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Abstract: Porous solids often contain complex pore
networks with pores of various sizes. Tracking individual
fluorescent probes as they diffuse through porous
materials can be used to characterize pore networks at
tens of nanometers resolution. However, understanding
the motion behavior of fluorescent probes in confine-
ment is crucial to reliably derive pore network proper-
ties. Here, we introduce well-defined lithography-made
model pores developed to study probe behavior in
confinement. We investigated the influence of probe-
host interactions on diffusion and trapping of confined
single-emitter quantum-dot probes. Using the pH-re-
sponsiveness of the probes, we were able to largely
suppress trapping at the pore walls. This enabled us to
define experimental conditions for mapping of the
accessible pore space of a one-dimensional pore array as
well as a real-life polymerization-catalyst-support par-
ticle.

Efficient molecular transport through functional porous
solids improves their performance in applications, such as
adsorption processes and heterogeneous catalysis.[1] There-
fore, pore accessibility and interconnectivity are highly
important performance indicators. The pore structure of
solid catalysts is often a complex network of macro-, meso-,
and micropores with a heterogeneous composition.[2–5] The

transition to a more rational pore-space design approach
holds great promise for the improvement of catalysts. High-
resolution characterization of the pore volume is needed to
investigate the relation between synthesis parameters and
resulting pore networks. However, this requires complex
and expensive analytical techniques such as electron tomog-
raphy or synchrotron-radiation-based X-ray
microscopy.[1,6–10]

A promising approach is to use fluorescent probes.
Imaging the uptake of fluorescent probes using confocal
laser scanning microscopy has proven effective to recon-
struct the probe accessibility in catalysts.[4] However, the
resolution of this method (�250 nm), is limited by the
diffraction of light.[11] To overcome this, single-molecule
(particle) localization microscopy (SMLM) and single par-
ticle tracking (SPT) are promising techniques.[12–18] Fluores-
cent probes are tracked with a resolution on the order of
10 nm as they diffuse through the pore network, and their
trajectories contain information about pore-accessibility and
interconnectivity.[15,16] Furthermore, pore size and surface
properties might be derived from the duration of trapping
events and probe diffusivity, but this has not yet been
experimentally demonstrated.[19–21]

To use this approach, one needs to understand the
relationship between probe trajectories and the local pore
environment. This is non-trivial because single-probe motion
in porous materials is heterogeneous and characterized by
temporary immobilization (“trapping”).[17,22,23] The origin of
this heterogeneity is hard to pinpoint because of a catalyst
material’s complexity. Therefore, a thorough characteriza-
tion of the probe’s motion behavior in well-defined pore
structures is essential for proper interpretation of SMLM
experiments in complex materials.

Here, we introduce well-defined lithography-made mod-
el pores with known geometry and composition to address
the challenges outlined above.[24] We first study motion
behavior of quantum dots (QDs) using SPT in a two-
dimensional (2D) pore, i.e., with confinement in only one
direction. The used nanoparticles are promising probes due
to their bright fluorescence and small diameter (ca. 15 nm).
We investigate the influence of probe-host interactions on
diffusion and trapping of single QDs. Based on this
characterization, we define a set of experimental conditions
that allow the (partial) mapping of two pore systems with
increasing levels of complexity: a lithography-made one-
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dimensional (1D) pore (confinement in two directions) and
an industrial olefin polymerization-catalyst-support particle.

The model pore system is a nanofluidic device con-
structed via microlithography and wet etching from Boro-
float glass wafers (Figure 1a). The 2D model pores are slit-
shaped patches (depth: 50 nm) imposing confinement only
in depth while allowing free diffusion in the plane
perpendicular to it. In these two dimensions, we tracked
motion of the fluorescent probes while keeping the whole
slit within the focal depth of 800 nm (Supporting Informa-
tion S1).

We tracked polyethylene glycol (PEG)-coated QDs
(Figure 1b) suspended in a water/glycerol mixture inside the
2D pore (Figure 1c). The tracks were long compared to
previous studies[17] and trajectories displayed permanent,
transient, or no trapping (Figure 1d); this behavior was
found to be pH dependent. Both probe-wall adsorption and
a dramatically increased hydrodynamic drag near the pore
wall can cause trapping.[25,26] However, these effects cannot
be discriminated with our experiment.

To assess the trapping behavior in confinement, solu-
tions with different pH were loaded in the 2D model pore.
Two timeframes were investigated: short trapping events
with durations of 5–100 frames (35 ms/frame) and long

trapping events lasting more than 100 up to thousands of
frames. We identified long trapping events via a 2D histo-
gram of the localization coordinates, which displays the
spatial distribution of all localizations during a movie of
4000 frames (Figure 2a,b, Supporting Information S3). Bins
with significantly more counts than their direct neighbors
indicate trapped particles. The 2D-histogram revealed
several long trapping events at 7.5 mM NaOH concentra-
tion, while only one was observed at 20 mM NaOH.
Unexpectedly, the long-lasting trapping events resulted in
artefacts in the trajectory generation process because
trajectories belonging to moving particles were often
wrongly linked to trapped ones. We therefore removed
trajectories close to these locations (Supporting Information
S2). This filtering leads to undesired “blind-spots” in the
mapped pore space (Figure S6), suggesting that non-trap-
ping probes are preferred to fully map pore spaces.

