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Probing nanoscale transport in liquids under extreme thermodynamic conditions is essential for

understanding soft matter and nanomaterials. However, accessing intrinsic microsecond dynamics of

nanometre-sized objects remains challenging for synchrotron-based X-ray photon correlation

spectroscopy (XPCS) because of limitations of coherent flux and detector repetition rates. Here, we

investigate the diffusion of dilute polyethylene glycol (PEG)-coated gold nanoparticles dispersed in water

over a wide temperature range, including water’s supercooled regime using XPCS. The measured

dynamics exhibit purely diffusive behaviour, with relaxation rates scaling as q2, and the extracted

diffusion coefficients quantitatively follow the Stokes–Einstein relation with no slip boundary condition.

Viscosity values derived from nanoparticle motion agree with established literature data, confirming that

PEGylated nanoparticles act as reliable nanoscopic viscosity probes without evidence of ligand shell

compression or structural changes. Using event-based XPCS with next-generation detectors, we access

microsecond dynamics approaching the intrinsic Brownian timescale of nanometer-sized particles.

These results establish PEGylated gold nanoparticles as robust probes of nanoscale transport and

demonstrate the capability of advanced XPCS instrumentation to investigate fast dynamics in soft and

nanoscale materials.

1 Introduction

Water-based soft matter systems – such as colloidal dispersions,
polymer solutions, hydrogels, and biological macromolecules –
exhibit complex dynamical behaviour that governs their structural,
mechanical, and functional properties. These dynamics arise from
the interplay of thermal fluctuations, hydrodynamic interactions,
and intermolecular forces, leading to processes such as diffusion,
structural relaxation, and self-assembly. Understanding nanoscale
transport in these systems is essential for applications ranging

from nanomaterials design and drug delivery to biological func-
tion and nanofluidics. However, directly probing dynamics on
nanometer length scales and microsecond timescales remains
experimentally challenging for microscopy and laser scattering
and spectroscopy methods, particularly in optically opaque or
highly absorbing systems.

X-ray photon correlation spectroscopy (XPCS) provides a
powerful tool to study nanoscale dynamics by exploiting tem-
poral fluctuations of coherent X-ray scattering.1–5 As the X-ray
analogue of dynamic light scattering (DLS),6 XPCS enables
access to dynamical processes in systems that are inaccessible
to optical techniques, including concentrated dispersions of
metallic nanoparticles, and opaque materials. XPCS probes
density fluctuations at well-defined momentum transfer
vectors, allowing measurements of dynamics on length scales
ranging from micrometers down to nanometres. Over the
past decade, XPCS has been successfully applied to investigate
a wide range of systems, including colloidal suspensions,7,8

glass-forming liquids and glasses,9–11 polymers,12–14 gels,15–17

and biological matter,18–20 providing insight into diffusive
transport, structural relaxation, and non-equilibrium
dynamics.5
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For nanoscale objects dispersed in low-viscosity solvents
such as water, the characteristic timescale is set by Brownian
motion set by the diffusion coefficient D. For example, a
particle with a radius R = 10 nm in water at room temperature
exhibits a Brownian time

tB ¼
R2

D
� 5 ms; (1)

corresponding to the time required to diffuse a length of its
own size. Accessing such intrinsic microsecond timescales is
essential for probing fundamental transport processes at nan-
ometer length scales. However, conventional synchrotron-
based XPCS experiments have been limited to millisecond
timescales due to constraints imposed by coherent flux and
detector repetition rates,3,5,21,22 preventing direct observation
of fast nanoscale dynamics in particular relevant for low-
viscosity liquids.

Recent advances in synchrotron radiation sources, including
diffraction-limited storage rings such as the ESRF Extremely
Brilliant Source (EBS),23 have significantly increased the available
coherent X-ray flux.24–26 Because the signal-to-noise ratio in XPCS
scales with the square of the coherent flux,27 these developments
extend the accessible dynamical range towards shorter timescales.
In parallel, MHz repetition rates available at X-ray free-electron
lasers have enabled XPCS measurements down to microsecond
and sub-microsecond timescales in soft and biological matter.28–33

However, such measurements are experimentally demanding due
to high peak intensities, pulse-to-pulse fluctuations, and limited
beamtime availability at free-electron laser facilities. In contrast,
storage rings provide highly stable and continuous X-ray beams
ideally suited for equilibrium measurements, provided sufficiently
fast and sensitive detectors are available.

