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ABSTRACT
The gelation of PEGylated gold nanoparticles dispersed in a glycerol–water mixture is probed in situ by x-ray photon correlation spectroscopy.
Following the evolution of structure and dynamics over 104 s, a three-step gelation process is found. First, a simultaneous increase of the
Ornstein–Zernike length ξ and slowdown of dynamics is characterized by an anomalous q-dependence of the relaxation times of τ ∝ q−6 and
strongly stretched intermediate scattering functions. After the structure of the gel network has been established, evidenced by a constant ξ,
the dynamics show aging during the second gelation step accompanied by a change toward ballistic dynamics with τ ∝ q−1 and compressed
correlation functions. In the third step, aging continues after the arrest of particle motion. Our observations further suggest that gelation is
characterized by stress release as evidenced by anisotropic dynamics once gelation sets in.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0123118

I. INTRODUCTION
Soft matter systems, such as colloidal particles dispersed in a

liquid, are known to show a rich phase behavior, covering mul-
tiple crystalline, glass, and gel states.1–4 Following their structure
and dynamics in situ during phase transitions and state changes
represents a main subject of soft matter physics. Although often
referred to as model systems, colloidal dispersions may show very
complex dynamics, such as dynamical heterogeneities due to parti-
cle caging, localization as well as cooperative particle movements.5–7

In particular, this applies to the formation process of colloidal
gels.8–10 This gelation process is driven by spinodal decomposition
forming two phases of different viscosity,2,9,11–15 typically result-
ing in heterogeneous dynamics. Afterward, the high-viscosity phase

percolates.16–19 The gelation continues over longer times undergoing
aging.20–22

Due to their sensitivity to slight changes of experimental para-
meters, studies on the structure, dynamics, and properties of col-
loidal gels during formation and aging are challenging. In particular,
experimental techniques are needed that provide the necessary time
(μs to h) and spatial (few to 100 s of nm) resolution to track gela-
tion, covering all characteristic time scales from diffusion to arrested
particles on the relevant interparticle length scales. In recent years,
x-ray photon correlation spectroscopy (XPCS) has been developed
to meet these criteria,23–30 offering real-time probes of kinetics and
dynamics down to sub-nm length scales. In particular, XPCS enables
studying dynamic heterogeneities at relevant length scales, including
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interparticle distances as well as clusters formed by many particles.
Recently, XPCS was used to measure the kinetics of liquid–liquid
phase separations31 and network formation in proteins.32 While
both processes cover aspects of gelation, our understanding of the
structure and dynamics of this process is largely incomplete.

Here, we report on the structure and dynamics of colloidal
suspension of PEGylated gold nanoparticles dispersed in a glycerol–
water mixture while undergoing gelation. Tracking the structure and
dynamics by small-angle x-ray scattering (SAXS) and XPCS during
cooling below the gelation temperature, we find a three-step gela-
tion process. This is first characterized by a simultaneous increase in
the characteristic length scale and slowdown of dynamics by more
than four orders of magnitude. Increasingly anisotropic and anoma-
lous dynamics are found. After the structural change has finished,
the dynamics show aging, where the relaxation time slows down
continuously, accompanied by a change toward ballistic dynamics
with τ ∝ q−1 and compressed correlation functions. Finally, aging
continues over the whole experimental time window.

II. EXPERIMENTAL
A. Sample details

The gelation process was studied for gold nanoparti-
cles (AuNP) coated with α-methoxypoly(ethylene glycol)-ω-
(11-mercaptoundecanoate) (PEGMUA, 5 kDa) dispersed in a mixed
solvent of glycerol and water (70:30 v/v). The synthesis of such
PEGylated particles has been reported elsewhere.33,34 The radius of
the gold nanoparticles was about 6.1 nm with a size dispersity of less
than 10% as confirmed by transmission electron microscopy (TEM)
and dynamic light scattering (DLS), the ligand length is about
10–14 nm in pure water.35 More details on sample characterization
are shown in the supplementary material. The volume fraction of the
particles was ∼5 vol. %. Such dispersions have been reported previ-
ously to form colloidal gels below a weakly concentration-dependent
temperature around Tgel ∼ 280 K.22 For T < Tgel, the particle
interactions become attractive, promoting network formation and
thus gelation.

