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Abstract
Nanoporous solids, including microporous, mesoporous and hierarchically structured porous materials, are of scientific 
and technological interest because of their high surface-to-volume ratio and ability to impose shape- and size-selectivity on 
molecules diffusing through them. Enormous efforts have been put in the mechanistic understanding of diffusion–reaction 
relationships of nanoporous solids, with the ultimate goal of developing materials with improved catalytic performance. 
Single-molecule localization microscopy can be used to explore the pore space via the trajectories of individual molecules. 
This ensemble-free perspective directly reveals heterogeneities in diffusion and diffusion-related reactivity of individual 
molecules, which would have been obscured in bulk measurements. In this article, we review developments in the spatial and 
temporal characterization of nanoporous solids using single-molecule localization microscopy. We illustrate various aspects 
of this approach, and showcase how it can be used to follow molecular diffusion and reaction behaviors in nanoporous solids.
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1 Introduction

Nanoporous solids are omnipresent in adsorption, molecular 
separation, and catalytic conversion technologies [1–7], and 
diffusion of guest molecules in these functional materials 
is among the rate-limiting processes in their technological 
application. The economic feasibility of these technologies 
often depends on the diffusivity of the guest molecules, 
therefore understanding of the underlying processes is not 
only of fundamental, but also of industrial and societal 
importance [8–11]. However, as the pore size of nanopo-
rous solids is comparable to the size of the diffusant, a theo-
retical framework explaining this diffusion is particularly 
complex. Frequent interactions between guest (molecule) 
and host (nanoporous solid) strongly affect diffusion and 
adsorption behavior giving rise to complex heterogeneous 
motion [8–11]. Investigations at the single-molecule level 
can reveal these heterogeneities and thus provide deeper 
insight into such guest–host interactions and their effect on 
mass transport [4, 12–17].

Before the advent of single-molecule tracking studies 
in nanoporous solids, in particular in silica sol–gel films, 
diffusion was characterized with ensemble techniques such 
as pulsed-field gradient nuclear magnetic resonance (PFG 
NMR), quasi-elastic neutron scattering (QENS), vibrational 
spectroscopy, and fluorescence recovery after photobleach-
ing (FRAP). Average diffusion constants were obtained 
with these techniques, but spatial heterogeneity could not 
be inferred [4, 18]. It was known from transmission elec-
tron microscopy (TEM) images that the pore size and topol-
ogy were not uniform within the studied materials and that 
structural defects might close off pore domains [19]. To 
better understand the functioning of these porous materi-
als, a microscopic understanding of the local pore geom-
etry and the functionality correlated with molecular motion 
was required. This has driven the search for techniques that 
are able to measure local variations in mass transport at the 
single-molecule level.

Laser-induced fluorescence emission can be detected 
with high sensitivity, which makes it an excellent tool to 
probe local heterogeneities at the single-molecule level. In 
fluorescence correlation spectroscopy (FCS), the diffusion 
constant is inferred from temporal intensity fluctuations 
caused by single fluorescent emitters passing through a 
small (∼1 fL) detection volume. The strength and dura-
tion of these intensity fluctuations are quantified by a 
correlation analysis, which provides information about 

the underlying processes responsible for the fluctuations. 
The choice of an appropriate model to describe this result 
requires prior knowledge about the local environment that 
interacts with the moving fluorescent molecule, such as 
adsorption sites. The fitted parameters are still a (local) 
ensemble average of the molecules diffusing through the 
detection volume, and the spatial resolution of ∼200 nm 
is limited by the size of this volume [18, 20].

Single-molecule localization and tracking is a more 
direct way to visualize and quantify molecular motion. 
Locations of single molecules can be extracted with 
nanometer precision from time-lapse videos recorded 
with super-resolution fluorescence microscopy. Diffusion 
is then quantified from the displacements of a molecule 
within a trajectory [21, 22]. This allows a spatial and 
temporal mapping of the heterogeneities without a priori 
knowledge of the diffusion process. It was shown that the 
diffusion constants obtained from single-molecule trajec-
tories, that is the time-average, and the ensemble value 
measured with PFG NMR are in perfect agreement as pre-
dicted by the ergodicity theorem [23, 24]. This demon-
strates the consistency between the two conceptually dif-
ferent approaches in equilibrium conditions and validates 
the interpretation of diffusion constants obtained from 
single-molecule trajectories. Alternatively, single-mole-
cule localization can be employed to record single reaction 
events using fluorogenic molecules, which directly maps 
local reactivity and provides indirect information about 
mass transport to the active reaction sites. These two sin-
gle-molecule localization microscopy (SMLM) techniques 
are the topic of the following discussion.

The aim of this article is to review the insights into dif-
fusion and chemical conversion that have been obtained 
with SMLM. This technique is unique since it can directly 
reconstruct the paths of individual molecules, thus giving 
an exclusive view on the heterogeneities that often remain 
unresolvable with ensemble techniques. We first discuss 
the fundamentals of SMLM, trajectory data analysis, and 
the most popular fluorescent probes for the investigation of 
nanoporous solids in Sect. 2. In Sect. 3, we discuss how 
motion heterogeneities are studied from trajectories of non-
reactive fluorophores. Using the example of mesoporous 
silica model systems, we discuss how diffusion is correlated 
to the host topology and how these insights are translated to 
other nanoporous materials. In Sect. 4, we discuss heteroge-
neities in chemical conversion in a selection of nanoporous 
solids, including zeolites, mesoporous silica-coated metal 
nanoparticles, and metal–organic frameworks (MOFs). The 
application of correlative SMLM approaches for establishing 
the exact site–reactivity relationships is reviewed as well. 
We conclude with our perspective on the current develop-
ments in the field.
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2  Single‑molecule localization microscopy

2.1  Overcoming the diffraction limit: 
single‑molecule localization and tracking

The resolution in optical microscopy is fundamentally 
limited by the diffraction limit. Diffraction is well demon-
strated by a ‘single-slit’ experiment, in which a coherent 
light source is imaged onto a plane via a circular aperture. 
The interference of light then generates the well-known 
(interference) pattern consisting of a bright center sur-
rounded by alternating dark and bright concentric rings, 
which is better known as the Airy disk. In an optical 
microscope, the objective lens has a finite angle under 
which it can collect light from the sample (Fig. 1a). It 
therefore effectively acts as an aperture that gives rise 
to the same Airy-disk diffraction pattern. The pattern 
is now denoted as the point spread function (PSF) as it 
describes the microscope’s response to a point emitter. 
The full width at half maximum (FWHM) of the PSF is 
often used as a short-hand resolution limit for conventional 
light microscopy, and results in a maximum resolution of 
∼200 nm [22, 25].

