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The aggregation and onset of gelation of PEGylated gold nanoparticles dispersed in a glycerol-

water mixture is studied by small-angle X-ray scattering and X-ray photon correlation spectroscopy.

Tracking structural dynamics with sub-ms time resolution over a total experimental time of 8 hours

corresponding to a time windows larger than 108 Brownian times and varying the temperature

between 298 K and 266 K we can identify three regimes. First, while cooling to 275 K the particles

show Brownian motion that slows down due to the increasing viscosity. Second, upon further cooling

the static structure changes significantly, indicated by a broad structure factor peak. We attribute

this to the formation of aggregates while the dynamics are still dominated by single-particle diffusion.

Finally, the relaxation functions become more and more stretched accompanied by an increased slow

down of the dynamics. At the same time the structure changes continuously indicating the onset of

gelation. Our observations further suggest that the colloidal aggregation and gelation is characterized

first by structural changes with a subsequent slowing down of the systems dynamics. The analysis

also reveals that the details of the gelation process and the gel structure strongly depend on the

thickness of the PEG-coating of the gold nanoparticles.

1 Introduction

Soft matter systems are known to show a rich phase behavior1,2.
In particular colloidal dispersions, i.e. solid particles of nm to µm
size dispersed in a liquid, can occur in different phases and states,
such as liquid, crystalline and amorphous solids. Understanding
the structure and dynamics through the phase diagram, especially
during the transition between two states, is a main route of cur-
rent soft matter and nanoscience research. The formation of col-
loidal gel states in particular is a complex subject of long-standing
scrutiny3–5.

Polymer-stabilized gold nanoparticles can be considered a
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relatively new class of materials that is explored for applica-
tions ranging from energy conversion to bio-nanotechnology and
nanomedicine among others6–8. For processing, stability and safe
application it is crucial to understand the phase behavior of these
materials. Besides self-assembly into supercrystals9, these parti-
cles show formation of a colloidal gel, which enables the appli-
cation as a model system for studying gelation processes with a
temporal and spatial resolution that can hardly be achieved ex-
perimentally on an atomic scale.

In general, experiment and theory have reported different gela-
tion mechanisms, the most common ones are gelation via spin-
odal decomposition4,5,10–12, and percolation13–15, or combina-
tions of both16–18. Typically, colloidal gels are formed with at-
tractive particles, or e.g., after transitions from repulsion to at-
traction12,19–22. Thanks to the attractive interaction, the par-
ticles may form amorphous network structures which is char-
acterized structurally by formation of aggregates accompanied
by a slow down of the structural dynamics by orders of magni-
tude15,18,23–29.

Despite of decades of research on aggregation and gelation our
understanding of the structure and dynamics within these pro-
cesses is still largely incomplete, in particular from an experi-
mental point of view4,10,30. To track these processes, X-ray pho-
ton correlation spectroscopy at modern X-ray light sources allows
both the necessary spatial resolution covering nm length scales as
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well as time resolution of sub-ms to probe the dynamics of the
particles in real time31. XPCS is frequently used to study soft
matter systems, e.g., obtaining structural and dynamical informa-
tion of diffusion and hydrodynamic interactions on microsecond
timescales32–37, glasses and glass transitions38–45, and colloidal
gelation43,46–53. Recently, we have used XPCS to study the gela-
tion of colloidal gold particles grafted with polyethylene (PEG)
based ligands and dispersed in a water-glycerol mixture29,54.
With ligands of 5 kDa weight, we found a three-step gelation pro-
cess at 272 K studying structure and dynamics over approximately
3 hours experimental time.

Here, we extend our recent work on the structure and dynam-
ics of PEGylated gold nanoparticles dispersed in a glycerol-water
mixture. We focus on shorter PEG ligands of 2 kDa weight, but the
same volume fraction. The structure and dynamics of the disper-
sion is tracked by small-angle x-ray scattering (SAXS) and XPCS
over a total experimental time of 8 hours, with a time resolution
of about 10−4 s. In contrast to the previous study with longer PEG
ligands, the particles form aggregates before the gelation sets in
at lower temperatures and after longer waiting times. Cooling
the sample from 298 K and 266 K we can identify three regimes:
(I) Brownian motion of non-interacting particles for T ≥ 275 K,
(II) formation of aggregates, but accompanied by diffusive parti-
cle dynamics, and (III) onset of gelation at 266 K characterized
by a slowing down of the structural dynamics and an ongoing for-
mation of larger structural units. Our results demonstrate that a
small difference in a structural feature, here the thickness of the
PEG-coating, can completely change the aggregation and gelation
mechanisms.

