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ABSTRACT: Dynamics of nanoparticles (NPs) in microscopic networks, in particular, localization and transport, play a key role in
designing new functional nanocomposites and drug delivery systems. To this aim, it is crucial to understand the interplay between
the network structure and dynamics on the microscopic scale which determines NP diffusion. Here, we study the localization and
transport of spherical NPs in photorheological wormlike micellar nanocomposites where the mobility of the NPs is controlled by the
network mesh size and the micelle length, which can be tuned by UV-illumination. The macroscopic viscoelastic properties are
measured by classical rheology, while X-ray photon correlation spectroscopy and nanorheology provide information on the
microscopic NP dynamics on length scales on the order of the network mesh size. On long time scales, the data reveal that transport
through the network is determined by the ratio between the NP size and the network mesh size, while upon UV illumination, the NP
mobility is drastically enhanced. On shorter time scales, the influence of the dynamical and structural micelle properties on the NP
dynamics under confinement is explored and indicates an anomalous speed-up of the dynamics, which is discussed in the context of
changes in the local structure and non-linear phenomena such as strain stiffening and hopping motion.

■ INTRODUCTION
The dynamics of nanoparticles (NPs) in microscopic networks
and other crowded environments are of interest in a broad
range of fields from physics, chemistry, and biology to
engineering and material science. On a macroscopic length
scale, the presence of NPs can alter the magnetic,1 optical,2,3

viscoelastic, or mechanical4,5 properties of the system. On a
microscopic length scale, the NPs are trapped inside network
cages where localization and diffusion through the medium6−9

are relevant for instance for drug delivery and information
transport,10 for example, by controlling the release mechanism.
In this context, two main aspects are important: first, the effect
of the network structure and dynamics on the localization of
the NPs; second, the characteristic dynamics of the localized
NPs and which processes contribute to confinement release.
For instance, it has been a longstanding discussion to which
extent activated hopping6,11 plays a role for NP motion. Being

able to capture both localized cage dynamics and long-time
diffusion simultaneously will open new pathways to explore
localization and transport in complex networks. A detailed
characterization of the dynamics is also crucial for diverse
nanorheology techniques where the local viscoelastic proper-
ties of a specimen are deduced from the dynamics of tracer
particles.12−14

Flexible microscopic networks usually consist of long
cylindrical or wormlike molecules that form an entangled or
cross-linked network. Polymers and micelles are two
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prominent examples. While polymers consist of covalently
bonded monomers, micelles are aggregates of surfactant
molecules that self-assemble to form various types of structures
when the surfactant concentration exceeds a critical value. The
micellar shape is determined by properties of the surfactant
molecule, in particular, by the ratio of the volumes of its
hydrophobic and hydrophilic parts. Wormlike micelles are
formed when the surfactant molecules self-assemble and attain
cylindrical shape.15,16 Micelles are promising candidates in the
pursuit of new “smart” materials that change their function and
structure in response to external stimuli (electrical, optical,
thermal, etc.).17−19 In contrast to covalently bonded polymer
networks such as hydrogels, micelles are transient structures
which undergo random scission and recombination that affect
the stress relaxation on long time scales.20 However, on short
time scales these processes are negligible and the micelles are
stable. Analogously to polymer networks, the microscopic
micelle network is described by a hydrodynamic correlation
length or network mesh size, ξ, which is a measure of the
average distance between entanglement or branching points.15

Localization and NP dynamics in the network are highly
depending on the network structure, in particular the ratio
between ξ and the NP size, d.9

Experimentally, it is challenging to investigate dynamics in
microscopic networks on length scales comparable to the cage
size and below, especially in concentrated solutions. In fact,
most experimental studies focus on the slower structural
network relaxation due to technical limitations, in particular
lack of temporal resolution.14,21 The localized motion inside a
cage can be several orders of magnitude faster than the
structural relaxation. By X-ray photon correlation spectroscopy
(XPCS),22−25 it is possible to study sub-millisecond dynamics
and, thereby, gain insight into localization of NPs in
microscopic networks and other dynamical phenomena in
complex fluids. XPCS obtains dynamical information from
speckle intensity fluctuations�an interference phenomenon
visible in the far field when the sample is illuminated by
(partially) coherent light (Figure 2). This allows investigation
of length scale-dependent dynamics of the NPs on the
microscopic scale due to the short X-ray wavelength. Novel
X-ray detectors are capable of acquiring scattering images with
several kilohertz repetition rate so that a wide range of time
scales from microseconds to hundreds of seconds can be
investigated (Figure 3).
Ketner et al.26 found that the mechanical response of