The experimentally accessible timescale in XPCS is ultimately
determined by detector performance. Conventional hybrid pixel
detectors operate at repetition rates in the kHz range,34–36 limiting
measurements to millisecond dynamics. Recent developments in
fast hybrid pixel detectors and event-based detection schemes have
opened new opportunities for extending XPCS into the micro-
second regime.22,37 In particular, event-driven detectors capable of
recording individual photon arrival times enable correlation ana-
lysis with sub-microsecond temporal resolution, providing direct
access to diffusion dynamics.38,39

Gold nanoparticles (AuNPs) are an ideal model system for
studying nanoscale transport due to their well-defined size,
chemical stability, and strong X-ray scattering contrast.
Poly(ethylene glycol) (PEG) coatings provide steric stabilization,
prevent aggregation, and ensure well-controlled interparticle
interactions.40,41 PEGylated nanoparticles are widely used in
nanomedicine, sensing, and nanofluidics, and serve as model
systems for investigating nanoscale transport and hydrody-
namic interactions.42–47 Moreover, their high electron density
makes them particularly well suited for XPCS, enabling
measurements even at very low particle concentrations.

In addition to serving as model systems, nanoparticles can
act as nanoscopic probes of solvent properties. Under dilute
conditions, their diffusion coefficient follows the Stokes–Einstein

relation, allowing direct determination of the solvent viscosity.19,48,49

This approach is particularly valuable under extreme thermo-
dynamic conditions, such as supercooling, where conventional
macroscopic viscosity measurements become challenging due
to the metastability of the system.50–54

In this work, we investigate the nanoscale diffusion of dilute
PEG-coated gold nanoparticles dispersed in water using synchro-
tron-based XPCS over a wide temperature range, including water’s
supercooled regime. We demonstrate that the nanoparticle
dynamics follow the Stokes–Einstein–Sutherland relation and
provide quantitative access to solvent viscosity. Furthermore, by
employing event-based XPCS with modern detectors, we access
microsecond dynamics approaching the intrinsic Brownian
timescale of nanometer-sized particles. These results establish
PEGylated gold nanoparticles as robust nanoscopic probes
and highlight the potential of advanced XPCS techniques
for investigating fast nanoscale dynamics in soft matter and
nanomaterials.

2 Experimental methods
2.1 Samples

The gold nanoparticles (AuNP) were synthesized using the seeded
growth method.55 In this approach, Au seed particles are grown
by repeating a series of steps, resulting in different generations
of particles with increasing size. This synthesis yields quasi-
spherical particles with a narrow size distribution and precise
control of the final particle size. The particles were coated with
ligand shells made of a-methoxypoly-(ethylene glycol)-o-(11-
mercaptoundecanoate) (PEGMUA) as described in ref. 40.
In the present study, PEGMUA ligands with 2 or 5 kDa were
used, resulting in a shell thickness of s E 8 nm and s E 12 nm,
respectively.41 Different generations and thus different sizes of
the particles were studied, an overview is given in Table 1. Some
samples were measured at different concentrations to optimize
the scattering signal. Before the X-ray scattering experiments, the
samples were characterized by dynamic light scattering (DLS)
using a Zetasizer by Malvern Panalytical (details are given in the
SI). The measured hydrodynamic radii, ranging from 31 nm
to 53 nm, are given in Table 1. Additionally, core radii were
measured with transmission electron microscopy (TEM) and are
shown in the SI.

For the experiment using the event-based read-out of the
TEMPUS detector, smaller particles were used. These were
synthesized using a modified Turkevich synthesis as described
in ref. 56. The AuNP core radius was found to be 6.1 nm. The
particles were coated with 2 kDa PEGMUA ligands, resulting in
a particle radius of 14.5 nm. All particles were dispersed in
milliQ water (R 4 18.2 MO).

2.2 Coherent X-ray scattering experiments

The XPCS experiments were performed at beamline ID02 of
ESRF.24,25 In addition, event-based XPCS studies using the
TEMPUS detector39 were performed at P10 (PETRA III) as well
as ID10 of ESRF.
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At ID02, the samples were filled in quartz capillaries that
were sealed with epoxy glue afterwards and placed in a
temperature-controlled Linkam sample stage. The experiment
was performed in ultra-small angle X-ray scattering (USAXS)
geometry with a sample-detector distance of about 31 m. The
photon energy was set to 12.26 keV, the beam size on the sample
was 20 mm � 20 mm. An Eiger500k with a maximum repetition
rate of 22 kHz was used as detector. The samples were measured
at set temperatures between 295 K and 260 K. At lower tempera-
tures, freezing occurred for some samples and limited the
experiment to 260 K. Typically, three XPCS runs – each taken at
a fresh sample spot – were performed per temperature. Theses
consisted of 10 000 frames with an exposure time of 30 ms each.
To avoid radiation damage, the threshold dose was carefully
determined before in test measurements using different attenua-
tor settings and exposure times. We followed the procedure
discussed in ref. 19. XPCS runs were taken using different
attenuators and the highest possible intensity showing stationary
dynamics has been used. For the ID02 experiment, most samples
could be measured without attenuators.