2 Experimental

2.1 Sample details

The sample consisted of gold nanoparticles (AuNP) coated with
α-methoxypoly(ethylene glycol)-ω-(11-mercaptoundecanoate)
(PEGMUA, 2 kDa) dispersed in a mixed solvent of glycerol and
water (70:30 v/v). The synthesis of these particles has been
reported previously55,56. The radius of the gold nanoparticles
was about 6.1 nm with a size dispersity of less than 10%. The
ligand shell thickness is about 8 nm in pure water57. The
particles were concentrated to approximately 7 vol.% , calculated
with an particle concentration of 10 µM (determined with
UV/vis spectroscopy) and a thickness of the PEG-shell of 8 nm.
Dispersions of such particles at similar volume fractions but with
longer ligands (5kDa PEGMUA, shell thickness approx. 12 nm)
have been found to form colloidal gels at temperatures around
Tgel ∼ 280 K29,54. For T < Tgel, the particle interactions become
attractive, promoting network formation and thus gelation.

2.2 Coherent X-ray scattering experiments

The XPCS experiments have been performed at beamlines CHX
(11-ID) of NSLS-II (Upton, NY, USA) and P10 of PETRA III at
DESY (Hamburg, Germany). At CHX, we used a beam energy
of 9.6 keV and a beamsize of 10 µm × 10 µm. The detec-
tor (Eiger500k) was placed 10 m downstream the sample. At
P10, the ultra small-angle X-ray scattering (USAXS) geometry was

used. The detector (Eiger500k) is placed 21.2 m downstream the
sample position. In our experiment, the beam energy was 8.1
keV and its size was set to 100 µm × 100 µm using slits. In
both experiments, the samples were filled to borosilicate capil-
laries (Hilgenberg GmbH) of 1 mm inner diameter and 10 µm
wall thickness. The capillaries were placed into temperature-
controllable sample holders available at both beamlines. The
sample environments were evacuated afterwards to reduce the
scattering background. Series of several thousand speckle pat-
terns were measured at the maximum frame rate of 9 kHz of the
Eiger500k detector in both experiments. Owing to the different
geometries in both experiments, the accessible q-range was dif-
ferent. At CHX we could cover about 0.012 nm−1 to 0.32 nm−1,
while at P10 the q-range was between 0.006 nm−1 and 0.12 nm−1

for the I(q).

Data from the experiment at CHX is labeled run 1, while run 2
refers to data from P10. In run 1 we measured the XPCS series
starting at 298 K. Subsequently, we reduced the temperature in
several steps. At each temperature, several XPCS runs were mea-
sured at different sample spots and different attenuator settings
to check for radiation-induced effects on structure and dynamics
(see ESI). The first XPCS run was started directly after the tar-
get temperature was achieved. Below 280 K, which was found as
gelation temperature for similar samples with 5 kDa ligands, we
chose a step size of ∆T = 1 K, down to 266 K for run 1. In both ex-
periments, we found an onset temperature for structural changes
(see discussion below) of T0 = 272 K. When T0 has been reached,
we set tw = 0 s and label the following measurements with both
temperature and tw. We included waiting times to determine a
slowing down and change of structure as observed during gela-
tion29,54. In run 2, the temperature was reduced in several steps
starting from T = 293 K. Here, at the lowest temperature studied
(T0 = 272 K) series of speckle patterns were measured continu-
ously. Due to the larger beamsize in run 2, sample spots had to be
measured several times with at least 600 s between two measure-
ments. The total experimental time were t1,max = 28600 s (run 1)
and t2,max = 11400 s (run 2), respectively. T0 was reached at after
about 5200 s for run 2 and at about 17000 s for run 1, thus we ob-
tained the maximum of tw as tw,1,max = 11514 s and tw,2,max = 6544

s. In this way we covered a dynamic range of the experiment of
> 108τB, with τB the Brownian time of the particles.