wormlike micelle suspensions formed by cetyl trimethylammo-
nium bromide (CTAB)15,27 and ortho-methoxycinnamic acid
(OMCA)28,29 can be tuned by UV illumination. UV
illumination causes isomerization of the OMCA molecules
that desorb from the micelle surface and reduce the end-cap
energy. As a result, the average micelle contour length
decreases. Although wormlike micelles can be described as
flexible chains, they exhibit short-range rigidity described by
the Kuhn-length, b.30Figure 2 illustrates that a flexible micelle
can be approximated by a chain of rigid cylinders with length,
b.
Here, the viscoelastic properties of the OMCA−CTAB

system and the influence of UV illumination is studied by
classical rheometry on a macroscopic level. Deeper insights
into the local viscoelastic properties of the micelle network are
obtained from XPCS nanorheology measurements, which
further provide information on the NP mobility and transport
through the micelle network. The results show how the

transport properties of the NPs can be tuned by varying the
network mesh size and UV illumination. On sub-millisecond
time scales, the motion of the NPs under confinement inside
the network meshes is studied by XPCS. The results evidence
how the network mesh size determines the confinement
properties of the cage. While the mesh size determines the NP
confinement, UV illumination speeds up the NP motion by
shortening the average micelle length which is seen in the
ergodicity restoring part of the XPCS correlation functions.

■ SAMPLE PREPARATION
OMCA−CTAB samples were synthesized according to the
recipe of Ketner et al.26 The OMCA concentration was equal
to the CTAB concentration for all solutions. Aqueous solutions
of OMCA and CTAB were prepared and spherical silica NPs
(d = 100(4) nm) were dispersed in the CTAB solution to
ensure a homogeneous distribution in the highly viscous
network. The NP volume fraction (0.04%) was kept as low as
possible to still provide a scattering signal for the XPCS
measurements. Rheology measurements indicate that the effect
of the NPs on the viscoelastic network properties, and hence
on the micelle formation, is negligible (see Supporting
Information). 15 min after mixing both solutions and stirring,
the samples were filled into quartz capillaries with an outer
diameter of 2 mm for the XPCS measurements.
The absorbed energy when illuminating the sample with UV

light is calculated as EUV = IUVAUVtUV, where IUV is the intensity
of the UV light and tUV is the illumination time. The
absorption of a solution with concentration c and sample
thickness ds is defined as A c d e( , ) (1 )d c

UV s
log(10) s= ,

where ε is the molar extinction coefficient. ε = 0.0164 mM−1 is
estimated at the position of the main absorption peak of trans-
OMCA at λ = 270 nm.26IUV was measured with a power meter.

■ RHEOLOGY MEASUREMENTS
Rheology measurements were conducted with a HAAKE
MARS III rheometer at the Deutsches Elektronen-Synchrotron
(DESY). By fitting the complex moduli with a Maxwell model,
the plateau modulus, G0, the terminal time, τR, and the
viscosity, η, were determined (see the Supporting Information
for more details), where η = τRG0. Figure 1 displays G0, τR, and
η as a function of concentration (a) and UV illumination (b).
The concentration was varied from 20 to 200 mM. Figure 1a
shows that the concentration dependency of the viscosity can
be described by a power law c c( ( ) )m with an exponent of
mη = 2.2(3). This exponent is smaller than predicted within the
reptation model by scaling theory (mη = 3.7) and mean-field
theory (mη = 3.5),31 which can be explained by the essentially
concentration-independent terminal time as indicated by the
horizontal dashed line. The anomalous concentration depend-
ence of the viscosity can be attributed to intermicellar
branching. Micelle branching occurs when an entanglement
is replaced by a joint between adjacent micelle strands
resulting in a cross-link.32,33 As joints are prone to slide
along the micelle contour, they are effectively “softer” than
entanglements and hence weaken the concentration depend-
ence.34