The XPCS experiment using the TEMPUS detector at ID10
(ESRF) has been performed in small-angle scattering geometry
using a sample-detector distance of 6.85 m and a beam size of
20 mm � 15 mm. The X-ray energy was set to 8.25 keV. The
quartz capillaries filled with the sample were placed in a
temperature controllable sample chamber that has been evac-
uated to reduce the scattering background. XPCS runs con-
sisted of 40 exposures, each 5 s long, per temperature. Each run
was taken at a fresh sample spot. Similar to the ID02 experi-
ment, the radiation damage threshold has been checked before
and attenuators have been used to limit the exposure to the
tolerable minimum. This resulted in an attenuator transmis-
sion of 0.02 in this case. Higher intensities would have reached
as well the limit of the TEMPUS data transfer.

The approach at P10 was similar to ID10. Here, a sample-
detector distance of 5 m and a beam energy of 11.3 keV was
used. The beam size was 6.6 mm � 19 mm.

2.3 XPCS method

In XPCS experiments, sample dynamics are probed via the
intensity autocorrelation functions g2 that correlates the scattered

intensity I(q, t) at a time t with that at time t + Dt.5 The g2 function
is related to the correlation function of the field, known as
intermediate scattering function f (q, Dt), via the Siegert relation
g2(q, Dt) = 1 + b|f (q, Dt)|2. Here, q denotes the modulus
of the wave vector transfer given by q = |q| = 4p/l sin(y/2), with
wave length l and scattering angle y, and b is the speckle contrast
that contains information of the coherence of the X-rays. Thus, g2

is obtained by5

g2ðq;DtÞ ¼
Iðq; tÞIðq; tþ DtÞh i

Iðq; tÞh i2 ; (2)

where the averaging is performed over time t and detector pixel
belonging to the same q-bin. In case of diffusive dynamics,
g2 can be described by

g2(q, Dt) = 1 + b exp(�2GDt). (3)

Here, G � 1/t is the relaxation rate, t the relaxation time and it
is given by

G ¼ Dq2 ¼ kBT

CpZR
q2; (4)

with the Stokes–Einstein diffusion coefficient D, depending on
temperature T, Boltzmann’s constant kB, viscosity Z and particle
radius R. The factor C depends on the hydrodynamic boundary
conditions; it varies from 4 (full slip) to 6 (no slip).57,58 Conse-
quently, if temperature, radius and boundary conditions are
known and the particle concentration is low, this allows prob-
ing the solvent’s viscosity. Alternatively, if temperature, radius,
and the solvent’s viscosity are known, this allows deducing the
coefficient C.

While in standard XPCS time series of patterns are analysed
following eqn (2), a different approach has to be used for event-
based XPCS. Details of the analysis of the TEMPUS data can be
found in ref. 38. In short, the TEMPUS detector reports the time
of arrival (ToA) and time-over-threshold (ToT) of every photon
event per pixel. While the resolution of the ToA is in the
(sub-)ns regime,39 we here focused on the microsecond time
scale for the XPCS analysis. Therefore, the events were binned
to 500 ns time chunks. In this way effects from the pixel dead
time of typically few 100 ns38 could be avoided. The so-obtained
event lists have been analyzed using an event correlator59

similar to eqn (2) for each pixel individually.

3 Results and discussion

The experimental results are discussed in the following. The
average structure by SAXS and dynamics by XPCS are exempla-
rily shown for sample AuNP4 with 2 kDa PEGMUA ligands in
Fig. 1 and 2. All other samples showed analogous results. The
results for sample AuNP1 with 5 kDa PEGMUA, representing
the smallest studied gold particle size, are given in the SI.