Super-resolution fluorescence microscopy is a hyper-
nym for techniques that bypass the diffraction limit [22]. 
As the location of the fluorescent molecule is at the center 

of the PSF, the position of a single fluorescent molecule 
can be determined with a precision much higher than the 
diffraction limit by fitting the PSF’s center position. Eric 
Betzig recognized that a prerequisite for sub-diffraction 
localization is sparsity in the molecules’ diffraction-
limited spots [26], that is, overlapping PSF’s need to be 
avoided. Then, by selective excitation of subpopulations 
of fluorophores, a super-resolution image with a high fluo-
rophore density can be reconstructed. Two years later, a 
new piece of the puzzle was added: pioneering in the field 
of single-molecule spectroscopy, William E. Moerner 
reported a specific mutant of the green fluorescent pro-
tein (GFP) with strong intermittent fluorescence, so-called 
blinking, before going to a stable dark state. The blinking 
behavior could be recovered with a burst of UV-light [27], 
giving exactly the fluorophore properties and control over 
emission Betzig was looking for. Using Moerner’s discov-
ery, Betzig in collaboration with the biologist Jennifer Lip-
pincott-Schwartz, demonstrated super-resolution imaging 
of labelled intracellular proteins using SMLM [28]. After 
this first demonstration, SMLM quickly became a standard 
imaging tool in the fields of biology and chemistry, and 
it should not come as a surprise that a share of the 2014 
Nobel Prize for chemistry was awarded to Eric Betzig and 
William E. Moerner for their pioneering work in the field.

Diffusion of individual fluorescent molecules can be fol-
lowed as a function of time using SMLM. The pore space 

Fig. 1  Schematic representation of single-molecule localization 
and tracking. a A typical fluorescence microscope set-up consists of 
a laser excitation source, a dichroic mirror, an objective lens, and a 
detector. The dichroic mirror reflects the excitation light (green) via 
the objective onto the sample, but lets the light emitted by the sam-
ple (yellow) pass to the detector. A parallel beam can be used to 
illuminate the sample over the field of view (i.e. wide-field micros-
copy) or a focused spot can be scanned over the sample (i.e. confo-

cal microscopy). The fluorescent emission of the excited fluorophores 
is recorded by the detector creating a micrograph. b When track-
ing individual emitters, the center of the diffraction-limited spots in 
the time-lapse movie are fitted, and the individual localizations are 
grouped together in a trajectory. These tracks can be interpreted in a 
final step. Adapted from Manzo and Garcia-Parajo [21] (Color figure 
online)
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of the porous host is explored by the moving fluorogenic 
probes, and sparsity is automatically achieved when a low 
fluorophore density is employed. A typical analysis consists 
of localization, tracking, and interpretation (Fig. 1b) [21]. 
First, individual emitters are localized in each individual 
frame. The PSF is often approximated by a Gaussian inten-
sity distribution, which can be fitted to individual emitters. 
In this way, the center coordinates of an isolated PSF are 
retrieved with sub-pixel precision, i.e. down to ∼2 nm [21, 
22, 29, 30]. During tracking, the localizations are grouped 
into tracks, which represent the path of a single fluorophore. 
Popular algorithms require cut-off values to prevent unphysi-
cal linking, these values represent the maximum displace-
ment between localizations and the maximum number of 
consecutive frames the molecule is allowed to be in an ‘off-
state’ [21, 31]. Finally, the obtained tracks can be interpreted 
using motion analysis or counted to determine the local reac-
tivity in a porous material.

Fluorogenic substrates are used to map the reactivity 
of a working catalyst. Here, a non-fluorescent reactant is 
converted into a fluorescent product over the active sites of 
the catalyst, which allows the detection of single catalytic 
turnovers. Each turnover is represented by a single track, that 
is the formation of a product molecule, from which catalyti-
cally active zones in the material can be reconstructed with 
super-resolution. Because reaction events occur stochasti-
cally on the catalysts’ active sites, these tracks are spatially 
and temporally separated and therefore can be resolved indi-
vidually for each turnover. Moreover, fluorescent products 
photo bleach quickly under the imaging conditions or rap-
idly diffuse away from the active site, which renders them 
invisible due to their fast motion, and prevents overlap of 
different tracks. This concept forms the basis of a method 
named nanometer accuracy by stochastic chemical reactions 
(NASCA) microscopy and is a common approach to image 
the reactivity of a catalyst at work [13, 14, 17, 32, 33].

Methods to estimate the diffusion constant from single-
fluorophore tracks come in varying degrees of complexity. 
The mean-squared displacement (MSD) analysis is one 
of the most common tools to do this, because of its visual 
interpretability [29, 34, 35]. The shape of the MSD curve 
is an indication of the type of motion and aids in selecting 
the appropriate diffusion model. It is computed from a time 
series of positions x0, x1,… , x

N
 for a single trajectory as

with the lag time t
n
= nΔt for n = 1,2,… ,N  and the time 

between frames Δt [34–38]. Argued by Albert Einstein in 
his 1905 seminal work, the mean displacement recorded 
for a particle suspended in a liquid or gas medium is not 

MSD(t
n
) =

1

N − n + 1

N−n
∑

i=0

(

x
i+n − x

i

)2

proportional to the lag time, and thus the mean velocity can-
not be inferred from this value. However, the mean-squared 
displacement (MSD) is proportional to the lag time and the 
motion can be quantified with a proportionality constant 
known as the diffusion constant D [39]. Hence for normal 
diffusion, the diffusion constant can be estimated from the 
MSD via

for a dimensionality n . However, scaling of the MSD with 
the lag time is not always linear and deviation from normal 
Brownian diffusion occurs. An important scenario is when 
the host provides a heterogeneous environment for the guest 
molecules over the probed length and times scales or when 
the guests interact with the host. The resulting motion is 
called anomalous diffusion and is described by a power-law 
scaling

with a generalized diffusion constant K and an anomalous 
exponent � . The motion is called sub-diffusive when 𝛼 < 1 
and super-diffusive for 𝛼 > 1 , and there are many examples 
of this type of motion in biological systems [21]. These 
models can be expanded to account for localization noise 
and motion blur [34, 35].