B. Coherent x-ray scattering experiments
The XPCS experiments have been performed at beamlines

CHX (11-ID) of NSLS-II at Brookhaven National Laboratory
(Upton, NY, USA) and P10 of PETRA III at DESY (Hamburg,
Germany). At CHX, we used a small-angle x-ray scattering setup
with a sample–detector distance of 16 m. The x-ray energy was
9.6 keV, the beam was focused to about 10 × 10 μm2. At P10,
the ultrasmall-angle x-ray scattering (USAXS) geometry was used,
where the detector was placed 21.2 m downstream from the
sample position. The beam energy was 8.1 keV and its size was set to
100 × 100 μm2 using slits. This USAXS geometry allows partial over-
lapping of the accessible q-range with light scattering studies10,20,36

without the experimental limitations of visible light, e.g., multiple
scattering. At both beamlines, capillaries filled with the samples were
placed into a temperature-controllable sample holder that was evac-
uated afterward. Series of typically 1000–5000 speckle patterns were
measured with exposure times per pattern down to 1.4 ms, which
corresponds to the maximum achievable frame rate of 750 Hz of the

Eiger X4M detector used at both beamlines. The gelation tempera-
ture was obtained by performing stepwise cooling and measurement
between room temperature and 270 K and found to be around 276 K.
Afterward, a fresh sample from the same batch was cooled down
to 272 K, i.e., below the gelation temperature, at a cooling rate of
1 K/min. During cooling, XPCS runs were continuously performed
cycling over 10 different spots on the sample to reduce the dose per
sample spot. The first measurement started at tw = 0 s and the last
one concluded after about tw = 104 s. The data were tracked in real
time to adapt the exposure times and length of the series to cover the
dynamics in all sample states. To keep the x-ray dose constant, the
x rays were attenuated for longer exposure times. Here, we discuss
the results for a sample at a volume fraction of 5 vol. %, similar
results have been obtained for 7 vol. % and 10 vol. %.

In XPCS experiments, sample dynamics are obtained by auto-
correlations of the speckle patterns, i.e., diffraction patterns in a
coherent x-ray scattering experiment, given by37–40

g2(q, t) =
⟨I(q, t′)I(q, t′ + t)⟩t′

⟨I(q, t′)⟩2t′
. (1)

I(q, t′) is the intensity at time t′ and the modulus of the wave
vector transfer q ≡ ∣q∣ = 4π sin(θ/2)/λ, with wavelength λ and
scattering angle θ. The g2 function is related to the intermediate
scattering function f (q, t) and can be modeled in many cases by a
Kohlrausch–Williams–Watts (KWW) expression

g2(q, t) = 1 + β∣ f (q, t)∣2 = 1 + β exp(−2(t/τ)γ
). (2)

Here, β is the speckle contrast defined by coherence properties of
the x-ray beam and setup parameters, τ the characteristic relaxation
time, and γ the KWW exponent. The q-dependence of τ ∝ q−p and
the KWW exponent γ define the type of dynamics, e.g., diffusion
results in p = 2 and γ = 1. In the case of two relaxations, Eq. (2) can
be extended to

f (q, t) = b1 exp(−(t/τ1)
γ1) + b2 exp(−(t/τ2)

γ2). (3)

Compared to commonly performed microscopy experiments,
scattering experiments such as this XPCS study allow measurement
of the dynamics of smaller particles. This has several advantages
such as low or at least negligible influence of gravity on the sam-
ple. The time scale of colloidal systems is given by the Brownian
time τB = r2

/D∝ r3, where D denotes the diffusion constant. Conse-
quently, a reduction of the particle radius by one order of magnitude
enables studying three orders of magnitude longer in units of τB.
Assuming a hydrodynamic radius as the sum of the radius of the
gold particles and the PEG ligand length of rtotal = 16 nm, we obtain
a Brownian time of τB ≈ 21 μs for T = 290 K. This corresponds to a
total studied time window of about (5 × 108

)τB, i.e., 3 years of exper-
imental time using a particle radius of 1 μm, which is a standard size
in microscopy. Using fluorescence microscopy, smaller sizes can be
accessed;41 however, the radii are still an order of magnitude larger
than in our study.