Next, we analyzed short trapping events within trajecto-
ries (Supporting Information S4).[24,27–29] This difference can
be explained by increased electrostatic repulsion between
QDs and a silica pore wall at increasing pH (Supporting
Information S5). This repulsion prevents the QD from
getting close enough to the silica where probe-wall attrac-
tion and/or hydrodynamic drag dominate. To cross-check

Figure 1. a) Schematic representation of the nanofluidic device. b) PEG-coated CdSe/ZnS QDs. c) Selection of observed trajectories within the field
of view. d) Three enlarged trajectories, marked by arrows in (c).
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these observations, the pH-dependent experiments were
repeated using an unconfined liquid-silica interface. Here, a
similar trapping trend was observed with the only difference
that no trapping events were detected on the unconfined
interface at 20 mM NaOH (Supporting Information S5),
highlighting the necessity to characterize trapping in con-
finement.

We then studied the diffusion of the QDs in 2D pore
confinement via mean squared displacement (MSD) analysis
and identified their diffusion type. The time-ensemble
averaged (TE� )MSD of the sample with transient trapping
is nonlinear and its shape suggests that the QDs exhibit
anomalous diffusion (see discussion in Supporting Informa-
tion S6 and Figure S14a). To explore this, we computed the
TE-MSD curves of trajectories as a function of their total
duration or span. This shows that the flattening of the TE-
MSD is a consequence of the positive correlation between
the trajectory span and its diffusion constant (Figure S14b–
e). Longer displacements of the QD between two subse-
quent frames are less likely to be linked into a trajectory
than shorter ones, which could lead to the observed
correlation. This error is exacerbated in conditions with
increased short trapping at 7.5 mM NaOH, explaining its
anomalous shape. If we exclude this correlation by only
considering trajectories with the same span, the TE-MSDs
as a function of delay time was found to be linear in both
pH conditions, pointing to normal diffusion (Figure 2d).
However, the TE-MSD can be linear even though the
underlying motion is anomalous. This is known to occur in

situations where there is weak ergodicity breaking as a result
of time-dependent and space-dependent diffusion.[30,31]

Using a normal diffusion model, we found that the
diffusivity and the span of a trajectory were negatively
correlated, especially in 7.5 mM NaOH conditions. This is
likely an artefact of the linking algorithm, where trajectories
with short displacements have a higher probability to be
successfully linked (Supporting Information S6). We com-
puted the average diffusivity per time span and weighted it
by the number of displacements contributing to that span,
obtaining average diffusivities of 1.816�0.009×10� 12 m2s� 1

and 1.963�0.004×10� 12 m2 s� 1 in 7.5 mM and 20 mM NaOH,
respectively. This difference ratio of 7.5�0.6% can be
explained mainly by differences in hydrodynamic size; by
tracking QDs in free solution, we found that their size varied
with the base concentration (Supporting Information S4).
Based on these measured probe sizes, we estimated the
diffusivity taking into account the drag force and obtained a
theoretical difference of 5.4% (8.5%) for a QD positioned
at 25 nm (12.5 nm) from the wall (Supporting Information
S6).[19] While this seems to be in good agreement with the
experiment, we note that three-dimensional particle coor-
dinates would be needed to better understand this differ-
ence.

We found that trapping was suppressed in 20 mM
NaOH, which prevents blind spots in the pore-space map as
a result of removed linking artefacts. Therefore, these
conditions were used in another nanofluidic device contain-
ing a set of 1D slit-shaped pores (Figure 3a). The different

Figure 2. a,b) 2D histogram of the single-particle coordinates in the 2D pore during 4000 frames in (a) 7.5 mM and (b) 20 mM NaOH; bin-size:
0.87×0.87 μm2. The color coding gives the localizations per 4000 frames. The 7.5 mM NaOH sample had an additional 2.5 mM NaCl to keep the
Debye length <2.5 nm (Supporting Information S1). c) Transient-trapping-event-duration histogram normalized by the total number of
localizations in the dataset. Only trajectories displaying mobility in their initial and final localizations were considered to ensure that solely
complete trapping events were included in the analysis (Supporting Information S4). (d) TE-MSD of all trajectories that span 25–34 frames
(Supporting Information S6).
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pore geometry caused additional confinement within the
tracking plane, leaving only one dimension completely open
for free diffusion. Unlike in the device containing 2D pores,
the chip’s in- and outlets were only connected through the
1D pores. By filling the connecting tubing at both ends of
the 1D pores at different levels, a flow along the model
pores was introduced as result of a pressure difference at the
pore ends.

After mapping the pore system (Figure 3b), we used the
TE-MSD in the xand y directions to characterize probe
confinement (Figure 3c). From the y-TE-MSD curve, we
estimated a pore width of 1.8 μm by fitting the curve with a
confinement model.[32,33] The x-TE-MSD curve was parabolic
and could be described by a directed diffusion model

accounting for the flow along the pores’ direction.[32,33] This
was confirmed by the total displacement of each track,
showing preferential movement in x (Supporting Informa-
tion S7).

