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Electron dynamics in water are of fundamental importance for a broad range of phenomena1–3,

but their real-time study faces numerous conceptual and methodological challenges4–6. Here,

we introduce attosecond size-resolved cluster spectroscopy and build up a molecular-level un-

derstanding of the attosecond electron dynamics in water. We measure the effect that the ad-

dition of single water molecules has on the photoionization time delays7–11 of water clusters.

We find a continuous increase of the delay for clusters containing up to 4-5 molecules and lit-

tle change towards larger clusters. We show that these delays are proportional to the spatial

extension of the created electron hole, which first increases with cluster size and then partially

localizes through the onset of structural disorder that is characteristic of large clusters and

bulk liquid water. These results suggest a previously unknown sensitivity of photoionization

delays to electron-hole delocalization and indicate a direct link between electronic structure

and attosecond photoionization dynamics. Our results offer novel perspectives for studying

electron/hole delocalization and its attosecond dynamics.
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Electronic dynamics in water play a central role in a broad range of scientific and technolog-

ical research areas ranging from radiation chemistry to photocatalysis. The dynamics induced by

ionization of water are of particular relevance since they initiate the processes underlying radiation

damage2, 3, 12. The ionization of water is predicted to lead to the formation of a delocalized elec-

tron hole, followed by its localization on one water molecule and proton transfer to a neighboring

molecule, forming H3O+ and OH13. The latter step has been time-resolved only very recently

using one-photon extreme-ultraviolet (XUV) photoionization of water clusters4 and strong-field

ionization of liquid water5. Both experiments independently determined a 30-50 fs time scale for

proton transfer. The formation of the delocalized electron hole, as well as its localization have

so far escaped experimental scrutiny because of their sub-femtosecond time scales. The extent

to which the initial hole is delocalized, how fast it localizes and how these attosecond electron-

hole dynamics predetermine the subsequent nuclear motion are fundamental unknown aspects that

would greatly improve our understanding of the primary processes governing ionization-induced

reaction dynamics in aqueous solutions.

In this work, we access the attosecond time scale of the photoionization dynamics of water

on the molecular level by introducing attosecond size-resolved cluster spectroscopy (ASCS). Cou-

pling attosecond interferometry9, 11, 14, 15 with electron-ion coincidence spectroscopy, we determine

photoionization delays for water clusters of increasing size, achieving single-molecule resolution.

Photoionization time delays of (H2O)n are found to continuously increase from n = 1 to n = 4�5.

We show that this increase directly reflects the augmenting delocalization of the electron hole cre-

ated in the ionization process. For these small clusters, we find a linear relationship between the
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photoionization time delays and the first moment of the electron-hole density created in the ioniza-

tion process. Beyond n = 4� 5 the photoionization delays vary little, an effect that we attribute to

the partial localization of the electron hole caused by the onset of structural disorder characteristic

of larger clusters and bulk liquid water. These assignments are further confirmed by calculations

on the O-1s photoionization delays of water clusters, which display these effects even more clearly

owing to the atomic character of the orbitals. As we show below, the present results also confirm

the interpretation of photoionization delays from liquid water6. Finally, we show that the sensitiv-

ity of photoionization delays to electron delocalization also extends to other systems, as illustrated

by calculations on polyacetylene systems.

Our work thus also reveals a possible experimental access to the spatial delocalization of

electronic wave functions, which has always been difficult to characterize. Electron delocalization

plays a fundamental role in the properties of solids, where the perfect translational symmetry of

single crystals creates fully delocalized electronic wave functions (or Bloch waves), which are dis-

rupted by local disorder in a phenomenon known as Anderson localization16, 17. The delocalization

of electronic wave functions is also central for understanding the aromaticity of molecules, charge

transfer between a metal atom and its ligands, or between a solute and a solvent. Evidence for the

partial delocalization of electrons in water has been obtained from calculations on bulk water18, 19

and water clusters20, as well as from the shape of the 3a1 photoelectron band of liquid water21

and its evolution in highly concentrated salt solutions22. However, both a quantitative measure-

ment technique and the ability to experimentally separate the influence of electronic and structural

dynamics have been missing so far.
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Figure 1: Attosecond size-resolved cluster spectroscopy. a, Experimental setup: The charged

cluster fragments and emitted photoelectrons are measured in coincidence as a function of the