The effect of UV illumination on the rheological properties
on a 80 mM micelle solution is shown in Figure 1b. The upper,
fixed plate of the rheometer was exchanged with a quartz plate
such that the sample could be illuminated inside the
rheometer. The UV light intensity was measured with a
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power meter at the sample position, that is, below the quartz
plate of the rheometer. The viscosity in Figure 1 decreases
exponentially with UV illumination with a decay constant of
(115 ± 3) mJ mm−2. In contrast to varying the concentration,
the data imply that the UV illumination dependence of the
viscosity is solely determined by the terminal time. While τR is
strongly affected by UV illumination, G0 is constant within the
measurement accuracy for EUV ≲ 200 mJ mm−2 and starts to
decrease only for longer UV illuminations. The decreasing
viscosity as a function of UV illumination can be explained by
the formation of new end-caps accompanied by the breaking of
cross-links or the scission of micelles, which effectively reduces
the connectivity of the branched micelle network.
In summary, Figure 1 shows that the viscosity can be tuned

by changing concentration or UV illumination. However, the
origin of the viscosity change is different. Varying the micelle
concentration affects the plateau modulus which is related to
the network mesh size while the terminal time is constant. In
other words, the concentration determines the network
connectivity but its effect on the network relaxation time is
negligible. On the other hand, the terminal relaxation time
decreases as a result of the UV induced shortening of the
micelles, while the network mesh size is constant for short UV
illumination times. Hence, the network relaxation can be tuned
by UV illumination, while the network structure remains
unaffected.

■ XPCS DATA TREATMENT
XPCS experiments were conducted at P10 at PETRA III
(DESY) and ID10 (ESRF) employing (partially) coherent X-

rays with a photon energy of 8.1 keV. A Si(111)
monochromator reduced the bandwidth to ΔE/E ≈ 10−4 to
increase the longitudinal coherence. The experiments at ID10
were conducted with a beam size of 10 μm and a sample-
detector distance of 5.1 m. At P10, the beam size was increased
to 75 μm to obtain a lower radiation dose. Consequently, the
sample-detector distance must be increased to have an
adequate speckle contrast and 21.2 m was used. Figure 2

shows the schematic experimental layout. The OMCA−CTAB
solutions were measured in quartz capillaries with a diameter
of 2 mm which also allowed illuminating the solutions inside
the capillaries by UV light.
The X-ray scattering contrast of the silica particles is orders

of magnitude larger than the one of the OMCA−CTAB
micelles so that the measured speckle fluctuations can be
attributed solely to the NP dynamics. Two-time correlation
functions25 were employed to identify the onset of radiation
damage yielding a dose threshold of 2 kGy which corresponds
to less than 1 s illumination by the unattenuated beam (see the
Supporting Information). Consequently, data were acquired
until this threshold was reached. Afterwards, the beam position
on the sample was changed for the next measurement leading
to hundreds of acquired time series per sample. Attenuating
the beam allowed longer acquisitions and studying longer time
scales. Thereby, the correlation functions could be measured
step-wise and stitched together covering a time window from
microseconds to tens of seconds (Figure 3). This procedure
yields one set of correlation functions (different q-values) per
sample (one capillary of OMCA−CTAB solution). Several
capillaries with solutions of a given concentration were
measured and treated separately to avoid averaging over
slightly different sample conditions for instance due to aging.
Therefore, during the discussion, the solutions will be

Figure 1. Rheology experiments performed with a plate−plate
rheometer: dynamic viscosity, η, plateau modulus, G0, and terminal
time, τR, as a function of micelle concentration in (a) and as a
function of UV-illumination for an 80 mM solution (b). η(c) is fitted
with a power law with an exponent of mη = 2.2(3) (solid black line).
The dashed lines are guides to the eye. In (b), an exponential decay is
used to model the decreasing viscosity and a decay constant of (115 ±
3) mJ mm−2 is determined by the fit (solid black line). The dashed
lines are guides to the eye. Figure 2. Experimental schematics: NPs (d = 100 nm) are dispersed

in OMCA−CTAB micelle solutions. ξ is the mesh size of the network
and b the Kuhn-length. The micelle contour length can reach several
hundred nanometers.26 The sample is illuminated by (partially)
coherent X-rays and series of speckle patterns are acquired by a 2D
detector with different exposure times (indicated on the images)
down to the limit of only a few photons registered per frame.
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characterized by their mesh size determined from the
correlation functions rather than from the initial concentration.
The correlation functions in Figure 3 exhibit a two-step