III. RESULTS
Figure 1 shows g2 functions for q = 0.023 nm−1 at different

experimental times tw. tw = 0 refers to the start of cooling and start
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FIG. 1. Correlation functions g2 at
q = 0.023 nm−1. In the left panel, data
are shown from the same sample spot,
the right panel shows data from differ-
ent spots for large tw . Lines are fits to
Eq. (2) for single decays and to Eq. (3)
for double decays.

of XPCS runs. For tw < 4300 s, the data shown were measured at
the same sample spot within the cycling measurements over ten
spots. With decreasing temperature, the dynamics slow down due
to the increasing viscosity of the solvent. Around tw ≈ 1600 s, the
relaxation time increases sharply and the correlation functions
become increasingly stretched. Finally, a slow and less stretched
secondary decay appears. Note that such a second decay is only
modeled, if b2 > 0.1 in Eq. (3); otherwise, a single decay with
only one relaxation time is considered. XPCS studies on colloidal
gels frequently report missing speckle contrasts for t → 0, which
arise due to particle motions faster than the experimental time
resolution.22,26,42–44 In contrast to those studies, we can model the
whole g2 function and also track the fast dynamics because of the
quality of the data and the high repetition rate of the detector.

In general, the dynamics suggest a transition from a fluid
to an arrested state, i.e., a colloidal gel in this case.22 The latter
state is characterized by different time scales that are associated
with slow structural relaxation and faster rattling, e.g., particle
moving within the cage formed by its next-neighbors. During gela-
tion, the faster process appears to be very heterogeneous due to
superposition of multiple dynamic modes10,45 as indicated by the
small KWW exponent. At later tw, slower decay dominates and
the dynamics partially depend on the actual position of the sample
as evidenced by the different relaxations observed for tw > 4600 s
(right panel of Fig. 1). Note that these fluctuations may also be

FIG. 2. Intensity I(q) from one sample spot. The lines are vertically offset for clarity.

temporal ones, or a combination of both, as frequently observed in
aging gels.21

The transition of dynamics is connected to a change of struc-
ture as expressed by the SAXS signal I(q) shown in Fig. 2 for one
sample spot at selected tw. During cooling to 272 K, I(q) does not
vary. After reaching 272 K and after expiration of another ∼600 s, the
intensity changes with increasing contribution at low q simultane-
ous to the slowdown of dynamics. This is a fingerprint of formation
of larger domains such as network structures found in attractive
gels. After about tw = 2300 s, the average structure does not change
significantly anymore.

Next, we want to discuss dynamical and structural changes
quantitatively. The relaxation times τ obtained from the fits of the
g2 functions to the data are shown in Fig. 3 (top). Here, results
are shown for all studied tw at q = 0.023 nm−1, i.e., for all studied
sample spots. For small tw, τ increases slowly due to increasing vis-
cosity. This is highlighted by the black line showing the relaxation
time of diffusing particles in water with a radius of 16 nm, i.e., the
sum of gold core and PEG ligand. Around tw ≈ 1600 s, the relaxation
time increases sharply as discussed above. With further increase in tw
at fixed T = 272 K, the relaxation time increases continuously, which
indicates aging of the gel.20,22 If a second decay of the correlation
function is modeled, the fast relaxation time is displayed by open tri-
angles. Overall, we find two branches for the fast and slow relaxation,
both slowing down in parallel toward 103 and 101 s, respectively, and
only small differences for different sample spots.

As we have access to the low-q regime in the USAXS-type
experiments, we determine the characteristic length scale ξ in our
sample from the I(q) using the Ornstein–Zernike equation,46

I(q) =
I0

1 + q2ξ2 , (4)

where I0 is a scaling parameter. In many cases, a modified version
is used including the fractal dimension δ.46–48 As we found that
1.5 ≲ δ ≲ 2.5 for all tw, Eq. (4) is used here, which sets δ = 2. The
corresponding fits are shown in the supplementary material. The
resulting ξ is shown in Fig. 3 (bottom), comparing the slowdown of
dynamics with quantitative structural properties. At small tw, we find
ξ ≈ 130 nm, with small variation depending on the sample spot. Sim-
ilar to the trend observed for dynamics, ξ increases steeply around
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FIG. 3. Relaxation times τ (top) at q = 0.023 nm−1 and correlation length ξ (bot-
tom) as function of tw for all the studied XPCS runs. The temperature is encoded
by the color of the data points. The solid line represents the relaxation time for
free diffusion of spheres with a radius of 16 nm at the corresponding temperature,
dashed lines are guide to the eyes. The open triangles in the top figure are used
for the faster relaxation time in case a two-step correlation function was found.

tw ≈ 1600 s and saturates at ξmax ≈ 3700 nm. This is a fingerprint of
the formation of network structures and agglomerates as found in
attractive gels. However, while τ shows aging, the correlation length
ξ stays constant at this maximum value after the abrupt increase.
This suggests that the slowdown of the dynamics and the increase
of correlation length take place at the same time; however, in the gel
state the dynamics is characterized by aging, while the structure is
changed immediately.