APT-IR delay. The XUV APT is characterized via an online soft-X-ray spectrometer. The inset on

the left illustrates ionization by two neighboring harmonic orders and the creation of the sideband

spectrum. b, Dissociative-ionization mechanism of the water trimer, illustrating the only relevant

fragmentation pathway for all observed cluster sizes. c, Mass spectrum of the cluster beam pho-

toionized by an APT as a function of the mass-over-charge (MOC) ratio. d, Two-dimensional

MOC spectrum of water clusters as a function of position on the ion detector.
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Figure 1 provides a conceptual overview of our measurements. An XUV attosecond pulse

train (APT) generated through high-harmonic generation is focused into a supersonic water-cluster

beam, where it is spatio-temporally overlapped with a near-infrared (IR) laser pulse. The APT and

IR pulses are phase locked through an actively-stabilized Mach-Zehnder interferometer. The three-

dimensional momentum distributions of electrons and ions generated from this interaction are de-

tected in coincidence using COLd Target Recoil Ion Momentum Spectroscopy (COLTRIMS)23–25

[see Methods for details]. The photoionization time delays of water clusters are measured by

recording photoelectron spectra as a function of the time delay between the overlapping APT and

IR pulses, in coincidence with each ionic fragment. As shown in the inset of Fig. 1a, single-photon

XUV ionization gives rise to the main bands (MB) in the photoelectron spectra, whereas the addi-

tional IR interaction creates sidebands (SB).

The unique assignment of the coincident attosecond photoelectron spectra to a specific clus-

ter size is possible because of a dissociative-ionization mechanism that is general for small (<⇠20

molecules) water clusters at low ionization energies (Fig. 1b). Following outer-valence single ion-

ization, water clusters undergo rapid proton transfer, followed by the loss of a single OH unit26–34,

such that each detected fragment (H2O)nH+ mainly originates from the neutral (H2O)n+1 precur-

sor for n < 6 (see SM Section 1.2 for details). The observed mass spectrum (Fig. 1c) indeed shows

a well-resolved progression of broad peaks that is easily assigned to (H2O)nH+ with n = 2 � 6.

The width of the peaks is caused by the kinetic-energy release in the dissociative photoionization,

as highlighted in Fig. 1d, which shows the mass spectrum as a function of the detected position

radius of the ions on the detector (rion). The only unprotonated species (H2O+ and (H2O)+2 , purple
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Figure 2: Attosecond photoelectron spectroscopy of size-selected water clusters. Attosecond

photoelectron spectra created by overlapping XUV-APT and IR pulses and detected in coincidence

with H2O+, integrated over the APT-IR delay a and shown as a function of APT-IR delay b.

c, Same as b, but detected in coincidence with (H2O)2H+. The false-color map for b and c is

shown in the top right corner. d to i, The Fourier transforms at 2! of the attosecond photoelectron

spectra detected in coincidence with d H2O+, e (H2O)+2 , f (H2O)2H+, g (H2O)3H+, h (H2O)4H+,

i (H2O)5H+, shown in terms of their modulation amplitude (A2!, orange color) and phase (�2!,

blue color). The experimental data and the fitted curves are shown as open circles and solid lines,

respectively.

dashed curves) originate from the photoionization of H2O and (H2O)2, respectively. The broad

distribution peaking at a MOC of 17 is OH+ originating from the dissociative ionization of H2O+.

A fraction of the photoionized dimers remains bound, leading to the sharp (H2O)+2 peak, and the

remainder dissociates to produce (H2O)H+. Analogous results have been obtained following the

ionization of D2O clusters. The corresponding mass spectra are shown in Fig. S7.

Figure 2 shows the attosecond photoelectron spectra (APS) obtained in coincidence with
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each cluster size. The APS measured in coincidence with H2O+ (Fig. 2a) is dominated by the

contributions of harmonic orders 11, 13, and 15, and ionization from the two outermost (1b1 and

3a1) molecular orbitals of H2O. The black line shows a fit using the literature values of the vertical

binding energies. The filled spectra correspond to the decomposition of the APS in MB (full col-

ored lines) and SB (dashed lines) spectra. Figures 2b and 2c show the characteristic oscillations

with a period of 1.33 fs in the APS coincident with H2O+ and (H2O)2H+, respectively. The re-

maining APS are shown in Fig. S3. Analogous results obtained for D2O clusters are shown in Fig.