3.1 Structural stability

The azimuthally averaged scattered intensity I(q) was deter-
mined by averaging over all pixels at the same scattering vector
q. Afterwards, the background was corrected by subtraction of

Table 1 Details of the PEGylated AuNP samples: PEG size in kDa, particle
radius R in nm and particle volume fraction f. The number is used in case
of more than one concentration has been studied. The radius R refers to
the sum of core radius and ligand length

Sample Number PEG size (kDa) R (nm) f�103

AuNP1 1 5 31 10
2 5 31 5.2
3 5 31 2.6

AuNP2 1 5 40 3.8
2 5 40 1.9

AuNP3 2 41 0.26
5 45 0.45

AuNP4 2 49 0.19
5 53 0.10

AuNP5 2 14.5 15
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the intensity obtained from a capillary filled with pure water.
The corrected I(q) is shown in Fig. 1(a) at different temperatures
T. Since all samples had a volume fraction f r 0.015, the
scattered intensity reproduces the particle form factor well. The
first minimum of the form factor is visible around q E
0.11 nm�1. Notably, for all samples, no change in scattered
intensity with decreasing temperature is observed. In particu-
lar, no indication for a structure factor is visible. At higher
concentrations, similar systems exhibit a structure factor peak
around qmax E 2p/R,60 i.e. qmax E 0.064 nm�1 for the particular
sample.

3.2 Dynamics

The dynamical properties of the AuNPs were investigated with
XPCS. For the ID02 experiment, the speckle contrast was found
to be b E 0.25. The intermediate scattering functions were

determined from the g2 functions using eqn (3), and are shown
in Fig. 1(b) for different temperatures at q = 0.004 nm�1. With
decreasing temperatures, |f (q, Dt)|2 shifts to longer times for all
samples studied which is connected to the increased viscosity
at lower temperatures.

To qualify the type of dynamics further, the intermediate
scattering functions are investigated for different q-values. This
is exemplarily shown in Fig. 2(a) at T = 293 K. The dynamics
become faster with increasing q. Note that, for q 4 0.025 nm�1,
only the long-time tail of the intermediate scattering function
could be captured with the time resolution of the experiment.
The relaxation times t are shown in Fig. 2(b) as a function of q for
all temperatures studied. It shows a q�2 decrease, confirming
that the particles undergo Brownian motion. An error-weighted
w2-fit was used here and throughout the remaining paper.
This allows us to extract the diffusion constant D via eqn (4).

Fig. 1 (a) Azimuthally averaged scattered intensity of AuNP4 with 2 kDa PEGMUA ligands for decreasing temperatures. The intensity profiles have been
shifted vertically for clarity. (b) Intermediate scattering functions |f (q, Dt)|2 at q = 0.004 nm�1 for the same sample and temperatures. The lines are fits to
the data with eqn (3).

Fig. 2 (a) Intermediate scattering functions |f (q, Dt)|2 at T = 293 K for sample AuNP4 with 2 kDa PEGMUA ligands at different values of q. The lines are fits
of eqn (3) to the data. (b) Relaxation times t as a function of q at all measured temperatures T for sample AuNP4 with 2 kDa PEGMUA ligands. The lines
correspond to fits of type t = 1/(Dq2).
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3.3 Diffusion coefficients and viscosity

The diffusion coefficients D were determined for each indivi-
dual measurement. Afterwards, an average over all measure-
ments for each temperature and sample was performed. The
average was weighted by the errors on D obtained from error
propagation, the results are shown in the SI. As expected, the
diffusion coefficient is higher for samples with smaller radii.
In order to compare diffusion coefficients of all samples, the
individual coefficients D have been multiplied by the corres-
ponding particle radius. Thus, D�R yields a quantity that
depends only on temperature and solvent viscosity. The results
are shown in Fig. 3(a). The weighted diffusion coefficients fall
together for all samples, independent of the ligand length.
An average, weighted by the errors of D, was calculated at each
temperature and is shown as black circles and dashed line.

The viscosity was calculated via the standard, no-slip bound-
ary Stokes–Einstein equation (eqn (4)) from D�R using C = 6
and is shown in Fig. 3(b). With decreasing temperature, the
viscosity increases exponentially. The viscosity of liquid water
in the supercooled regime has been extensively characterized.50,61,62

Our results reproduce the data from these studies well. The
temperature dependence can be described by a power-law
model of the form

ZðTÞ ¼ Z0
T

TS
� 1

� ��e
: (5)

Such power laws have been found to describe viscosity and
derived properties very well50,51 and are connected to mode-
coupling theory.63 Here, Z0 is a scaling amplitude, and TS

denotes the mode-coupling temperature at which the viscosity
formally diverges and the liquid becomes non-ergodic. The
values reported by Dehaoui et al.50 (TS = 225.66 K, e = 1.6438,
Z0 = 137.88 mPa s) are shown as red line, providing a good match
to the data. This confirms that the Stokes–Einstein relation
remains valid for PEGylated Au nanoparticles, also below 273 K.