2.3 XPCS

In XPCS experiments, sample dynamics are obtained by autocor-
relations of the speckle patterns, i.e. diffraction patterns in a co-
herent X-ray scattering experiment, given by31,58–60

g2(q, t) =
〈I(q, t ′)I(q, t ′+ t)〉t ′

〈I(q, t ′)〉2
t ′

. (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 modelled in many cases by
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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 re-
laxation 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. Thus, for diffusive sam-
ples, the intermediate scattering function can be described as

f (q, t) = exp(−q2D(q)t), (3)

where D(q) denotes a q-dependent diffusivity.

3 Results

Correlation functions g2 are shown for run 2 in Fig. 1 measured at
q = 0.045 nm−1. The q-dependence of g2-functions measured at
different tw is shown in the ESI. In the left panel in Fig. 1 the data
is taken at different temperatures at the start of the whole time
series. With decreasing temperature, the correlation functions
decay at longer times t due to the increase of viscosity. The two
datasets at T = 272 K represent the first (star symbols) and last
(right-pointing triangles) measurement at this temperature. To
track the evolution of g2 at T = 272 K, correlation functions are
shown in the right panel for different experimental times tw. This
suggests a slowing down of dynamics with tw. In order to obtain
the relaxation time τ and the KWW exponent γ, Eq. 2 has been
fitted to the correlation functions. The speckle contrast β was
allowed to vary around the value obtained from measurements of
a static sample of 0.10±0.01.

Relaxation times from both runs are shown in Fig. 2. Here,
τ measured at q = 0.045 nm−1 is plotted as a function of T . In
case of diffusion, the q-dependence of τ is 1/τ = Dq2, with the
Stokes-Einstein diffusion constant

D =
kBT

6πη(T )r
. (4)

Here, η denotes the viscosity of the solvent and r the particle
radius. For T > 272 K the relaxation time follows the expecta-
tion of the Stokes-Einstein relation with a particle radius of 14
nm in excellent agreement with previous studies using differ-
ent methods (dynamic light scattering, structure factor analysis,
polymer physics models) to estimate the thickness of the ligand
shell57. The viscosity η was calculated using the temperature-
dependence of water-glycerol mixtures from literature61. Above
T0 the measured relaxation times follow the model for both runs,
indicating free diffusion of the particles. This confirms that neg-
ligible amounts of aggregates are present above the gelation-
temperature in the highly concentrated colloidal dispersion. Be-
low approximately 272 K, the relaxation time slows down up to
several 100 ms, thus, more than one order of magnitude slower
than for diffusion. While we continued cooling step-wise in run 1,
the sample was kept at 272 K and its aging was measured over
several hours in run 2. Thus, the data from run 1 represents a
combination of cooling and aging of the dynamics below 272 K,
while for run 2 the aging was studied in detail at the onset tem-

perature of slowing down of 272 K. The temperature-dependence
of τ can be described by Arrhenius laws τ = τ0 exp

(

Ea

kBT

)

. For

T > 272 K where the data follows the viscosity model, we find
an activation energy of E

high
a = 44.5 kJ/mol which describes the

change of viscosity. For lower temperatures, we found E low
a = 156

kJ/mol for the data taken shortly after the goal temperature was
reached (filled symbols). As here the relaxation times are subject
to aging we found a larger energy of Ewait

a = 268 kJ/mol for data
taken after 1000 s waiting time (see ESI for details). These en-
ergies are slightly larger than observed in other colloidal systems
undergoing aggregation62–64. The evolution of τ and the KWW
exponent γ with experimental time tw is further evaluated in the
ESI. Typically, we found γ ≈ 0.9 - 1 in both runs which is typically
found for such particles with long ligands undergoing diffuse mo-
tion29. At 266 K studied in run 1 we find a decreasing exponent
as function of tw that coincides with the abrupt slowing down
of the dynamics. Such stretched correlation functions have been
reported in different studies on glass and gel transitions as a fin-
gerprint of the solidification29,39,42,43,65–67 so that we associate
it to the onset of macroscopic gel formation.