The type of dynamics during gelation is further investigated
by the q-dependence of the correlation time and the shape of the
correlation functions. This is done by taking a closer look on the
exponents p and γ shown in Fig. 4 (top) exemplary for two spots
on the sample. For high tw, we display the parameters of the domi-
nant, slower relaxation process. In the beginning of the experiment,
we find p ≈ 3 (see also fits in the supplementary material) and
γ ≈ 0.6 to 0.7. This suggests sub-diffusive structural dynamics,
which has been reported in other soft colloidal fluids where the
ligand shell dominates the dynamics49,50 as well as polymer-
dominated composite materials.51,52 On approaching the gelation
point, p increases strongly up to p ≳ 6, while γ decreases well below
0.5. This stretching as well as the large value of p suggests an
increasingly sub-diffusive nature of the dynamics toward confined

FIG. 4. Top: Exponents p and γ as function of tw shown for two spots on the
sample. The solid line is the product γp for all measurements. Bottom: Degree of
direction-dependent dynamics Δτϕ as function of tw . The temperature is encoded
by the color of the data points. The inset shows a scheme of the ϕ regions on the
detector with an angular width of π/4. Results were averaged for regions with the
same color.

diffusion when the gelation takes place. A similar general behavior
has been reported close to colloidal glass transitions.27,50,53,54

Anomalous dynamics with p ≈ 3 have also been reported
during gelation of soft particles;10 however, extreme values
like p ≈ 6 were found uniquely in our study and may indicate a
feature of gel transitions.

The product pγ allows for further categorization of dynami-
cal regimes. In particular, pγ ≈ 2 is found for liquids and pγ ≲ 2 for
arrested states as shown for colloidal soft spheres.54 We find such a
transition around tw ≈ 2000 s, coinciding with p ≳ 6 and the drop
of γ. At larger tw in the gel state, we obtained γ ≈ 1.5 and p ≈ 1.
Such exponents have been reported in the last two decades for many
different out-of-equilibrium systems, especially gels,20,55–58 and is
connected to stress-dominated dynamics. Note that the impact of
aging on the correlation functions can be neglected in most of
our data thanks to the short runs taken. This is further shown by
performing a two-time correlation analysis for tw > 2000 s in the
supplementary material.

In our previous study,22 we reported anisotropic dynamics in
the gel state. In order to check for such anisotropies, we performed
a direction-dependent analysis of the dynamics. Such direction-
dependent dynamics are usually reported for flowing systems59,60 as
well as during the recovery of 3D printing61 and for the dynamics
of aligned isotropic particles.62 Studies on anisotropic gel dynamics
are scarce and focused on two-dimensional gels57 and the failure of
the gel under load.63 To detect anisotropic dynamics in our XPCS
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FIG. 5. Exponents p and γ compared to log(ξ) and log(τ). For clarity, data are
smoothed and normalized to the first value at tw = 1 s as well as to their maximum.
The resulting states are indicated.

data, g2-functions were calculated for four different directions of
the speckle pattern, each with a width of π/4 and periodicity of π.
The directions on the speckle pattern are schematically demon-
strated in the inset in Fig. 4 (bottom). To quantify the anisotropy of
dynamics, the spread of the direction-dependent relaxation times τϕ

is calculated via Δτϕ =
max(τ(ϕ))−min(τ(ϕ))

⟨τ(ϕ)⟩ϕ and shown in Fig. 4 (bot-
tom). We find that Δτϕ ≈ 0 within the error bars for the fluid state.
In contrast, Δτϕ increases rapidly during gelation and reaches 1 in
the gel state. This indicates that the gel is governed by a direction-
dependence of the dynamics, which is absent for the colloidal
fluid.

IV. CONCLUSION
Our observations on the gelation of PEGylated gold nanopar-

ticles are summarized in Fig. 5 where all the parameters discussed
above are qualitatively compared. The overall picture suggests a
complex gelation transition. First, in the fluid state, the dynamics
are sub-diffusive, with a relaxation time that decreases slightly with
cooling due to the increasing viscosity of the solvent. The average
structure obtained by SAXS does not vary.