Tracks with many localizations are required for reli-
able diffusion constant estimation, particularly with MSD 
analysis [38]. This is often not possible as molecules rap-
idly diffuse out of focus or photo bleach too quickly, which 
in turn has driven the search for alternative measures. A 
maximum likelihood estimator (MLE) has been derived for 
free diffusion [34, 35] considering blinking [40], motion 
blur, and variable localization error [41]. However, one of 
the challenges is that both the MSD and MLE diffusion 
constant estimates are biased for tracks typically obtained 
in experiments. The unbiased covariance-based estimator 
(CVE) was therefore derived as an alternative to MSD and 
MLE analysis, however it does not perform well in cases 
where the displacement per step is short with respect to the 
localization error [38, 42]. A promising way to increase 
the precision of diffusion constant estimation is to quantify 
the localization error and include this in the model for the 
MLE or CVE [38, 43]. When multiple underlying diffu-
sional states are present, the model becomes more com-
plex, and other approaches have been developed for this 
task, which are often based on Bayesian statistics [44–47]. 
Considering these recent developments, motion analysis 
of multistate diffusion seems to come within reach, but 
there is no golden standard yet, and the optimal analysis 
method still has to be determined on a case-by-case basis.

MSD
(

t
n

)

= 2nDt
n

MSD
(

t
n

)

= 2nKt
�

n
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2.2  Fluorescent molecular probes for imaging 
diffusion and catalytic conversions

The optimal fluorophore is a trade-off between many com-
peting factors, and good fluorophore selection is the fun-
dament of any SMLM experiment. In material science we 
cannot directly copy the toolkit developed for SMLM in bio-
logical systems, and there are multiple reasons for this: (1) 
as biological systems are often water-based, the solvent and 
the material have a very similar refractive index. In nano-
porous solids, the refractive index of the host material is 
less homogeneous and can be much higher than that of the 
solvent. In that case, light scattering of the host material, due 
to the refractive index mismatch with the solvent, results in 
a high background hindering or even preventing localiza-
tion. A careful choice of the solvent, i.e. index matching, 
minimizes this effect. (2) As inorganic materials of inter-
est are often non-polar, compatibility with polar dyes used 
in biological media is limited, because their fluorescence 
and solubility is often low in non-polar media [48]. (3) The 
typical conditions of interest are often completely different 
for biological systems and functional materials. Rigorously 
air- and moisture-free conditions and non-ambient tempera-
ture and pressure are not common in biological systems, 
but can be, for example, in heterogeneous catalysis [49]. (4) 
To probe diffusion in nanoporous materials, the size of the 
diffusing probe is another important factor closely linked 
to the research question of the study. Preferably, the probe 
size is comparable to that of the relevant species, such as 
the reactant and product in a nanoporous catalyst, but strong 
light scattering of the host might require very bright fluoro-
phores. Altogether, the selection of the optimal fluorophore 
is paramount for experimental success.

For optimal diffusion coefficient estimation from single-
molecule tracks, a fluorophore with minimum blinking, 
limited photobleaching, and a high photon-emission rate is 
desired, as this results in long tracks [50]. Blinking and pho-
tobleaching can be controlled in aqueous systems by buffer-
ing the solution with oxygen scavengers or oxidator–reduc-
tor couples [51, 52]. Such protocols would be desirable for 
non-polar solvents as well [49]. Nevertheless, enhanced pho-
tostability inside p-terphenyl crystals was observed without 
oxygen scavengers due to shielding from oxidative species 
directly by the host [53]. For a high photon emission rate, 
the fluorophore needs to possess a large absorption cross 
section and high quantum yield. This is an intrinsic prop-
erty of the fluorophore and can be highly dependent on the 
solvent. Rylene dyes, such as perylene diimide (PDI) and 
terylene diimide (TDI) derivatives, are particularly popu-
lar for tracking studies [54–60] owing to their high photon 
emission rate, photostability, and modifiability (Fig. 2a) [61, 
62]. It is worth mentioning that nanoparticles, in particu-
lar quantum dots, have already been proven to be excellent 

probes to study mass transport in porous solids because of 
their even higher photon emission rate and excellent photo-
stability [63, 64]. However, their larger size in comparison to 
fluorescent molecules limits the application in many micro- 
and mesoporous systems (pore diameters ≤ 50 nm). Here, 
nanographenes hold great potential for SMLM as they are 
the happy medium between the small size of molecules and 
favorable photoemission properties of quantum dots [65].

The number of reported reactive fluorophores is lim-
ited, as their design, synthesis, and purification are not 
straightforward. In zeolites (pore diameters < 2 nm) used in 
catalysis, the oligomerization products of furfuryl alcohol, 
thiophene, and styrene have been successfully reported as 
fluorescent single-molecule probes by the groups of Roef-
faers, Hofkens, and Weckhuysen (Fig. 2b–d) [33, 66, 67]. 
Their small size, determined by carbon 5- and 6-rings, 
allows these reactants to enter the micropores of zeolites 
and oligomerize at its active sites. Oligomerization is an 
acid catalyzed process and happens readily over the Brøn-
sted acid sites in the zeolite pores. The conversion rate of 
styrene and thiophene reactants is strongly dependent on 
their side groups, because it alters the stability of the car-
bocation in the fluorescent product and limits transport into 
the porous catalyst. Systematic study of these substituent 
effects have been proven valuable on the single-particle and 
single-molecule level [67–71]. A challenge in the analysis 
of these single-molecule events is the strong intrinsic blink-
ing due to proton transfer from the acid sites [67, 70, 72]. 
To discriminate between the formation of a new oligomer, 
which is an indication of mass transport of the reactant to the 
active site, and proton transfer, careful experimental design 
and analysis are required.