As we could only access the dynamics for very few q-values
in run 1 we could not model the q-dependence of the dynamics.
Thus, there is only a limited information on the change of dy-
namics with tw for run 1. Thanks to the lower q-range accessible
in run 2, the g2-functions could be further analyzed for different
q-values. We found a q-dependence of 1/τ ∝ q2 indicating diffu-
sive dynamics for all tw, in particular at 272 K. This enabled us to
calculate an effective diffusion constant D(q) shown in Fig. 3 for
both different temperature and tw of run 2.

For T > 272 K the diffusion constant follows the Stokes-Einstein
relation as discussed above for the relaxation time. In contrast, at
T = 272 K the diffusion constant continues to decrease with wait-
ing over several 1000 s following a power law D ∝ t−2

w . However,
different from previous studies on the same particles with longer
ligands29, we do not see further indications of gelation. In par-
ticular, the dynamics remain (sub-)diffusive with p = 2, and the
KWW exponent γ in the range of 0.8 to 1 (see ESI). This is remark-
able, because a slightly smaller thickness of the PEG-ligand-shell
(about 4 nm difference) seems to result in a significantly differing
gelation behaviour, when all other parameters (AuNP core radius,
volume fraction, glycerol content, temperature) are similar.

To connect the dynamics with structural properties, we take a
closer look on the structure factors S(q). These where obtained
by normalizing the intensity to the equilibrium intensity at room
temperature as S(q) = I(q,T )/I(q,TR) with TR = 293 K, see Fig. 4
a. Intensities I(q) are shown in the ESI. Note that I(q,TR) resem-
bles the form factor of the particles well in the studied q-range,
in particular the dominant contribution from the gold core, and
was therefore chosen as effective form factor (see ESI for details).
Here, we also show the data for run 2 which were measured for
smaller q values. This allows us to detect the evolution of the
strong signal between 10−2 nm−1 and 10−1 nm−1 after reaching
272 K. Cooling from 298 K to 274 K, the S(q) remains unchanged
and suggests no difference from form factor of spherical particles
at low q. Between 273 K and 271 K an increase below 0.1 nm−1
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is found. Further cooling towards 266 K leads to strong increase
of S(q) at low q which is typically associated with appearance
of agglomerates. This is accompanied by a decrease around 0.2
nm−1. Noteably, instead of an upturn for q → 0 that is suggested
from the I(q), a broad peak is found whose peak position stays
constant around qpeak ≈ 0.0105 nm−1, corresponding to a length
scale of 2π/qpeak ≈ 600 nm. However, thanks to the broad peak it
does not reflect a particular correlation length in the systems but
rather a wide distribution of length scales with full width at half
maximum of 1200 nm.

We further quantified this structural change by calculating the
Ornstein-Zernike correlation length ξ and the scattering invariant
Q. The access to the small-angle regime allows the calculation of
ξ in the framework of the Ornstein-Zernike theory68. At low q,
the intensity can be approximated by

I(q) =
I0

1+ξ 2q2
. (5)

Similar to our previous study on longer PEG ligands29, we calcu-
lated ξ for run 2, shown in Fig. 4 b. As we did not have access to
such small q in run 1, ξ cannot be calculated with a comparable
reliability. We find much lower values as observed for 5k PEG lig-
ands where ξ increased above 1000 nm in the colloidal gel. For
small tw, ξ is close to the radius of the gold cores assuming no
particle correlation beyond the single particle. With increasing
tw and at lower T the correlation length increases above 30 nm.
This supports the formation of aggregates rather than a network
formation such as found for colloidal gels and in particular with
5k ligands.

The scattering invariant is given by69–71

Q =
∫ qmax

qmin

q2I(q)dq. (6)

As integration limits we chose qmin = 10−2 nm−1 and qmax = 10−1

nm−1. This q-range could be covered in both experiments so that
both data can be compared directly. The invariant is a constant
when integrated over the whole q region, as it covers structural
changes that result in contributions to I(q) at different q-values.
Consequently, we find a constant invariant using qmax ≥ 0.2 nm−1

(see ESI). However, when studying a limited q-range, it can be
used as a measure of structural changes at the corresponding
length scales72–74. In Fig. 4 c the scattering invariant is shown
for both runs. While cooling from room temperature the scatter-
ing invariant stays constant up to 275 K. With further cooling, it
increases first moderately. For T ≤ T0 a strong increase is found
with both cooling and waiting time. At the end of run 1 the scat-
tering invariant has almost tripled compared to its initial value.