relaxation indicative of structural network dynamics on long
time scales and caging motion of localized NPs on short time
scales. Hence, the correlation functions can be modeled by the
sum of two exponential modes

g q t q q t( , ) 1 ( )exp 2( ( ) )
i

i i
q

2 0
1

2
( )i= + { }

= (1)

where Γi are the relaxation rates and αi are Kohlrausch−
Williams−Watts (KWW) exponents. The indices 1 and 2 are
referring to the short- and long-time relaxations, respectively
(Figure 3). β0 is the maximum speckle contrast, that is, the
contrast of a static sample, and βi are the relative strengths with
β1 = 1 − β2. The contrast of the plateau that separates both
processes, β2, is also denoted the non-ergodicity level.
The non-ergodicity level is decreasing as a function of q

which is usually modeled by a Debye-Waller-like function:
r qexp( /3)2 loc

2 2= .24 The localization length, rloc2 , is the
mean-squared displacement of the NPs under confinement and
is related to the mesh size ξ by9

r d k T G/3
loc
2

B 0= = (2)

Equation 2 allows comparing XPCS and classical rheology
where ξ is inferred from the measured plateau modulus G0.
The resulting ξ values calculated from rheology using eq 2 are
displayed in Figure 4 (gray squares) as a function of
concentration, c. The measurements were repeated up to five

times per concentration. The standard deviations Δξ are
indicated by the error bars. However, the error of an individual
XPCS measurement determined from the fit is δξ ≲ 2 nm. The
characteristic network length scales determined by both
methods (XPCS and rheology) are in agreement underlining
the validity of the approach. A power law fit (Figure 4, solid
line) results in a scaling exponent of −0.72(6) as expected for a
network of semi-flexible wormlike micelles.35

Information about the underlying dynamics is encoded in
the dispersion relations, Γi(q). Figure 5 (left panels) displays

the relaxation rates obtained from the data in Figure 3a for a
micelle solution of 50 mM. The slow structural relaxation
(blue) is well modeled by a power law of the form

q D q( ) n
2 2

2= , whereas the short-time dispersion relation,
Γ1(q) (red), can be described by a power law plus a constant
plateau36

q D q( ) n
1 1 0

1= + (3)

Di are generalized diffusion coefficients and ni are the
corresponding scaling exponents of both relaxation processes.
While Di measure the amplitude of the dynamics, ni indicate

Figure 3. Intensity auto-correlation functions, g2(q, Δt), of 100 nm silica NPs dispersed in OMCA−CTAB solutions of 50 mM (a) and 80 mM (b)
surfactant concentration. The two relaxation modes are indicated in blue and red in panel (b). Solid lines are fits with eq 1.

Figure 4. Hydrodynamic correlation length, ξ, determined by XPCS
based nanorheology and classical rheology with a plate−plate
rheometer (see eq 2). c = c(OMCA) = c(CTAB) is the concentration
of both OMCA and CTAB. The solid line indicates a power law fit.

Figure 5. (Left panels) Dispersion relations of the localized caging
motion and the structural network relaxation are plotted in red and
blue for one set of correlation functions: the 50 mM micelle solution
from Figure 3a. The functional forms of the dispersion relations used
to fit the data (solid lines) are indicated in the panels. (Right panels)
Distributions of the exponents, ni, of all samples (in total 25). The
average values ⟨ni⟩ are annotated.
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the type of dynamics; for instance, Brownian motion would
yield n = 2.
Interestingly, Γ1(q) exhibits a plateau (Γ0 > 0) for small

momentum transfers which is characteristic of confined
dynamics. While Γ2 = Dq2 holds for diffusion in an infinite
medium, the presence of finite cages results in a constant
contribution to the dispersion relation in case of localized
dynamics, that is, the fast relaxation process. This phenomenon
has previously been observed for instance in fullerides by
quasielastic neutron scattering.37,38 With microsecond XPCS, it
is possible to study these localization effects in the time
domain. In addition, q D/0 0 1

n1= is the momentum transfer
where the cross-over from a power law behavior to the
constant plateau occurs. Then, the dynamical cage size is
approximately given by L0 = 2π/q0.
Correlation functions of different q-bins are fitted with eqs