In meso- (2–50 nm) and macropores (> 50 nm), well-
defined probes are preferred, which allows quantitative inter-
pretation of the results (Fig. 2e–g). Here, the modification 
of highly fluorescent and photostable dyes with a reactive 
functional group is a common approach. This requires that 
the fluorescent domain is chemically stable or reacts in a 
controlled manner. However, free electron-pairs present in 
many popular fluorophores can result in undesired reac-
tivity. BODIPY dyes deserve special attention as they are 
chemically inert, relatively nonpolar, and electrically neu-
tral [49]. They have been successfully applied by de Cremer 
et al. to study the epoxidation over mesoporous Ti-MCM-41 
(Fig. 2f) [73, 74]. Modification of the conjugated π-system 
due to a reaction event causes a spectral shift in the fluores-
cence emission, which potentially allows the monitoring of 
reactant and product diffusion as well as the reaction event. 
An opposed approach is to use the reactive lone pair to report 
a reaction event, since oxidation of the free electron pair can 
induce a spectral shift or quenching of the fluorescence [49]. 
The fluorescence is then recovered after reduction of the 
molecule, which is exemplified by the catalytic conversion 
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Fig. 2  Comprehensive overview of fluorescent molecules to probe dif-
fusion (a), reactivity in zeolites (b–d), and reactivity in other nanopo-
rous solids (e–g). (a) Rylene dyes perylene diimide (n = 1) and terylene 
diimide (n = 2), (b) oligomerization of furfuryl alcohol, (c) dimeriza-
tion of styrene derivatives, (d) thiophene oligomerization, (e) reduction 

of resazurin into resorufin (left) and oxidation of Amplex Red (right), 
(f) phenylbutadienyl-BODIPY epoxidation, and (g) fluorescein diac-
etate ester hydrolysis into fluorescein over a metal–organic framework 
(MOF)
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of resazurin into resorufin as shown in the left reaction in 
Fig. 2e. Resorufin is among the most popular reactive dyes 
and has been widely used in the group of Chen to study the 
reaction kinetics of individual metal nanoparticles [32, 75]. 
Its small size makes it particularly interesting to investigate 
mass transport in the mesopore regime [76]. However, larger 
fluorophores with good photophysical properties, such as 
rhodamine, coumarin, and perylene, can be modified in the 
same manner to produce reactive dyes [77, 78].

3  Visualizing diffusion of single molecules 
in nanoporous solids

3.1  Molecular transport in silica films

Mesoporous silica makes an excellent model system to 
study single-molecule diffusion due to the high degree 
of control over both pore size and chemical environment 
inside the pores. Such control can be achieved by tuning 
the precursor solution before application on a cover slip 
substrate. The structure-directing agent forms micelles in 
the silica precursor solution, which templates the pores 
in the 2–30 nm range [15, 79]. Hexagonal, lamellar, and 
cubic geometries can be obtained via tuning of the silica/
structure-directing agent ratio [58]. Addition of a func-
tionalized-silica source to the precursor solution allows 
direct chemical modification of the pore walls [59]. A wide 
range of differently-sized fluorophores can be incorporated 

inside the pores [79, 80]. Exposure to solvent vapor is 
required to complete the formation of the cylindrical 
mesopores [81] and to mobilize the dye molecules for 
tracking studies [57]. All these components have their 
unique interaction with the diffusing dye, leading to com-
plex motion behavior.

The first observations of single-molecule trajecto-
ries in mesoporous silica revealed strong heterogenei-
ties in molecular motion [18, 55, 82, 83]. Inter- and 
intra-trajectory heterogeneities were observed in both 
non-ordered glassy and ordered templated mesoporous 
silicas with pore sizes of respectively 3 and 22 nm. In 
the non-ordered glassy sample, trajectory segments were 
observed in which the molecule appeared to be trapped 
for some time (Fig. 3a). The authors speculated that this 
could either be an adsorption event by temporary bonding 
to the silica surface or confinement e.g. in a narrow pore 
leading to strongly hindered motion [18]. In the ordered 
mesoporous silica, no temporary trapping was observed, 
but the motion could not be described by a single diffu-
sion constant (Fig. 3b, d) [55]. These different diffusion 
regimes were not spatially separated within a single tra-
jectory and indicated variations in the microenvironment 
of the dye [55, 58]. A final remarkable observation was 
that the dye diffusion appeared to follow a specific direc-
tion instead of moving randomly as would be expected 
for normal diffusion (Fig. 3c) [55]. The pore geome-
try and local obstructions could confine the dye into a 
pore domain. Transient trapping of the fluorescent dye, 

Fig. 3  Examples of anoma-
lous diffusion behavior in 
mesoporous silica as observed 
in early days of single-molecule 
tracking in nanoporous solids. a 
Single-molecule trajectories dis-
playing trapping of the molecule 
in the sol–gel, b anomalous dif-
fusion, and c diffusion directed 
along the pore direction. d Step 
length histogram and fit (thick 
solid line) of the trajectory 
displayed in b. The full step 
length distribution can only be 
explained by the contribution of 
two different diffusion constants 
(thin solid lines) indicating at 
least two different underlying 
diffusion regimes. Adapted from 
Hellriegel et al. [55]
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multiple diffusion regimes, and apparent confinement to 
the pore geometries turned out to be key observations 
and have led to two decades of single-molecule studies of 
motion heterogeneity in mesoporous silica.

3.1.1  Confinement imposed by the pores

Comparison of a known pore geometry and single-mole-
cule trajectories revealed how probes can infer the topology 
of mesoporous silica. Samples with pure hexagonal, pure 
lamellar and mixed geometries were compared by Kirstein 
et al. (Fig. 4a, b) [58]. The motion of the molecules in these 
geometries was qualitatively and quantitatively different 
(Fig. 4c). Molecular motion resembled random Brownian 
motion in the lamellar phase, while motion appeared cor-
related in the hexagonal phase as if the molecule was prob-
ing the domain boundaries. The shape of these domains did 
not in any way resemble structures on the outer surfaces, 
which were mapped with atomic force microscopy, and the 
authors concluded that the probed domains were located 
inside the mesoporous silica film. The mixed phase was 
more defect-rich, and even escape from the bulk to the sur-
face was recognized followed by re-entrance at a different 
location in the structure. Here, switching between diffusion 
modes corresponding to lamellar, hexagonal, and surface 
domains was observed. TEM images showed that these 
domains coexisted, being stacked on top, and confirmed the 
topology inferred from the trajectories [58]. Optical micros-
copy cannot directly map the underlying pore structure, and 
correlation with other microscopy techniques is required for 
direct correlation with the local pore geometry. Zürner et al. 
correlated TEM images with the single-molecule tracks in 
hexagonal mesoporous silica (Fig. 4d–i) [60]. The motion 
of the molecules followed the direction of the linear and 
curved pores almost perfectly. However, defects and grain 
boundaries of the hexagonal domains stopped the path of the 
molecules, and ‘leaky’ channels allowed lateral travel. This 
has shown that single-molecule trajectories can provide a 
direct observation of the nanoscale-connectivity and acces-
sibility in mesoporous samples [58, 60]. The location of the 
molecules could be determined with a precision of about five 
to ten parallel channels, and a higher resolution was required 
to study the exact mechanism of lateral travel [60].