Finally, we analyze the correlation between structural and dy-
namical properties. To this end, the scattering invariant and the
correlation length ξ are compared to the diffusion constants ob-
tained by XPCS in Fig. 5. First, we can identify three different
regimes from the left panel: (I) Cooling from room temperature
to 275 K the scattering invariant does not vary while the diffusion
constant decreases by a factor of 4 due to the increase of viscosity
with cooling. (II) For 275 K ≥ T ≥ 268 K the scattering invari-

ant doubles its values. At the same time, the diffusion constant
decreases only slightly. (III) At low temperatures and long wait-
ing times, the scattering invariant increases and the relaxation
time decreases continuously. These regimes can be transferred
to the Ornstein-Zernike correlation length ξ (right panel). Here,
in regime I we find a growth of ξ by about a factor of 2 that
correlates with the decrease of D by a factor of approximately 6.
Regime II is characterized by a reverse behaviour, i.e., ξ strongly
grows while D decreases slightly, similar to the result found for
the scattering invariant. Finally, regime III is dominated by a con-
tinuous grows of ξ , from about 50 nm towards 1000 nm. The
continuous growth of ξ and the behaviour of the scattering in-
variant suggests the onset of gelation, e.g., we found ξ > 1000

nm for the gel phases formed by particles with longer ligands29.
This is supported by further parameters, e.g., the KWW exponent
that decreases in this regimes (see ESI).

4 Conclusion

We tracked the early states of gelation of PEGylated gold parti-
cles by means of XPCS. Compared to particles with longer ligands
(5 kDa vs. 2 kDa)29, the gelation takes place at lower temper-
atures and longer time scales. Below an onset temperature of
272 K, where particles with longer ligands in fact formed a gel
within few 1000 s, we observe the formation of larger structural
units with typical sizes of several 100 nm. While the structural
change is much more prominent than observed in the gelation
study with 5 kDa ligands, the dynamics stay diffusive. When
staying at the gelation onset temperature (run 2) the diffusivity
shows only a small reduction which would correspond to an effec-
tive particle radius of r∞ ≈ 25 nm, still resembling Brownian mo-
tion. This indicates that despite of the formation of larger struc-
tural units, the particles are still mobile within the aggregates and
only slightly slowed down showing all indications of diffusive dy-
namics. Our conclusions are also supported by the study of the
Ornstein-Zernike correlation length which grows from about 6
nm to 32 nm in this regime. This suggests the formation of aggre-
gates in this run and not a network as found during colloidal gela-
tion29. A comparison of relaxation times and KWW exponents for
2 kDa and 5 kDa ligands suggests that in fact we observe the onset
of gelation in regime III, however, taking place at lower tempera-
tures for shorter ligands and progressing a factor of 6 to 7 slower
(see ESI). Notably, in biological matter a tendency to form aggre-
gates is also found for particles with 2 kDa PEG ligands, whereas
in that case the particles with longer ligands were stable35.

PEG-coated gold nanoparticles are well-known for their excel-
lent stability in a broad range of conditions75. As PEG is strongly
hydrophilic, its hydration state is crucial for analyzing its proper-
ties. With the glycerol-water mixture used here, the amount of
water molecules available for PEG is reduced. In previous stud-
ies we determined that about 230 water molecules can be bound
per PEG2k molecule in a fully hydrated PEG-shell on AuNP57,76.
Thus, the full hydration of the PEG-coated nanoparticles requires
approximately 3.5 M of the available water. However, even with-
out nanoparticles, all available water molecules would be bound
to glycerol for the concentration used here77, therefore, PEG and
glycerol compete for the available water in the system. A pre-
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ferred hydration of glycerol would result in attractive PEG-PEG
interactions in this system, because the remaining water is not
sufficient to fully hydrate the PEG coatings. In consequence the
PEG-coated AuNP agglomerate. Note that a full thermodynamic
analysis of the involved hydrogen bond networks with the three
constituents water, glycerol and PEG is far from trivial and beyond
the scope of this study.