S8.

The intensity of SB q oscillates according to Aq = A2!,q cos(2!(⌧�⌧XUV
q �⌧ sysq ))+Bq, where

! is the angular IR frequency, ⌧ is the experimentally varied APT-IR delay, ⌧XUV
q is the harmonic

emission time, and ⌧ sysq is the system-specific photoionization delay measured in sideband q. The

system-specific photoionization delay can approximately be further decomposed into a continuum-

continuum delay ⌧ ccq , see Refs.35, 36, induced by the measurement, and a measurement-independent

photoionization delay, as discussed in Ref.37. Here, we determine relative photoionization delays

between water clusters (H2O)n and H2O, as a function of n, which cancels the contribution of

⌧XUV
q . Because the ionization energies vary by less than 0.6 eV from n = 1 � 6 38, the relative

measurement also causes negligible contributions of the continuum-continuum (or Coulomb-laser

coupling) delays ⌧ ccq , on the order of 4-6 as for SB12-14.

The main challenge in the determination of photoionization delays from such measurements

is the considerable spectral overlap. We therefore use a general procedure, introduced39 and vali-
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dated in our recent work6, that resolves this challenge. Instead of integrating the APS oscillations

over specific spectral regions, our approach fully accounts for the spectral overlap. Briefly, we

Fourier transform the APS along the time-delay axis and then fit the complex-valued Fourier trans-

form at the 2! frequency by assigning a specific phase shift to each spectral component of the

MB and SB spectra. Details are given in the SM, Section 1.5. We keep the spectral positions and

amplitudes fixed to values determined from the delay-integrated spectra (see, e.g., Fig. 2a and S3).

The success of this fitting procedure is highlighted by the excellent agreement between the exper-

imental data (circles in Figs. 2d-i) and the fits (full lines). The robustness of the fitting procedure

to variations of the initial guesses is shown in Fig. S6.

Figures 3a and 3b show the cluster-size-resolved photoionization time delays corresponding

to the 1b1 photoelectron bands from monomer to hexamer, relative to the monomer delay, as de-

termined from SB12 and SB14, respectively. The time delays measured in SB12 (18.6 eV photon

energy) increase as a function of the cluster size up to the tetramer, followed by little variation.

The results for SB14 show a similar behavior, with indications of a slightly slower convergence as

a function of cluster size. The latter results can be compared to our recent measurements of bulk

liquid water6, which yielded a photoionization delay of 69±20 as relative to the water monomer

for SB14, indicated as the red dot in Fig. 3b. The close agreement between the H2O- and D2O-

cluster results suggest that nuclear-motion effect are negligible within the accuracy of the present

measurements.

To understand the mechanisms governing these delays, we performed ab-initio quantum-
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Figure 3: Size-resolved photoionization time delays of water clusters. a, Time delays for pho-

toionization out of the 1b1 band of water clusters, relative to H2O (or D2O), measured in SB12

(empty circles). The error bars represent 95% confidence intervals. The calculated delays (filled

symbols) were obtained for a kinetic energy of 6.0 eV. b, Same as a, but measured for SB14, or

calculated with eKE = 9.1 eV, additionally showing the relative photoionization delay of liquid wa-

ter reported in Ref.6. The one-photon (1h⌫) and two-photon (2h⌫) delay calculations are presented

as filled circles and stars, respectively. c, Electron density map and calculated absolute photoion-

ization delays of the 1-3 highest-occupied orbitals of the 1b1 band of water clusters (designated

as ”HOMO-i”), highlighting the effect of delocalization (yellow shading), followed by partial lo-

calization (d, violet shading). The structure of the isomers used in the calculation is shown in

Table S1 in the supplementary material.
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scattering calculations of the photoionization delays (see SM Section 2 and Ref.37 for details).