Second, after crossing Tgel, the relaxation time continuously
increases and grows by up to four orders of magnitude until around
tw ≈ 2000 s, when the gel is formed. Furthermore, this slowdown is
associated with the appearance of a secondary relaxation, suggesting
the existence of two dynamical regimes. In glasses, this is typically
associated with α- and β-relaxations, describing the (fast) movement
of a particle within the cage formed by its neighbors and the (slow)
break-out out of the cages. In the gel and glass states, the latter state
becomes more and more unlikely; thus, the second relaxation time
increases and eventually the system becomes non-ergodic. Simul-
taneous to the increase in relaxation time, the Ornstein–Zernike
correlation length grows discontinuously above 3 μm. Most inter-
estingly, the structure changes rapidly while the dynamics undergo
aging and seem to settle just around tw ≈ 104 s. Note that the actual
time of the transitions and the gel dynamics are similar but not
identical for all sample spots. Interestingly, the growth rate of τ and

ξ also increases; so, both cannot be modeled by a power law as, e.g.,
done in microscopy studies of aging gels.64

Third, the gelation is characterized by a strong increase of the
exponent p. This can be further visualized by comparing XPCS
results with the mean-square displacement (MSD), typically studied
in microscopy and theory. The observed q−6 scaling of the relax-
ation time around the gelation point corresponds to a MSD scaling
of t1/3.65 Such extreme anomalous, sub-diffusive dynamics under-
lines the transition from free diffusion to confined, rattling dynam-
ics. Furthermore, γ decreases to 0.2, indicating a high degree of
heterogeneous dynamics during gelation. This can be understood as
the result of averaging over regions with different, likely exponen-
tial dynamics.10 Together with the spatial dependence of dynamics,
this may be a fingerprint of network formation.17 Afterward, while
the relaxation time is governed by aging, both exponents show a
behavior toward hyperdiffusive, ballistic dynamics (p ≈ 1, γ ≈ 1.5)
typically found for arrested states.20

Fourth, the gel is characterized by non-isotropic dynamics. The
onset of direction-dependence of the dynamics coincides with the
onset of gelation. Its degree quantified by Δτϕ increases with tw
and reaches a constant value after tw ≈ 4000 s. Such non-isotropic
hyperdiffusive dynamics have been recently reported in glasses and
gels.22,66 They are associated with stress-driven relaxation of mobile
regions in arrested systems. Our results provide further experimen-
tal support for this and connect the onset of anisotropy of dynam-
ics with an increasing correlation length and further dynamical
properties.

Our investigation of structure and dynamics by XPCS during
gelation indicates a three-step gelation process that is characterized
by three characteristic times (see Fig. 5). At tsd ≈ 1600 s, the gelation
starts, manifested by rapid increase of both the relaxation time and
correlation length. In addition, the dynamics become non-isotropic
and extremely superdiffusive. Note that this onset of gelation takes
place after the sample rested about 10 min at 272 K within the sta-
bility region of the gel. This delay may be connected to the low
volume fractions studied. Following the gelation picture proposed by
Ref. 17, clusters need to become compact before eventually con-
necting into a percolating structure leading to the rapid slowdown.
Around tag ≈ 2400 s, the correlation length settles at its maximum
and the mean structure does not change afterward. The dynamics
are still characterized by aging, i.e., τ slows down continuously. In
parallel, p decreases from p ≈ 6 toward p ≈ 1, while γ increases from
0.2 to above 1. Finally, at tarr ≈ 4000 s, the aging slows down fur-
ther while the exponents p and γ have reached values that can be
associated with an arrested gel state.

Thanks to the smaller particle size used in our scattering study
compared to conventional microscopy experiments, we could access
the structure and dynamics over a very broad time window. Note
that the Brownian time τB should be measured by XPCS at a
q-value of q = 2π/r ≈ 0.39 nm−1. Considering the q-dependence of
τ ∝ q−1 at large tw, this corresponds to an effectively larger τ at the q-
value focused on in this work of τ(q = 0.023 nm−1

) ≈ 17τB. Thus, we
covered an effective time range of gelation of up to 3 × 107τB with a
time resolution of the q-scaled Brownian time of few ms.

Our study shows a very rich picture of the structure and
dynamics during the gelation of PEGylated gold particles. The three-
step process shows that first the structure is established, then the
dynamics follow, showing spatial heterogeneities and anomalous
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behavior, such as anisotropy and strong superdiffusivity, that can
be connected to stress release. Owing to the recent development of
next-generation x-ray light sources, we expect that XPCS will enable
similar investigations on the relevant length scales of soft matter and
complex fluids40 without a priori limitations on the sample structure
or morphology.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on cooling rates,
analysis of I(q), relaxation times, and two-time correlations.
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