1−3 to determine the dynamical parameters. The reader is
referred to the Supporting Information for a detailed
description of the data treatment. Figure 5 (right panels)
displays histograms of the q-scaling exponents, ni, over the
acquired data sets yielding one pair (n1, n2) per sample. The
mean values of the corresponding distributions, ⟨ni⟩, reflect the
different nature of the two relaxation processes. While the
structural relaxation (blue) exhibits close to diffusive behavior
(⟨n2⟩ = 2.3), the short-time caging motion is found to be
subdiffusive with ⟨n1⟩ = 4. Subdiffusivity originates from
restricted motion of NPs inside network cages and is hence
another evidence for confinement. The KWW exponents, α1
(not shown), support the same picture with α1 ≈ 0.5, that is,
the correlation functions resemble stretched exponential
behavior corresponding to the mean-squared displacement
increasing proportional to t at short times.

■ SHORT-TIME DIFFUSION AND CAGING MOTION
XPCS allows us to study the NP dynamics under confinement,
that is, before a NP leaves a network cage. When a NP is
trapped inside a network cage, its short-time dynamics are
strongly determined by the properties of the confining cage
described by the microscopic parameters Γ0, L0, and ξ. While ξ
is an intrinsic network property, Γ0 and L0 depend on the NP
size. Both parameters are only defined if the NPs are localized.
There are two extreme cases where localization cannot be
observed: if ξ ≫ d, the NP dynamics are not influenced by the
network and can basically diffuse unhindered in the solution.
On the other hand, if ξ ≪ d, the NPs are much larger than the
network mesh and the surrounding micelles can be
approximated as a homogeneous medium on length scales of
the NP size.
To investigate the influence of the network mesh size on the

localization of the NPs, the experimentally determined values
of Γ0 and L0 are plotted as functions of ξ in Figure 6.
Localization effects are pronounced in a ξ-range from 30 to 65
nm for 100 nm particles. Within this range the particles are
trapped in network cages on short-time scales. L0 shows a
minimum at ∼46 nm which is a bit smaller than the NP radius
(Figure 6a). We denote this situation ideal conf inement as the
NPs are localized within network cages with the minimum
possible volume. Caging effects lead to a value of Γ0 larger than
zero (Figure 6b). The behavior of Γ0 can be modeled by a
quadratic function (black dashed line) with a maximum at
roughly the same position as the minimum of L0 emphasizing
the connection between the parameters.

Surprisingly, Γ0 exhibits a peak [FWHM 2.1(5) nm] where
its value increases by a factor of four compared to the quadratic
background. The peak position, ξ0 = 41.2(2) nm, is shifted
toward smaller mesh sizes with respect to the maximum of the
quadratic background. The rapid increase of Γ0 points toward
an enhanced NP mobility in a short range of mesh sizes
indicating that additional processes drive the NP dynamics.
The dashed line in Figure 6a emphasizes that the values found
for L0 exhibit an anomalous increase in the same range of mesh
sizes. The large error bars stem from the uncertainty of the
parameters n1 and D1 which are used to determine L0 in
addition to Γ0. The data analysis methods are explained in
detail in the Supporting Information showing that the
calculation of Γ0 is uncorrelated to the other fit parameters.
Conclusively, the peak of Γ0 is not related to the uncertainty in
the calculation of L0 but is a result of the NP dynamics.
The observed enhancement of NP mobility is related to the

local cage structure and dynamics of adjacent network strands;
however, the exact mechanism remains elusive. The strong
increase of the NP dynamics by about a factor of four allows
speculation about contributions from different processes. The
local cage structure is determined by the network inter-
connections that, in case of the transient OMCA−CTAB
micelle network, differ from permanent cross-links of polymer
networks or melts. For instance, micelles can form branching
points that are prone to slide along the micelle contour which
effectively results in “softer” network connections compared to
entanglements and cross-links.32,33,39 Intermicellar branching
could affect the NP dynamics by changing the confinement
conditions. It could also be envisioned that chain-end
fluctuations contribute to the NP dynamics in confinement
in a similar fashion.

