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Modern nanocomposites have properties that depend on the arrangement of particles in the material.
Our group investigates processes and fundamental mechanisms that affect the particle arrangement.
We showed that the ligand layer dominates the behavior of rapidly agglomerating gold NPs that are
sterically stabilized by short n-alkyl thiols [1, 2]. Ligand interactions dominate structure formation
in those systems. It is unknown whether this holds also for chemically more complex ligands
and other core materials or sizes. To investigate such NP systems systematically and fast, we
developed a flow-based system for agglomeration studies. We coupled UV/Vis spectroscopy with a
flow through capillary for small angle X-ray scattering (SAXS) and investigated the agglomeration
process of aqueous gold nanoparticles at the MiNaXS beamline at PETRA III.
Flows of NP dispersion and agglomeration agent were driven by syringe pumps. The low Reynolds
numbers required a specialized mixing element to mix efficiently. Variable flow speeds set con-
centrations and experimental time frames. A typical experimental run consisted of a flow speed
profile to cover a range of concentrations or agglomeration times. After mixing, the agglomerating
sample was analyzed by UV/Vis spectroscopy and SAXS. For constant flow speeds, agglomerates
observed at one spatial position have the same age (after an equilibration time). The transient ag-
glomerate states can be analyzed with large integration times, while classical cuvette experiments
require times that are short compared with the rate of agglomeration. Deliberate jumps in the flow
speed act as an internal reference to align detector readings with the given parameter regimes.

Figure 1: Left: Picture of the setup. Averaged UV/Vis spectra and scattering patterns for increased HCl con-
centration. Right: UV/Vis and SAXS fits indicate that agglomerate size increases for higher acid concentra-
tions and lower flow speeds. These correspond to increased interparticle attraction and longer agglomeration
times respectively.

Figure 1 shows results for aqueous gold NPs with 5.2 ± 0.7 nm mean radius that were agglomer-
ating in the presence of hydrochloric acid observed by SAXS and UV/Vis. The scattering profiles
and UV/Vis spectra in figure 1 on the left have been integrated over approximately 10 s. The fi-
nite length of the connection tubes introduces a lag between a jump in flow parameters and the
response in the detector signals, the full evolution of the signal is further delayed by hydrodynamic



dispersion. Points during the settling time and outliers have been removed prior to averaging. The
analysis is further complicated by the adhesion of agglomerating particles to the detector cells
during the experiment. This requires thorough cleaning between experimental runs. After this
problem was identified we conducted a KI/I2 gold etch cleaning protocol after every measurement.
Despite the cleaning step prior to every measurement, the transmitted X-ray intensity for a refer-
ence measurement with pure water decays steeply for a fresh capillary and the initial value is never
recovered. We explain this by a build up of a residue in the beam path inside the capillary. No such
trend can be observed in the UV/Vis signal. After an initial decrease, the transmission increases
for later measurements, where a cleaning protocol was introduced between measurements. Earlier
contamination of the optical cell may explain this result.
We deduced the pair distance distribution function from an indirect Fourier transform of the scat-
tered X-ray intensity. The mean radius of gyration (black curves in figure 1) was deduced from
the pair distance distribution function. Larger agglomerates showed increased X-ray scattering at
smaller angles (upper left corner of figure 1). The size of the observed agglomerates increased as
expected when we decreased the total flow speed (indicating older agglomerates) or increased the
concentration of hydrochloric acid (figure 1).
Strong agglomeration leads to a distinct shoulder in the SPR peak that reflects the optical response
of a distribution of agglomerates superimposed on the remaining primary particles. It is readily fit
by a ”secondary peak”. When increasing HCl concentration (spectra displayed on bottom, figure 1),
the increasing portion of the secondary peak can be tracked by the increase in its the maximum
wavelength, revealed by fitting (red curve in larger plot, figure 1). When varying the agglomeration
time (inset on the right, figure 1), the spectra change less than expected. The maximum wavelength
of the secomdary peak does not shift systematically. However, we can trace the progress of ag-
glomeration by evaluating the area fraction of the secondary peak and the total spectrum to obtain
a value similar to the flocculation parameter defined in [3].
Agglomerates have a broad size distribution that complicates detailed analysis. The second peak
in the absorbance spectrum during the agglomeration with 1% HCl is actually higher than the
primary peak. BSA-stabilized agglomerates of 15 nm radius Au NPs in a cell culture medium were
previously characterized in literature [4]. Their absorbance spectra have a secondary peak larger
than the single particle contribution for agglomerates containing six or more particles. Assuming
primary particles to be densely packed in the agglomerates, the radius of gyration we observe fits
the size of a cluster with seven primary particles. Optical spectroscopy and SAXS give consistent
results on agglomerate morphology under these assumptions.
In summary, we demonstrated steady-state analysis of the transient agglomeration process in a flow
system. Long integration times, inaccessible in a classical cuvette geometry, provided high-quality
spectra that we could fit for detailed analysis. The combined data from different detectors let us
correlate different characteristics of the formed agglomerates as a function of agglomeration con-
ditions. Modeling the agglomeration process in more detail becomes possible using this data. For
future experiments, a barrier between sample and the inner walls of the system will be developed
to alleviate the influence of the walls and particle fouling on the walls.
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