At high excitation intensity, the molecules could be 
localized with high resolution, and Jung et al. found dis-
crete jumps in the trajectories perpendicular to the domi-
nant diffusion direction (Fig. 5a, b) [57]. The localization 
error was smaller than these jumps, which therefore reflected 
the structure of the material itself. The mean jump distance 
was found to be 5–6 nm (Fig. 5c), which is only slightly 
larger than the pore-to-pore distance obtained with X-ray 
diffraction (XRD). This showed direct evidence of diffusion 

through defects in the material. Comparison with random 
walk simulations in a similar geometry indicated that the 
defect density of the wall is low, in the order of 0.1% per-
meability. In some cases, even further parallel pores could 
be explored, which was observed for a molecule moving 
to a parallel pore about six channels away. This indicated 
the presence of both nanodefects in the pore wall and less 
ordered domains, which allowed for single and multichannel 
hopping [57, 60]. The single-molecule paths follow directly 
the pore geometry and topology and revealed the origin of 
both domain-size and local motion heterogeneities.

3.1.2  Transient trapping of probe molecules

Temporary trapping of single molecules is another remark-
able motion heterogeneity observed in the early days of 
single-molecule tracking in mesoporous silica. When this 
was reported for the first time, authors could only speculate 
about the origin. It was suggested that it could either be an 
adsorption event by temporary bonding to the silica surface 
or confinement in a narrow pore or at a defect site leading 
to strongly hindered motion [18]. However, correlation with 
the pore topology did not reveal any trap sites, not even at 
defects [60]. To study a trapping event at the single-molecule 
level, the orientation and emission wavelength were mapped 
in the work of Jung et al. (Fig. 6) [84, 85]. Small changes 
in interaction between the host and the guest were detect-
able in the fluorescence emission spectra, and the length 
of the adsorption events was suggested to be related to the 
strength of the adsorption sites. Seconds-long time periods 
were observed in which the emission wavelength maximum 
and orientation angle remained unchanged, which suggested 
strong adsorption of the probe. After about a minute, the 
emission spectrum and orientation angle of the probe started 
to vary a lot, which indicated a rapidly changing environ-
ment, that is, the presence of various environments probed 
by the now mobile molecule. The duration of the adsorption 
events followed a broad distribution with adsorption times 
up to minutes. Adsorption could be explained by chemical 
bonding to the silica walls and electrostatic interactions with 
the cationic template as well as interactions at defect sites 
[84, 85]. Due to the various factors involved in an adsorp-
tion event, strong heterogeneity in the effective strength of 
adsorption sites was expected and in line with experimental 
observations.

3.1.3  Anomalous diffusion

To understand how the fluorophore moves through pores, it 
is important to understand how it interacts with the chemi-
cal species in the pore. This was studied in detail via the 
quantification of rotational motion of rod-shaped PDI-
based fluorophores (Fig. 2a) around the mesopore axis, so 
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called wobbling, using single-molecule emission dichroism 
(SMED, Fig. 7a). The ratio of the vertically versus hori-
zontally polarized light obtained with SMED was used to 
compute the maximum wobbling angle and mean accessi-
ble pore space [80, 86]. Wobbling of PDI-based dyes with 

various carbon chain lengths in cetyl trimethyl ammonium 
bromide (CTAB)-templated hexagonal mesoporous silica 
was investigated. The mean accessible cavity diameter was 
about one third of the pore diameter [80]. Alignment of the 
dye with the pore direction indicated constrained rotational 

Fig. 4  a Schematic representation of lamellar and hexagonal 
mesoporous silica with the order of the structure-directing agent 
shown inside the pores. b Schematic diagram of the diverse diffu-
sion modes and the transitions between them in the mixed phase. c 
The MSD curves for the populations depicted in b. Individual tracks 
are plotted only for the phase mixture, and the thick lines represent 
the average values for the pure hexagonal and pure lamellar phases. 
Reproduced from Kirstein et al. [58] with permission from Springer 
Nature. d Overlay of single-molecule trajectories and TEM micro-
graphs of the pore space. The orientation of the solid black lines 
indicates the orientation of the pores, and the blue boxes along the 

trajectories illustrate the localization error. The molecules explore 
domains with parallel channels and follow strongly curved regions 
and domain boundaries. e Magnified area from d showing the domain 
boundary at which the molecule turns back. f Trajectory of another 
molecule, which follows an S shape corresponding to the underlying 
pore direction. The different colors correspond to different sections of 
the track that were due to blinking of the molecule. g The yellow tra-
jectory shows lateral motion between ‘leaky’ channels. h Obstruction 
of molecular motion at a less ordered region and i domain bound-
ary. Adapted from Zürner et al. [60] with permission from Springer 
Nature (Color figure online)
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freedom due to interaction with the pore-void constituents 
[57, 80, 86]. A spread in the maximum wobbling angle was 
observed and indicated a 28% relative standard deviation in 

the pore sizes. This was much larger than the 4% relative 
standard deviation found from X-ray scattering, where the 
silica pore itself was probed. Thus, it was concluded that 
the effective pore size as experienced locally by single mol-
ecules is smaller and more heterogeneous than the physical 
pore size of the mesoporous silica [80].

