are
assumed to form a square lattice with lattice constant a = 14.5 Å, and
the positively charged molecules are modeled as a Gaussian surface
charge density of 5 Å width, resulting in a total charge of +1e. The
resulting electrostatic potential is calculated following refs. 48,49. and
qualitatively captures the excitation-induced relative level shifts
observed in the experiment. Further details of the calculation aregiven
in the Supplementary Note 2.1.

Theoretical description of the molecular in-plane orientations
Pair-potential calculations27 were performed in order to determine the
in-plane orientations of the molecules at t−1 and t1. A 2D layer of CuPc
molecules is modeled based on the molecular superstructure
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determined by LEED. The potential in the molecular layer is calculated
taking into account intramolecular van der Waals and Coulomb
interactions. By gradually varying the relative in-plane orientation
between a central molecule and its surrounding neighbors, the mole-
cular arrangement corresponding to the minimum pair potential is
found. Further details of the calculations are given in the Supple-
mentary Note 2.4.

Data availability
The source data are provided with this paper. Data is available in the
Zenodo repository under accession https://doi.org/10.5281/zenodo.
17975297 Source data are provided with this paper.
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