Starting from the trimer, each water cluster exists in several isomeric forms40–47. At the low tem-

peratures reached in our supersonic expansion, only one to three isomers are thermally populated,

as detailed in the SM (Section 1.3 and Table S1). We used the equilibrium geometries of the

most stable cluster isomers reported in Ref.41 to perform electronic-structure calculations with a

correlation-consistent valence-triple-zeta (cc-pVTZ) basis set. These served as an input to the

photoionization calculations performed by solving the electron/water-cluster-ion scattering prob-

lem at the experimentally relevant scattering energies using the iterative Schwinger variational

principle48, 49. The input orbitals, scattering potentials and scattering wave functions were all rep-

resented by single-center expansions using a typical maximal angular-momentum value of ` = 50,

whereby numerical convergence with respect to this parameter was ensured. The photoionization

time delays, resolved as a function of photoionization direction in the molecular (cluster) frame and

the cluster orientation in the laboratory frame, were obtained and subsequently angularly averaged

using the partial photoionization cross sections as weighting factors (for details, see SM Section

2). These calculations yielded angular-integrated one-photon-ionization (or Wigner) delays. We

have compared these delays to two-photon (XUV+IR or RABBIT) delays obtained by additionally

including the effect of the IR field on the photoionization delays. The results, shown in Figs. S9-

S13, establish the close correspondence of angle-resolved one- and two-photon delays in the case

of water clusters. Using this methodology, photoionization delays were obtained for each of the n

orbitals (HOMO to HOMO-n+1) of (H2O)n that contribute to the 1b1 band of each water cluster.

The cross-section-weighted average of these delays (defined in Eq.(1) in the Methods section) are
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shown as filled circles (one-photon delays) and filled stars (two-photon delays). The calculated

delays should be understood as containing an error that we estimate to be smaller than 10 as. The

agreement between both types of calculations and the experiment is excellent (Figs. 3a and 3b).

To further challenge the remarkable agreement between experiment and theory, we have per-

formed additional calculations of the photoionization delays with the multi-channel version of the

basis-set complex Kohn variational method50–52, with details given in the SM (Section 2.6). This

method has the critical advantage of being capable of including the interaction between multiple

photoionization channels, an effect caused by electron correlation. In all of these calculations, all

ion-hole states belonging to the 1b1 band of the water clusters were included and all of the corre-

sponding photoionization channels were coupled, resulting in n coupled channels for (H2O)n. The

results of these calculations, shown in the Extended Data Figure 1, are again in excellent agree-

ment with the experimental results. This shows that even the inclusion of channel interaction does

not change the agreement between experiment and theory.

Figures 3c and 3d show the densities of the highest-occupied molecular orbitals of the 1b1

band of the most stable isomer of each cluster size, together with their absolute one-photon-

ionization delays. All figures in this article are based on Hartree-Fock orbitals, but the corre-

sponding Dyson orbitals only differ in subtle details (see Fig. S24). Figure 3c suggests that the

increasing orbital delocalization correlates with the increasing time delay. The HOMO of the

dimer has almost the same time delay as the monomer, whereas the delocalization of the HOMO-1

in the dimer leads to an increase of the time delay by nearly 100 as. This comparison also shows
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the very small effect (⇠ 6 as) of electron scattering off the neutral H2O neighbor in the dimer on

the photoionization delays of the HOMO. Among the trimer orbitals, it is also the most delocalized

orbital (HOMO-2) which has the largest photoionization delay (200 as). The tetramer orbitals are

perfectly delocalized over all molecules, owing to the S4 symmetry of its most stable isomer, which

leads to the largest photoionization delays (up to 425 as) found in our calculations.

Interestingly, a further increase of the cluster size does not increase the delays further. The

reason is obvious from Fig. 3d. Most larger clusters than the tetramer have a lower symmetry,

many of them having no symmetry elements at all. This leads to a localization of the orbital

densities on a small number of typically 2-3 neighboring molecules. This effect is reflected in

a stagnation of the associated photoionization delays around values of ⇠300 as in SB12. This

observation suggests that the disorder-induced orbital localization in the larger clusters causes the

experimentally observed saturation of the measured photoionization delays at the largest cluster

sizes measured in this work.