An important implication of this is that the microenviron-
ment of the molecules is not only dependent on the mesopore 
itself, but also on the location in the mesopore, since they 
only probe a fraction of the pore diameter. The polarity is 
a good indicator for this location, as the microenvironment 
becomes more polar near the pore wall due to the presence 
of charged silica and surfactant functional groups. The local 
polarity was probed with the solvatochromic dye Nile Red 
(Fig. 7a, b) utilizing the fact that the intensity ratio between 
two emission bands reflects the local polarity around single 
Nile Red molecules [87]. A large fraction of the molecules 
was found stuck, and these probes were either in nonpo-
lar or highly polar microenvironments. This suggested that 
some dyes were immobile because they were trapped inside 
the silica matrix or on the silica surface. Molecules with 
1D motion were assigned to the hexagonal mesopores. The 
local polarity in the mesopores was similar to that of n-hex-
ane, but the microenvironment of molecules that exhibited 
1D diffusion was several percent more polar than the non-
polar microenvironments of the immobile molecules. Even 
though the overall non-polar microenvironment showed 
that the mobile molecules were not in very close proximity 
to the pore wall, some interaction with polar moieties was 

Fig. 5  Diffusion through defects in pore walls of hexagonal 
mesoporous silica. a Projected x and y coordinates as a function of 
time for a single molecule. Discrete jumps in the position indicate 
hopping to a parallel pore marked by the transition from black to 
green at 103  s. b Trajectory of the molecule in a. c Histograms of 

the projected y coordinate for the black and green time domain with 
green and black striped bars, respectively. The two maxima are sepa-
rated by 5–6 nm. Reproduced from Jung et al. [57]. Copyright 2008 
American Chemical Society (Color figure online)

Fig. 6  The angular and spectral behavior of a single molecule during 
a trapping event in hexagonal mesoporous silica. a The simultane-
ous fluorescence emission spectra, b the wavelength maximum of the 
emission spectra, and c molecular orientation of the probe molecule 
as a function of time. The gray areas indicate time periods in which 
the molecule was non-emissive. Reproduced from Jung et  al. [84] 
with permission from Wiley
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possible [87]. In general, the dye appears to partition in the 
core region of the micelle, but the mobile molecules appear 
to have some other interactions as well.

Anomalous diffusion was observed in a few cases for 
both neutral and charged dyes, also indicating local varia-
tions in the microenvironment of the dye [55, 58, 88]. It was 

hypothesized that oxygen atoms of the fluorescent probe can 
form hydrogen bonds with the exposed silanol groups of 
the mesoporous host, which results in intermittent adsorp-
tion events. Shielding of the exposed silanols by e.g. solvent 
molecules’ functional groups would then increase the dye 
mobility (Fig. 7c) [57, 59, 85]. A wide range of adsorption 

Fig. 7  Single-molecule wobbling and partitioning in hexagonal 
mesoporous silica. a Schematic representation of the wobbling of a 
Nile Red molecule around the pore axis of a templated mesopore. 
The maximum wobbling angle θ and effective pore diameter d are 
depicted. b Single-frame emission ratios and Clausius–Mossotti 
(CM) factors for 0D (immobile), 1D, and 2D diffusing Nile Red 
molecules. A larger CM factor indicates a more polar microenviron-
ment. The solid black lines show fits of Gaussian functions to the 

main populations. Adapted from Kumarasinghe et al. [87]. Copyright 
2016 American Chemical Society. c Schematic of TDI-based dye 
molecules immobilized at the pore wall in air (top) and mobilized in 
the presence of solvent molecules (bottom). The mobile molecules 
partition more towards the center of the pore. Reproduced from Jung 
et al. [57]. Copyright 2008 American Chemical Society (Color figure 
online)
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times on time scales much shorter than the observation time 
could account for the observed motion heterogeneity [21, 
37]. Alternatively, Kumarasinghe et al. attributed the motion 
heterogeneity in microenvironments to an inhomogeneous 
distribution of solvent molecules [87]. Local variations in 
the concentration of solvent molecules could result in a 
variable shielding, which might account for the observed 
motion heterogeneity. Both hypotheses are in line with 
the observation that the 1D mobile molecules experience 
a slightly more polar microenvironment than the 0D and 
2D molecules (Fig. 7b), and it remains an open question 
whether the observed motion heterogeneity originates from 
short adsorption events or local variations of solvent mol-
ecule concentration [59, 88].

The packing of the structure-directing agent in the micelle 
and guest–host interactions are other factors to consider. 
Interestingly, a strong increase in mobility was observed 
with increasing density of  C1–C3 alkyl surface groups. 
An increasing number of functional groups was found to 
introduce additional defects in the packing of the structur-
ing agent, which was observed with nuclear magnetic reso-
nance (NMR) spectroscopy, and this provided a more open 
structure through which the dyes could move more rapidly. 
Remarkably, an opposite trend was observed for phenyl-
functionalized mesoporous silica. Attractive π–π interactions 
between the phenyl and the aromatic groups of the dye were 
found to be dominant in this case. Even though it was con-
cluded in other work that the dye partitioned in the non-polar 
hydrophobic part of the micelle template, interactions with 
the pore wall dominated its mobility. Altogether, a trade-off 
between the shielding of the silanol groups, packing rigidity 
of structure-directing agent, and additional guest–host attrac-
tions make up the motion of molecules through mesoporous 
silica [59].

Combination of single-molecule tracking and SMED 
allowed the correlation of translational motion and mean 
accessible pore space for both neutral and charged dyes. 
The accessible pore size was found to be constant for the 
 C4–C11 functionalized PDI-based dyes, which had all a 
similar charge and polarity. The diffusion constant was also 
the same for these dyes, which indicated that the accessi-
ble pore diameter rather than the size of the diffusing probe 
determined the mobility along the pore axis [80]. However, 
the accessible pore diameter was dependent on the polar-
ity and electrostatic interaction of charged molecule [80, 
88]. Positively and negatively charged PDI-based dyes were 
found to have a similar mean effective pore size as the neu-
tral dyes, but had a reduced mobility with respect to these 
fluorophores [88]. The cationic dye had an almost two times 
lower mobility than the neutral dyes and was one and a half 
times less mobile than the negatively charged dye. Even 
though the mean effective pore size of the probe was similar 

to the neutral ones, a larger spread in the obtained effec-
tive pore size was observed, which points to a stronger and 
more variable interaction with its environment [88]. Indeed, 
the charged dyes could more easily approach the pore walls 
and move through defects, which was attributed to the more 
polar molecule tips and electrostatic interaction of the dye 
with the negatively charged silica and the positively charged 
CTAB head groups [88, 89]. Altogether, the mobility of 
charged probes was found to decrease significantly, likely 
due to a stronger interaction with the pore-void constituents.

In summary, these findings sketch a picture where the 
micelle core acts as the highway for dye molecules and their 
degree of rotational freedom and affinity for the pore wall 
sets the speed limit. An open structure allows for even higher 
speed limits via the packing density of the structure-direct-
ing agent. Incorporation of functional groups at the pore wall 
decreases the packing density and affinity of the dye for the 
pore wall. Electrostatic interactions also allow for increased 
interaction of the dye with its environment, which in turn 
slows down diffusion in the discussed silica films. Control 
over mobility is of paramount importance for the develop-
ment of e.g. drug-delivery systems and chromatographic 
particles [90, 91]. Finetuning of host-diffusant interaction 
resulted in a successful gradual release of the anticancer 
drug Doxorubicin hydrochloride [91]. Local variations in the 
microenvironment of the diffusant have been discussed at the 
single-molecule level and could help us to better understand 
mass transport in these systems.