It has to be noted that fitting eqn (5) to a limited amount of
data points as in our present study allows a broad range of
values especially for the exponent e. Therefore, the exponent is
fixed in some works51 in order to minimize the fit parameters.
Setting the exponent to the value obtained by Dehaoui et al.50

we obtain Z0 = (121 � 14) mPa s and TS = (227.9 � 2.2) K which is
very close to the values of Dehaoui et al. The deviations at low
temperatures may indicate indeed a smaller C in eqn (5).
However, the difference from C = 6 is in the range of 1 to 2%
and thus within the variation margin of D and in particular R
for the different samples, see e.g. Fig. 3a. Consequently,
the product CR is a constant. This means that both the PEG
layer does not become more or less slippery and does not swell
for the studied particles sizes and compositions at different
temperatures.

3.4 Event-based XPCS

In order to measure the faster dynamics of smaller particles we
performed an XPCS experiment using the TEMPUS detector.39

It is based on the TimePix4 chip for X-ray detection.64 In
contrast to conventional 2D hybrid pixel detectors, it allows
an event-based readout of single pixels. It has recently been
demonstrated that this mode enables XPCS experiments with
sub-ms time resolution.38 Thus, it allows access to timescales
corresponding to diffusion on nanometre length scales. For
instance, particles with a radius of 15 nm dispersed in water
show a Brownian time, i.e. the timescale corresponding to the
characteristic time to diffuse over a distance comparable to its
radius, of tB = R2/D E 16 ms. Even probing larger length scales
by accessing smaller q-values in conventional XPCS does not
allow access to the relevant microsecond timescales.

Here we chose PEGylated gold particles with a core radius of
Rcore = 6.1 nm, coated with 2 kDa PEG ligands, dispersed in
water (sample AuNP5 in Table 1). The system was measured at
different temperatures between 298 K and 271 K. Correlation

Fig. 3 (a) D�R as a function of temperature for all samples. The black dots are the weighted average over all samples. The dashed line connects the black
dots linearly as a guide to the eye. (b) Corresponding viscosity Z as a function of temperature assuming no slip boundary. The red line shows the power
law using the parameters introduced by Dehaoui et al.50 The errorbars are obtained from the error-weighted standard deviation of the measurements of
the different samples. Data without error bars (e.g. at 260 K) are only measured for a single sample.
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functions g2 from the measurement at 298 K are shown in
Fig. 4(a) for different q-values between 0.014 nm�1 and
0.08 nm�1. A comparison between the different temperatures
is given in Fig. 4(b) for a fixed q = 0.021 nm�1. At short times the
TEMPUS data exhibit higher statistical noise. This originates
from the microsecond time resolution as well as the significant
smaller particles studied here. Nevertheless, the extracted
dynamics remain robust. Note that restricting the data to the
10 kHz regime of conventional detectors, the data points are
very smooth. All data in both figures could be well described by
a single exponential as expected for diffusive particles. The
speckle contrast was found to vary between 0.16 to 0.17 in the
covered q-range, matching the expectation from beam size,
detector pixel size and scattering geometry. Additional TEMPUS
data taken from sample AuNP4 are shown in the SI.

The relaxation times obtained from the fits of g2 are shown
in Fig. 4(c) for all temperatures. The data follow the typical q�2

behaviour, thus allowing to extract the diffusion coefficient
following eqn (4). The results are shown in Fig. 4(d). The data

are well described by the Stokes–Einstein model using eqn (5)
with C = 6 and the values reported by Dehaoui et al.50 for the
viscosity. The model reproduces the experimental data very
well. The radius of 14.5 nm, corresponding to PEG ligand
length of 8.4 nm, matches previous XPCS results on similar
sized systems.65 However, at the lowest temperature we found a
deviation from the literature model by approximately 9%. Note
that we also observed a deviation for the larger particles
discussed above, however, it was in the range of 1 to 2% from
the model (differences between experiment and model are
highlighted in Fig. S6 and S7). This may suggest that for the
small particles where the PEG ligand length is larger than the
Au core radius, CR varies as a result of either a changed slip
boundary condition or swelling of the PEG shell. For the
smallest particles at 272 K, a decrease in hydrodynamic layer
thickness of approximately 1 nm would result in the observed
9% deviation. This may arise from temperature-induced des-
welling or conformation change of the PEG shell that has been
reported for PEG in aqueous solutions.66 Alternatively, slip