To further verify this surprisingly simple relation between time delays and orbital local-

ization, we performed additional calculations on the oxygen-1s orbitals of the water clusters, with

complete results shown in the SM (Figs. S14-S19). The O1s-orbitals have the advantage of remain-

ing essentially atomic in character and not being significantly modified by hydrogen bonding and

orbital hybridization. For this reason, they allow us to isolate the effect of orbital (de)localization

even more clearly. The results obtained for the O1s-band are shown in Fig. 4b, where they are

compared to the results for the 1b1 band (Fig. 4a). The photoionization delay remains essentially
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Figure 4: Effect of orbital delocalization on photoionization delays of water clusters a, Pho-

toionization delays for the 1b1 band of water clusters for a kinetic energy of eKE = 6.0 eV, corre-

sponding to the experimental measurements in SB12. b, Same as a, but for the O1s-band of water

clusters using the same kinetic energy, and a correspondingly adjusted photon energy. c, Correla-

tion between the photoionization time delays and the first moment of the electron-hole density of

the 1b1 band of water clusters (eKE = 6.0 eV). The error bars represent 95% confidence intervals.

13



Figure 5: Effect of orbital delocalization on photoionization delays of poly-acetylenes Cor-

relation between the photoionization delays and the first moment of the electron-hole density of

the ⇡-orbital-band of acetylene, diacetylene, and triacetylene for a kinetic energy of 6 eV. The in-

sets show the molecular structures and the one-electron density of one of each pair of degenerate

contributing orbitals.
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unchanged from the monomer (39 as) to the tetramer ci (40 as), where the O-1s orbital is fully

localized, but increases to 185 as in the tetramer s4, where the O-1s orbital is fully delocalized

as a consequence of the high symmetry. Increasing the cluster size further results in a complete

localization of the O-1s orbital, which leads to a remarkable decrease of the photoionization delay

to 49-50 as in the hexamer. The photoionization delays of the O1s orbitals in the hexamer being

practically identical with the monomer (39 as) is again consistent with a direct link between pho-

toionization delays and orbital delocalization. This comparison also confirms the very small effect

(a few attoseconds) of electron scattering off the neutral H2O moieties contained in the clusters.

The correlation between photoionization delays and electron-hole delocalization also extends to

the 3a1 band of water (clusters) as illustrated in the Extended Data Figure 2.

Next, we establish a quantitative correlation between time delays and electron-hole delo-

calization. Figure 4c shows correlation plots between the measured (left) or calculated (right)

photoionization delays of the 1b1 band of the water clusters (H2O)n and the first moment of the

electron-hole density in the 1b1 band of the singly-ionized clusters (H2O)+n (defined in Eqs. (2)-(3)

in Methods). The most stable isomers of all clusters from n = 1 to n = 5 display a nearly perfect

linear relationship between the two quantities, as indicated by the straight lines in Fig. 4c. This

representation also highlights the continuous increase of the delocalization from n = 1 to n = 4,

followed by partial localization at n = 5� 7, visible in the fact that the second-most stable isomer

of n = 5 and the most stable isomers of n = 6 and 7 have nearly the same first moment of the

electron-hole density. Interestingly, the delays of the latter three isomers display a continuous,

yet very small increase, which we assign to intracluster scattering, quantifying this effect as well.

15



The robustness of the electron-hole delocalization to thermal excitation in our experiments has

been verified by running ab-initio molecular-dynamics (AIMD) simulations, as illustrated in the

Extended Data Figure 3.

These results have a range of interesting implications. First, they demonstrate the existence

of a correlation between photoionization delays and orbital delocalization in water clusters, which,

to our knowledge, could not be experimentally quantified in any form of matter so far. Second, they

reveal the mechanism that is responsible for orbital localization in liquid water on the molecular

level, i.e. the onset of structural disorder. This effect is reminiscent of Anderson localization in

solids16. Whereas perfect crystals with translational symmetry have fully delocalized bands, the

presence of defects causes their localization, which has a multitude of interesting consequences

in solid-state physics. Similarly, the high point-group symmetry of small water clusters is broken

at the transition to bulk liquid water, which results in a partial localization of the electronic wave

functions in liquid water, offering an intuitive interpretation of our present and previous6 results.