3.2  Mass transport in other nanoporous solids

Fundamental insights about mass transport in mesoporous 
silica can be translated to other nanoporous solids that have 
been studied at the single-molecule level. Diffusion of 
Nile Red fluorophores was studied in crystalline micropo-
rous MOFs by Liao et al. [92] revealing a strong correla-
tion between the pore structure of the MOFs and diffu-
sion heterogeneity. The trajectories in the MOFs with 1D 
linear micropores were qualitatively similar to the ones in 
mesoporous silica. Structural defects were observed indi-
rectly as the molecule appeared to hit a ‘dead end’ and was 
confined to this region before finding a way out. Lateral dif-
fusion was more frequent than in mesoporous silica, which 
might indicate that it is a more defect-rich material or could 
be due to the lack of a structure-directing agent in the pores 
[92].

The step to less well-defined systems with a broad 
distribution in pore- and/or probe size requires a differ-
ent approach, which is being developed in our group [56, 
93, 94]. In such systems, complex motion patterns arise 
and the trajectories first have to be classified based on 
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their properties, for example via machine learning. This 
yields populations of trajectories with similar motion 
behavior, and the diffusion constant can then be inferred 
from individual tracks or from the population mean in the 
case of short trajectories [94]. This approach was used 
for the first time to study single-molecule diffusion of a 

PDI-containing dye in fluid catalytic cracking (FCC) par-
ticles, an important industrial catalyst, by Hendriks et al. 
(Fig. 8a, b) [56]. These catalyst particles are not only 
heterogeneous in material composition, but also contain 
a hierarchical pore network with pore sizes in the micro-, 
meso-, and macroporous regime [95]. Even though the 

Fig. 8  Single-molecule trajectory classification and motion analy-
sis of PDI-containing dye molecules in a single FCC catalyst par-
ticle. a Schematic of the imaging plane at the middle cross section 
in the FCC particle. b Schematic representation of the hierarchi-
cal pore structure of an FCC particle, where light gray represents 
the matrix and the darker gray squares the embedded zeolite active 
sites. c Color-coded map of each recorded track within the FCC par-
ticle, showing d immobile (red), e hybrid (green) and f mobile tracks 
(blue). g Trajectory of a dye molecule immobilized in a polystyrene 
thin film, which has a similar radius as the immobile track in d indi-

cating a correct classification. h Voronoi diagram showing a spatial 
map of single trajectory diffusion coefficients. The center of mass 
of the tracks are indicated by a dot, which is surrounded by an area 
that is closer to that track than to any other. The color of each area 
indicates the diffusion coefficient, with areas around immobile tracks 
being white. i The diffusion coefficients of all trajectories; the gray 
box indicates the values which fall within the localization inaccu-
racy. The inset Voronoi diagram shows the spatial distribution of each 
track type. Adapted from Hendriks et al. [56] with permission from 
American Chemical Society (Color figure online)



436 Adsorption (2021) 27:423–452

1 3

large PDI-based dye could not probe the microporous 
zeolite domains, it is no surprise that single-molecule 
diffusion in a single FCC particle revealed a large range 
of diffusion constants spanning at least three orders of 
magnitude. Moreover, heterogeneity in motion patterns 
was observed, and the trajectories were segmented into 
mobile, immobile, and hybrid categories using a hierar-
chical decision tree (Fig. 8c–g). The mobile and hybrid 
tracks were spatially homogeneously distributed, and 
the pore network could not be resolved directly from the 
tracks mainly due to the limited track lengths obtained 
(Fig. 8h). The spread in diffusion constants (Fig. 8i was 
attributed to the large pore size distribution; however, 
the heterogeneous material composition could also have 
contributed via intermittent physisorption events. The 
obtained diffusion constant was similar to that of simi-
larly-sized vacuum gas oil feedstock molecules measured 
with adsorption experiments [56]. Intraparticle diffusion 
has been found to be the limiting factor in the conversion 
at operating conditions [96, 97], which is discussed in 
detail by Kärger et al. in their PFG NMR-themed contri-
bution in this issue [10]. Indeed, the Thiele modulus was 
approximated for the cracking of cetane  (C16) to octane 
 (C8) and was in line with previously reported values, vali-
dating the single-molecule approach to study mass trans-
port in these systems [56].

Clever design of model systems can resolve diffusion 
anisotropy. Direct comparison of single-molecule dif-
fusion in the sinusoidal and straight channels of ZSM-5 
was performed by Fu et al. [93]. A thin-film model system 
was synthesized with either straight or sinusoidal pores 
in the observation plane. As small dyes are required for 
diffusion studies in microporous crystals such as zeolites, 
oligomerization products of furfuryl alcohol were used as 
fluorophore. Qualitatively similar heterogeneity in motion 
patterns was observed as in FCC particles, and the trajec-
tories were again pooled into mobile, immobile and hybrid 
categories by adapting the hierarchical decision tree from 
Hendriks et al. [56, 93]. An order of magnitude faster aver-
age diffusion was observed in the straight than in the sinu-
soidal channels, which is in line with PFG NMR measure-
ments [98]. This was explained directly with steric effects 
imposed by the pore geometry. Introduction of mesopores 
in the sample resulted mainly in one order of magnitude 
faster diffusion in the sinusoidal pores, while the mobility 
in the straight pores remained roughly the same. This was 
attributed to a selective etching in the plane of the sinu-
soidal pores facilitating faster diffusion in this direction 
[93]. Altogether, we can conclude that motion in nanopo-
rous materials is heterogeneous, and that single-molecule 
microscopy has a pivotal role in the elucidation of these 
heterogeneities.