Fig. 4 XPCS results of sample AuNP5 using the TEMPUS detector. (a) g2 functions at different q probed at T = 298 K. The lines represent fits of eqn (3) to
the data. (b) g2 functions at different T probed at q = 0.021 nm�1. The lines represent fits of eqn (3) to the data. The two vertical dashed lines mark the
fastest accessible times using the commercial Eiger detectors available at ID10. (c) Relaxation times t shown as function of q for all temperature studies.
The lines represent fits of eqn (4) to the data with D as the only free parameter. (d) Diffusion coefficient D extracted from the fits shown in panel c as a
function of T. The line represents the expectation using literature values of Z with a particle radius of R = 14.5 nm.
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effects at the PEG–solvent interface could contribute to the
discrepancy, particularly for smaller particles at low tempera-
tures.45 Independent measures of particles sizes, especially the
shell thickness, and more data points at various temperatures and
particle sizes are needed to draw a final conclusion.

In a recent DLS study,51 silica nanoparticles dispersed in
water have been used, which represent a charge-stabilized
system. In the present work, the concept of such a study is
expanded to a soft particle systems with different interparticle
interactions, consisting of PEG-coated AuNPs in water. Notably,
DLS studies of AuNP dispersion at medium and high concen-
trations are challenging due to the opacity of the dispersion.
The XPCS data here shows that the Stokes–Einstein relation is
valid for the diffusion of AuNPs in water down to the super-
cooled regime with T Z 260 K and sizes of R Z 31 nm.

4 Conclusions

We have demonstrated that XPCS enables quantitative access to
nanoscale diffusion of PEGylated gold nanoparticles in water
across a wide range of thermodynamic conditions, including
water’s supercooled regime. The observed Brownian dynamics
follow the Stokes–Einstein relation with no slip boundary,
and the viscosity extracted from nanoparticle motion agrees
quantitatively with established literature values. These results
confirm that PEG–coated gold nanoparticles remain structu-
rally and dynamically stable, with no detectable evidence of
ligand shell compression or changes in hydrodynamic size
within experimental uncertainty, over a wide temperature
range. This establishes PEGylated nanoparticles as robust,
non-invasive nanoscopic probes for measuring solvent viscosity
and nanoscale transport properties.

Critically, by employing event-based XPCS with next-generation
detectors, we access microsecond dynamics approaching
the intrinsic Brownian timescale of nanometer-sized objects
in low-viscosity liquids. This represents a significant advance
in experimentally accessible time resolution at storage ring
sources and bridges the gap between conventional synchrotron
and free-electron laser XPCS capabilities. Importantly, this is
achieved under continuous and stable beam conditions ideally
suited for equilibrium measurements.

While this study focuses on water properties via colloidal
tracer particles, extending these methods to more complex soft
matter systems such as polymer solutions or biological fluids,
will require addressing additional challenges. These include
viscoelastic effects, heterogeneous environments, and hydro-
dynamic interactions,19,32 which may necessitate adapted corre-
lation analyses or contrast-matching techniques. Nevertheless,
the ability to directly probe fast nanoscale dynamics under
equilibrium conditions opens new opportunities for studying
transport, relaxation, and dynamical heterogeneity in soft matter,
nanofluids, and biological systems. These results highlight
the strong potential of combining coherent X-ray scattering at
modern light sources with event-driven detection to investigate
nanoscale dynamics at their fundamental spatiotemporal scales.

Furthermore, it demonstrates the impact of XPCS studies at the
next-generation light sources67–70 for soft and hard matter studies
and opens the door to studying nanoscale transport in complex
fluids, confined geometries, and non-equilibrium systems pre-
viously inaccessible at storage ring sources.
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Prince, W. Chèvremont, T. Seydel, J. Hallmann, A.
Rodriguez-Fernandez, J.-E. Pudell, F. Brausse, U. Boesenberg,
J. Wrigley, M. Youssef, W. Lu, W. Jo, R. Shayduk, T. Guest,
A. Madsen, F. Lehmkühler, M. Paulus, F. Zhang, F. Schreiber,
C. Gutt and F. Perakis, Nat. Commun., 2025, 16, 10814.

33 N. D. Anthuparambil, M. Dargasz, S. Timmermann,
A. Girelli, S. Retzbach, J. Möller, W. Jo, A. M. Raza, A.
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