Figure 6. (a) Dynamical cage size, L0, in units of the particle size, d. A
quadratic model (solid line) is used to describe the data. The dashed
line serves as a guide to the eye and emphasizes the situation where
higher weights are given to the data with high uncertainty around ξ ≈
42 nm. (b) Γ0 plotted versus the mesh size, ξ. The data are modeled
by a Lorentzian function plus a quadratic background (red solid line).
The peak position is ξ0 = 41.2(2) nm. The quadratic background is
plotted as a dashed black line.
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Thermally activated barrier hopping has been proposed as a
mechanism that affects NP dynamics. It describes the
spontaneous transition of a NP from one network cage to
the next one through a randomly enlarged network mesh.
Hopping occurs on faster time scales than reptation-driven
confinement release and is predicted only for a small ξ-range of
d/2 to 2d/3 (≈50 to 67 nm).6,11 The peak position in Figure
6b does not fall precisely into the predicted window for
hopping but is shifted toward smaller mesh sizes. Similar to
activated hopping, the enhanced NP mobility could be
explained as an activated process that is only observed in a
particular network configuration.
The length scale corresponding to the peak position in

Figure 6b is comparable to the Kuhn-length, b (see Figure 2),
found for wormlike CTAB micelles30 and, therefore, might
indicate a connection between short-range rigidity of the
micelles and localized cage dynamics of the NPs. Confined NP
diffusion might lead to the deformation of micelle strands
which below the Kuhn-length can show a non-linear
mechanical response similar to strain-stiffening.40−43 Exper-
imentally, these phenomena are usually studied with conven-
tional rheology techniques and in model systems such as
collagen fibers with macroscopic Kuhn-lengths (∼1 cm)44 but
usually signatures of these effects on microscopic networks are
difficult to obtain in such experiments due to the limited spatial
resolution.

■ LONG-TIME DIFFUSION AND TRANSPORT
The long-time diffusion of the NPs is discussed in the context
of the classical rheometry results described previously. Figure 7

displays the viscosity of several OMCA−CTAB solutions
measured with rheometry (diamonds) and calculated with
nanorheology employing the Stokes−Einstein relation η =
kBT/(6πRhD2), where kB is the Boltzmann constant, T is the
temperature, and Rh is the hydrodynamic radius. The data are
plotted against the network mesh size ξ. The black line depicts
a power law model of the rheometer data with an exponent of
3.53(13). For a mesh size above 50 nm, the results indicate
that the XPCS nanorheology data start to deviate from the
macroscopic viscosity emphasized by the red dashed line. In
particular, the viscosity experienced by the NPs is smaller than

the macroscopic viscosity, hence indicating faster dynamics. As
the mesh size becomes larger, the NPs are able to slip through
network meshes and therefore experience a lower local
viscosity. This effect is crucial for the NP mobility and
microscopic transport properties as the network mesh size
needs to be small enough to actually provide confinement for
the NPs.
The data further indicate that the onset of deviation from

the Stokes−Einstein prediction occurs for ξ > 50 nm, which is
the NP radius. Intuitively, one would expect the mesh size
threshold to be close to the particle size d = 2R. NP dynamics
in polymer melts have been hypothesized to exhibit an
intermediate regime from ξ ≈ 2R to ξ ≈ R, where Stokes−
Einstein behavior is gradually recovered.8 Although the range
of investigated mesh sizes is insufficient to really evaluate how
well the model in ref 8 applies to the OMCA−CTAB system,
Figure 7 shows that the microscopic viscosity experienced by
the NPs deviates from the macroscopic viscosity if the NPs are
not trapped inside the network.
Figure 8 displays the diffusion coefficients D2 as a function of

UV illumination for three different initial micelle concen-

trations. The data are normalized to the unilluminated
diffusion coefficient D2(EUV = 0) to emphasize the effect of
the UV illumination and exclude effects due to different initial
viscosities. The legend also indicates the average mesh size of
all the solutions of one concentration, where the error is the
standard deviation over samples with the same micelle
concentration, including all UV illuminations. The negligible
UV illumination dependence of ξ indicated by the standard
error in the legend is in line with the rheometry results
displayed in Figure 1b. The increase of the diffusion coefficient
with UV illumination can be explained by the decrease in
viscosity as a result of the shorter micelle contour length. The
50 mM data indicate that after long enough UV illumination a
plateau is reached where D2 has increased by almost 4 orders
of magnitude.

Figure 7. Dynamic viscosity, η, as a function of mesh size, ξ. The
diamonds show the rheology measurements performed with a plate−
plate rheometer and the circles show the viscosity obtained from
XPCS nanorheology measurements employing the Stokes−Einstein
relation. The solid black line indicates a power law fit with an
exponent of 3.53(13). The dashed red line indicates the deviation of
the XPCS data from the rheology data.