Finally, we attempted to map the porosity of a single
real-life, silica-based polymerization catalyst-support par-
ticle via SPT to showcase our method (Figure 4a). A
characterization of the particles can be found in the S1.2.
The particles are characterized by an extensive macropore
network, but they also contain meso- and micropores (mean
pore diameter: 23.5 nm; pore volume: 1.6 mL/g; BET surface
area: 295 m2/g All trajectories are in the particle’s center,
suggesting that most of the accessible porosity is in this
region. For comparison we imaged the cross section of

Figure 3. a) Schematic representation of the nanofluidic device containing lithography-patterned 1D pores. b) Overlay of trajectories obtained over
140 s. c) TE-MSD in×and y as a function of time. Solid lines: fit of a directed, x, and a confined diffusion model, y.[32,33]

Figure 4. a) Trajectories overlaid with the mean fluorescence intensity obtained within a single olefin polymerization-catalyst particle over 70 s. b)
FIB-SEM image of a catalyst particle of the same batch. c) Histogram of displacements of trajectories inside and outside the catalyst particle
(35 ms delay time). The TE-MSD is shown in the inset.
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another particle of the same batch via focused ion beam
milling scanning electron microscopy (FIB-SEM) (Fig-
ure 4b). The pore morphology matches qualitatively; there
are large pores in the center of the particle which exhibits a
denser crust. The QD motion within the particle changed
considerably as a result of confinement. Even at a delay
time of one frame, the displacements were shorter inside the
catalyst than outside (Figure 4c). The limited distance over
which a QD can travel before it hits a pore wall as well as
the increased hydrodynamic drag in the pore contribute to
these shorter displacements. At longer delay times, the
mean travelled distance is further reduced by confinement
and the TE-MSD curves diverge (inset Figure 4c).

After showing feasibility of the approach, a remaining
question is how much tracking time is required to ensure
complete pore-space mapping. This cannot be known a
priori, as the time needed depends on: 1) the accessibility
and size of the pores; 2) their local diffusivities and
concentrations; and 3) the desired spatial resolution. To
tackle this problem, we propose the following protocol.
During a SPT-mapping experiment the pore-space map
should be made in parallel. The total mapped porosity (i.e.,
the covered area or volume) will first grow as a function of
time; however, as larger fractions of the pore space are
explored, the value will start to plateau, indicating complete
pore-space mapping. Once the change in the mapped
porosity is smaller than a chosen threshold (linked to the
desired mapping resolution), the measurement can be
stopped (Supporting Information S9).

Well-defined 2D and 1D model pores have been
developed to characterize both diffusion and trapping
behavior of confined individual fluorescent probes. The
model pore design was pivotal for obtaining long trajecto-
ries, allowing a detailed probe characterization. We found
that QD trapping could be reduced via tuning the solution
pH. Using the 2D model pore, we quantified transient
trapping events and found that these were almost com-
pletely suppressed in 20 mM NaOH, where the measured
diffusivity depended mainly on QD size and not on trapping.
Next, we successfully demonstrated the use of non-trapping
conditions for pore-space mapping of 1D silica pores and a
real-life polymerization catalyst support particle, potentially
with resolutions in the order of tens of nanometers. Finally,
a protocol to ensure complete porosity exploration in SPT-
mapping experiments was introduced.

Further research should be focused on the systematic
characterization of the relation between the probe motion
behavior (diffusion and trapping) in the model pore and the
pore size, shape, and roughness as well as the probe-wall
interactions. Moreover, the effects of locally introduced
pore defects on mass transport can be studied. This will
provide further insights in the factors that promote mass
transport through porous solids and/or can be used to
validate diffusion models for these materials. The applica-
tion of our model-pore platform is not limited to pure silica
systems since the device can be modified, e.g., for the
characterization of fluorescent probes in metal oxide and
carbon-based pore environments.

In addition to pore-space mapping, the model pore
system shows great potential to study heterogeneous catalyst
systems involving small organic molecules operating under
diffusion-limited conditions.[34,35] Here, the adsorption be-
havior of molecules and nanoparticles cannot be compared
directly. Although the same forces–including electrostatic
interactions, van der Waals forces, and hydrogen bonds–may
act on molecules and nanoparticles, their adsorption behav-
ior is qualitatively and quantitatively different. The (pair)
interaction energy scales with the size of the molecule or
nanoparticle, and with that, its absolute range and
strength.[36] Because of the strong forces, nanoparticles often
have a more complex interaction potential including a
secondary potential energy minimum.[36] Here, a repulsion
barrier must be overcome to reach the overall energy
minimum, usually causing irreversible adsorption on the
catalyst surface. Nevertheless, nanoparticles with a qualita-
tively similar host affinity as the molecule of interest (i.e.,
with similar surface functional groups) could be used to
study diffusion and adsorption trends. Ultimately, smaller
model-pore systems should be employed to investigate
molecular motion dynamics in the micro- and mesopore
regime.[24,37]

Supporting Information

The authors have cited additional references within the
Supporting Information.[38–49]
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