Finally, we study the extension of our results to other systems. A particularly attractive

class are the polyacetylene systems because of their use in molecular electronics and conductive

polymers53. Figure 5 shows that the photoionization delays in this class of systems also display a

quasi-linear correlation with the first moment of the associated electron-hole density. This finding

suggests the possibility of experimentally measuring the degree of electron/hole-delocalization in

acetylene-based polymers and, in future pump-probe experiments, to follow charge transport in

such systems on the electronic time scale.
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Before concluding, we note that the discussed correlations do not imply that electron-hole

delocalization is the only possible explanation of the observed time-delay effects. Instead, the

delays could also reflect a more fundamental property, of which the orbital delocalization is one

consequence. One such property could e.g. be the ratio between the electronic interaction matrix

elements between the subunits (e.g. water monomers) and the difference in the electronic binding

energies of the non-interacting subunits. When this ratio is large, electrons can easily move from

one subunit to another, leading to strong orbital delocalization. When this ratio is small, the elec-

tron mobility is suppressed, which is also the case in liquids and amorphous solids. The outlined

correlations could thus also be interpreted as reflecting electron mobility in matter on a purely

electronic time scale, a specification imposed by the attosecond time scale of photoemission.

We have introduced a new technique, ASCS, and have applied it to measure photoionization

time delays of size-resolved water clusters. This study has revealed an unexpectedly simple re-

lationship between orbital localization and time delays, establishing an experimental pathway to

probing electron-hole localization in complex matter. Looking forward, our methods can be used to

temporally resolve both local and non-local electronic relaxation dynamics in size-resolved water

clusters, such as Auger decay, intermolecular Coulombic decay54, 55 and electron-transfer-mediated

decay56. More generally, they will facilitate a molecular-level understanding of attosecond electron

dynamics in the liquid phase, with implications for the elementary processes underlying chemical

reactivity and biological function.
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Methods

Laser Setup and Attosecond-Pulse Generation The experimental setup is based on a regener-

atively amplified Titanium-Sapphire laser system which delivers near-infrared (IR) femtosecond

laser pulses at 5 kHz repetition rate, a central wavelength of 800 nm, a bandwidth of 40 nm, and

36 fs pulse duration (full-width at half-maximum in intensity). This laser beam is split with a 70:30

beam splitter and the more intense part (0.4 mJ, with a beam diameter of 10 mm) is focused (f=40

cm) into a 3 mm long, xenon-filled gas cell to generate an extreme-ultraviolet attosecond pulse

train (XUV-APT) via high-harmonic generation. A coaxial 100-nm aluminum foil on a quartz

ring is placed before a nickel-coated toroidal mirror (f = 50 cm) to spectrally filter the XUV spec-

trum and eliminate the residual IR pulse co-propagating with the XUV beam. The XUV spectrum

was characterized with a home-built XUV spectrometer consisting of a 100-nm aluminum film,

an aberration-corrected flat-field grating (Shimadzu 1200 lines/mm) and a micro-channel-plate

(MCP) detector coupled to a phosphor screen. The XUV flux was estimated to be on the order of

107 photons per shot.

The XUV-APT is recombined with the remaining part of the IR beam after the toroidal mir-

ror via a perforated silver mirror to constitute a Mach-Zehnder interferometer. The path length

difference, i.e. the time delay between the overlapping XUV-APT and IR pulses is controlled via

a high-precision direct-current motor (PI, resolution 0.1 µm) and a piezoelectric motor (PI, resolu-

tion 0.1 nm), constituting a combined delay stage operating on femtosecond and attosecond time

scales, respectively. The pulse energy of the dressing IR field was 0.08 mJ before the perforated

mirror, focused with f=1.0 m. The focal spot size of the dressing IR field as measured by a camera

18



was 120 µm and that of the XUV was estimated to be around 50 µm. The peak intensity of the

dressing IR field was estimated to be below 1 TW/cm2.