Comparing structure and dynamics, we find three regimes of
aggregation and gel formation. In regime I representing cooling
from room temperature to 275 K the dynamics slow down due
to the increased viscosity of the solvent. The structure remains
mainly unchanged, no significant variation from S(q) = 1 with a
slight growth of ξ and Brownian motion is measured. By fur-
ther cooling to 268 K we find regime II, where the dynamics slow
down slightly more than expected from the viscosity. At the same
time a structure factor dominates the scattering pattern with a
broad peak. This is expressed by a doubling of the scattering
invariant and a tripling of ξ in this temperature regime. We in-
terpret this as formation of aggregates with still mobile particles
showing diffusive dynamics, but with slow aging. Compared to
the study on 5k PEG ligands29, about a factor of three less wa-
ter is needed for 2k PEG considering the particle concentration,
the larger number of water per PEG ligand, and different coating
density. This may result in more PEG-PEG attractive interactions
and entanglement leading to network formation and thus gela-
tion for the 5k PEG ligands whereas for the 2k PEG ligands it re-
sults in agglomeration with very slow aging. Finally, in regime III
corresponding to low temperatures and long waiting times, both
the relaxation time, scattering invariant and ξ increase contin-
uously. Moreover, the KWW exponent γ gets smaller, indicating
a broadening of the distribution of relaxation times. While this
observation is in line with an onset of gelation, it may also be in-
terpreted as increased growth of agglomerates with broader size
distribution. However, the data matches the results observed pre-
viously for longer ligands29 where a gel was formed, taking place
on much longer time scales. In conclusion, our results indicate
that in the studied system of PEGylated gold particles dispersed
in a water-glycerol mixture the processes of agglomeration and
onset of gelation is highly dependent on the hydration state of
the PEG ligands. It is governed first by structural changes – from
single particles to larger agglomerates – before the dynamics slow
down. Our data underline, that even small changes of nanoparti-
cle geometry can strongly affect their gelation and agglomeration
behavior, which in the case of plasmonic particles will also affect
their optical response78,79.
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Fig. 1 Correlation functions g2 at q = 0.045 nm−1 from run 2. In the left panel exemplary data is shown for different temperatures. At T = 272 K the

first (tw = 0 s) and last ( tw = 6544 s) measurement is shown. The right panel shows data at different tw, all at T = 272 K. Lines are fits to Eq. 2.

Fig. 2 Relaxation time τ as function of inverse temperature T−1 from both runs at q = 0.045 nm−1. The filled squares for run 1 were measured

directly after the target temperature has been reached, the open symbols were measured after waiting times up to typically 1500 s, the progress of tw

is indicated by the dot-dashed arrow. The data for run 2 at 272 K where measured continuously. The solid line represents the calculated relaxation

time for diffusing particles of 14 nm radius, the dashed lines the fits to the Arrhenius laws for T ≤ 272 K as described in the text.
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Fig. 3 Diffusion coefficients D for run 2. Left: D as function of temperature T . After reaching 272 K, D decreases with increasing experimental

time tw. Solid line is the calculation following Eq. 4. Right: D as function of tw at 272 K. The decreasing D is empirically modelled by an power law

resulting in D ∝ t−2
w (purple line). The dashed line marks the expected diffusion constant at 272 K. In both panels the temperature is encoded in the

color of the data points.
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Fig. 4 (a) Structure factors S(q) from both runs. The top axis is scaled by the particle radius R = 14 nm highlighting the low q-range studied. (b)

Ornstein-Zernike correlation length ξ for the data from run 2. (c) Scattering invariant as function of temperature for both runs. The arrow shows the

evolution with experimental time tw. The color encodes the sample temperature as indicated by the colorbar in (a) and (b).
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Fig. 5 Structure-dynamics correlation: diffusion coefficient D vs. the scattering invariant (left) and the Ornstein-Zernike correlation length ξ (right).

The temperature is encoded by the color of the data points.
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