Figure 8. NP diffusion coefficients, D2, as a function of UV
illumination normalized to the diffusion coefficients of the
unilluminated sample. The dashed lines are guides to the eye. The
color indicates the micelle concentration and the corresponding mesh
size. The dashed lines show an exponential fit y 10E a/UV uv= . auv is the
rate at which the diffusion coefficients are increasing per unit UV
fluence.
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Strikingly, the dynamics of the NPs in the 50 mM solution
increase about a factor of 3 faster compared to the 80 mM and
the 100 mM solution. The inset displays the increase rate of D2
with UV illumination modeled by an exponential. The fits are
plotted as dashed lines in the main panel. The increased
susceptibility to UV illumination of the NP dynamics in the 50
mM micelle solution can be attributed to the decreased NP
localization due to the comparably large network mesh size. As
discussed in Figure 7, if the network mesh size exceeds the NP
radius, the dynamics differ from the Stokes−Einstein
predictions based on the macroscopic viscosity. This is the
case for the 50 mM solutions where the mesh size is about 60
nm. Interestingly, this deviation increases with UV illumination
and does not disappear after scaling the data by D2(EUV = 0);
therefore, it cannot solely be explained by the decrease in
solution viscosity. The NP dynamics are affected by the local
micelle structure and cannot be deduced from macroscopic
measurements, which is also illustrated by Figure 7. Therefore,
methods such as XPCS are clearly required to provide direct
access to the dynamic properties of crowded media on
microscopic length scales. UV illumination reduces the average
micelle length by decreasing the end-cap energy.26 We
hypothesize that, as the network mesh size increases, the
NPs are gradually released from confinement and their
dynamics start to be influenced by individual micelle strands
rather than the network viscosity. Accompanied by the
reduction in average micelle length is the creation of new
micelle end-caps such that chain-end effects could influence
the NP dynamics. In this picture, the UV-induced change of
the average micelle structure affects the NP dynamics stronger
in the loosely confined state, that is, here, the 50 mM solution.
These results underline that the dynamics of NPs in

microscopic networks can significantly differ from predictions
based on macroscopic measurements, thus rendering the
development of experimental techniques such as XPCS, which
allow to study the NP dynamics directly, important for
understanding the microscopic processes of confinement and
release.

■ CONCLUSIONS
In order to understand short-time processes on microscopic
length scale in complex networks and to design new functional
nanocomposites, the coupling of structural and dynamical
network properties has to be studied locally. In this work,
localization and transport were investigated by XPCS nano-
rheology providing unique dynamical information on the
micelle network and dynamics of the NP probes. To access the
relevant quantitative parameters, XPCS correlation functions
were measured as a function of q over a wide range of time-
scales, here almost 6 orders of magnitude.
On short time scales, the NP dynamics under confinement

were investigated and characterized by calculating the
dynamical cage size and the plateau in the short-time
dispersion relation. It was observed how the structural and
dynamical cage properties change as a function of the network
mesh size where the smallest cage size is found for a network
mesh size slightly smaller than the NP radius. Surprisingly, over
a narrow range of mesh sizes, the NP motion speeds up
significantly by an increase in the short-time dispersion plateau,
hence reflecting changes in the local cage structure. The
enhanced NP dynamics are discussed in the context of
different possible contributions such as chain-end fluctuations,
activated hopping, and microscopic rigidity.

On long time scales, the dynamics of NPs in entangled and
branched micelle networks have been studied by varying the
network mesh size and the average micelle length by UV
illumination and by changing the concentration. The XPCS
nanorheology data were compared with classical rheometry
and the results show that if the network mesh size exceeds the
NP radius, the dynamics is faster than the Stokes−Einstein
prediction using the macroscopic viscosity, hence indicating
that NPs escape confinement by slipping through the network
meshes.
UV illumination reduces the average micelle length and

consequently the sample viscosity. The NP dynamics exhibit a
particularly strong susceptibility to the reduction of the micelle
length in case of weak confinement, that is, when the network
mesh size is larger than the NP radius. We hypothesize that the
strong increase of the NP dynamics in this case is related to an
enhanced coupling of the NP dynamics to free micelle motion
instead of the network relaxation.
We believe the presented experiments and results underline

the need for local dynamical information in addition to
classical rheology and pave the road for future investigations of
dynamics in complex microscopic networks using XPCS.
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