Coincidence Spectrometer The phase-locked XUV-APT and IR pulses are collinearly focused

into the supersonic gas jet in a COLTRIMS (COLd Target Recoil Ion Momentum Spectroscopy)23–25

spectrometer. The electrons and ions created by XUV photoionization are guided by a weak ho-

mogeneous electric field (3.20 V·cm�1) and a homogeneous magnetic field (6.70 G) towards two

time- and position-sensitive detectors at opposite ends of the spectrometer. The detectors consist of

two MCPs (Photonis) in Chevron configuration, followed by a three-layer delay-line anode (HEX)

with a crossing angle of 60 degrees between adjacent layers and an active radius of 40 mm manu-

factured by RoentDek. For the electrons, the length of the extraction region is 7 cm, followed by

a 14 cm field-free region. A homogeneous magnetic field is applied over all regions by a set of

Helmholtz coils, which are tilted to counteract the earth’s magnetic field. The COLTRIMS gives

access to the typical electron-ion coincidence measurement with full three-dimensional momen-

tum resolution in 4⇡ solid angle. The momentum resolution of electrons is �px = �py = 0.001 a.u.

and �pz = 0.0056 a.u., where x corresponds to the direction of light propagation, y is the direction

of the supersonic gas jet and z is the time-of-flight direction. The photoelectron kinetic energy is

calibrated via the XUV-APT photoelectron spectrum of argon with an ionization potential of Ip ⇠

15.8 eV.

Cluster source The neutral water clusters57, 58 are formed in a continuous supersonic expansion

into vacuum with a water vapor pressure of 0.3 MPa through a 50 µm nozzle orifice and pass

through two conical skimmers (Beam Dynamics) located 10 mm and 30 mm downstream with a
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diameter of 200 µm and 1 mm, respectively. The liquid water is maintained at 408 K to give rise to a

sufficient vapor pressure in a container of 0.7 L to support a stable water-cluster beam for a duration

of 120 hours. The water-cluster source is coupled to the COLTRIMS via two differential pumping

stages. To maintain the ultrahigh vacuum in the main reaction chamber, a differentially pumped

beam dump captures the molecular beam after the interaction region. The internal temperature of

the clusters in the beam is estimated to be around 100 K (see SM for details).

Definition of the calculated quantities The calculation of the orbital-specific photoionization

delays is described in the main text and in more detail in Section 2 of the SM. Here, we additionally

define the cross-section-averaged delays shown in Figs. 3a, 3b as large empty circles and also in

Fig. 4c. Since the contributions of individual orbitals to the 1b1 band of the water clusters cannot be

resolved, we introduce the cross-section-average of the time delays over the n orbitals constituting

the 1b1 band of (H2O)n as follows:

⌧(E) =

Pn
i=1 �i(E)⌧i(E)
Pn

i=1 �i(E)
, (1)

where �i(E) is the photoionization cross section of orbital i of the 1b1 band at the photon energy

E and ⌧i(E) is the corresponding photoionization time delay.

In Fig. 4c, we additionally show the first moment of the electron-hole density, calculated

using ORBKIT package59. In the case of a single orbital (with index i) this is defined as

Mi =

R
⇢i(~r � ~ri) |~r � ~ri| d3rR

⇢i(~r)d3r
, (2)

where ⇢i(~r) is the density of orbital i and ~ri is its center of charge. In analogy to the time delays,
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we also define a cross-section average of the orbital delocalization as

M =

Pn
i=1 �iMiPn

i=1 �i
, (3)
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Figures/Robert-Results.pdf

Extended Data Figure 1: Effect of the channel coupling on photoionization delays of the 1b1

band. a, Calculated time delays for photoionization out of the 1b1 band of water clusters relative

to H2O for a kinetic energy of eKE = 6.0 eV (SB12). The results of the single-channel calcula-

tions using ePolyScat48, 49 (filled circles) are compared with multi-channel calculations using the

basis-set complex Kohn method50–52 (filled triangles) are compared. The experimental results are

identical to those shown in Fig. 3. b, Same as a, but calculated/measured for SB14.
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delay = 243 as

HOMO-4
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Extended Data Figure 2: Effect of orbital delocalization on photoionization delays of the 3a1

band. Correlation between the photoionization delays and the first moment of the electron-hole

density of the 3a1-orbital-band of water monomer and tetramer (S4) for a kinetic energy of eKE =

6 eV.
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Extended Data Figure 3: Effect of molecular geometry on orbital delocalization and pho-

toionization delays of (H2O)4 S4. The structures are obtained from AIMD time propagation for

different times (see legend). AIMD are run using density-functional theory, the Turbomole soft-

ware package, B3-LYP density functional, def2-TZVP basis and a temperature of T=100 K.
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