4  Mapping single‑turnover catalytic 
conversions in nanoporous solids

4.1  Single‑molecule study of structure–reactivity 
relationships in nanoporous solids

SMLM has been demonstrated to be a powerful tech-
nique for the visualization of reaction behaviors in nano-
porous materials, in particular zeolite-type materials and 
mesoporous silica [33, 70, 73, 74, 99–102]. Roeffaers and 
co-workers were among the first to use single-molecule 
fluorescence to investigate zeolite chemistry in ZSM-22 
and ZSM-5 zeolites [33]. They demonstrated that the 
acid-catalyzed furfuryl alcohol oligomerization reaction 
(Fig. 2b) could produce pore-entrapped products with 
sufficiently bright fluorescence to localize the individual 
product molecules [103]. Using the NASCA approach, 
they were able to record super-resolution reactivity maps 
of individual ZSM-22 particles with a diameter of ca. 
100 nm (Fig. 9a). The reaction turnovers were accumulated 
into 20 × 20  nm2 bins and revealed zones with different 
activity within a single ZSM-22 rod, which has a 1D pore 
geometry. Three zones with a higher activity spaced along 
the long axis of the rod were observed (Fig. 9b), which is 
in line with the notion of aggregative growth of ZSM-22 
[104]. As the 1D pores of the oriented crystals are aligned 
along the long axis, molecules could enter the channels 
in the center of the aggregates at the grain boundaries 
due to imperfect fusion during crystal growth, resulting in 
the observed reactivity distribution [105]. Zeolite ZSM-5 
with known intergrown structures was studied using the 
same fluorogenic reaction. A remarkable heterogeneity in 
catalytic activity with a high reaction rate near the border 
between two intergrown crystal components was observed 
(Fig. 9c). This was attributed to the differences in accessi-
bility in this area as a result of different orientations of the 
10-membered rings of the zeolite material. Thus, defects 
at grain boundaries between zeolite aggregates appear to 
have a strong effect on the local reactivity.

In 2015, Ristanović et al. demonstrated that single-mol-
ecule fluorescence experiments allowed mapping of the 
catalytic activity in a more complex, industrially applied 
catalyst, i.e. FCC particles as discussed above (Fig. 10a) 
[99]. These catalysts are hierarchically structured, multi-
component particles, which contain acidic zeolite Y or 
ZSM-5 embedded in a matrix of clay, silica, and alumina 
[95]. As the fluorescent products are formed exclusively 
at Brønsted acid sites, their fluorescence can be used for 
the 3D localization of zeolite ZSM-5 domains embedded 
within the matrix material of a single FCC particle. Due 
to the high structural complexity and intrinsic background 
fluorescence, super-resolution optical fluctuation imaging 
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(SOFI) was selected as a complementary method to the 
NASCA approach. SOFI is a post-processing method, 
which maps out regions with fluctuating fluorescent emit-
ters and allows super-resolution imaging in experiments 
with a low signal-to-noise ratio [106]. From binarized 
SOFI images, zeolite clusters could be identified, and the 
size distribution of the domains was computed (Fig. 10b, 
c). The results showed that the zeolite domains were well-
dispersed throughout the imaging volume and the indi-
vidual domains were about 500 nm in diameter. This is 

consistent with the size distribution of zeolite particles in 
FCC catalysts obtained via scanning transmission X-ray 
microscopy using a 100 nm pixel size [107] and confo-
cal laser scanning microscopy [108]. Analysis of reactiv-
ity using NASCA microscopy showed that the average 
turnover rate of highly active zeolite domains was around 
5 µm−2 s−1, which is about an order of magnitude higher 
than the least reactive zeolite ZSM-5 domains (Fig. 10d). 
It was speculated that this could be a result of differences 
in framework aluminum content and/or accessibility.

Fig. 9  Inhomogeneous reactivity in zeolites revealed with NASCA 
microscopy. a Scatter plot of all the spatially resolved catalytic con-
versions of furfuryl alcohol on an isolated zeolite ZSM-22. Insert 
shows the needle-like morphology of zeolite ZSM-22 as observed 
with scanning electron microscopy (SEM). b Super-resolution reac-
tion map calculated with a 20 × 20  nm2 bin size of the same sample 
as in a. The inset shows the local reaction rate as measured along 

the white line in b. c SEM image of three intergrown coffin-shaped 
ZSM-5 crystals (top), and a super-resolution reactivity map of a 
similar sample (bottom). The reconstructed fluorescence map clearly 
shows the location of the active intergrowth region. Adapted from 
Roeffaers et al. [33] with permission from American Chemical Soci-
ety

Fig. 10  Zeolite domain size quantification in an FCC particle. a 
Schematic of the single-molecule fluorescence approach used in the 
study of a single FCC catalyst particle, containing zeolite ZSM-5 
domains depicted in red (top), and the geometry of the analyzed focal 
slices at various focal depths (bottom). The inner regions of the FCC 
particles (depicted in gray) were not included in the data analysis due 
to the attenuation of fluorescent light and mass transfer limitations. b 
SOFI images of zeolite ZSM-5 domains size within a single FCC cat-

alyst particle at focal depths Z = 0 (left), Z = 1 (middle) and Z = 2 μm 
(right). c The corresponding histograms of size distributions of the 
zeolite domains; the insets denote single clusters larger than 0.4 μm2. 
d Catalytic turnover rate from NASCA microscopy as a function of 
average brightness in the SOFI image, calculated for 65 individual 
zeolite domains. Adapted from Ristanović et al. [99] with permission 
from Wiley
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MOFs are another class of nanoporous materials that have 
attracted great attention in the catalysis field [109–111]. 
Their chemical properties are highly tunable as the metal 
cation and the organic linkers can be varied independently, 
which offers unique opportunities for the development of 
e.g. bi-functional acid–base catalysts. Therefore, it is of great 
interest to identify the location and properties of catalytically 
active sites in MOF crystals. Valvekens et al. mapped fluo-
rescein diacetate (FDA) hydrolysis (Fig. 2g) over  Ba2(BTC)
(NO3) MOFs using the NASCA approach [112]. It was 
shown that the catalytic activity of the MOFs associated 
with defect sites generated via an activation process, which 
exclusively occurred in the hexagonal prism-shaped crystals. 
Even though the pore size was only slightly larger than FDA, 
the fluorogenic molecules could diffuse through the 1D 
pores of the MOF. A homogeneous reactivity throughout the 
hexagonal prism-shaped crystals was observed, indicating 
that the active sites were well dispersed (Fig. 11a). Kubarev 
et al. investigated the catalytic activity distribution of single 

ZIF-8 crystals (Fig. 11b) using FDA [113]. The fluorogenic 
FDA molecule is ∼4 times larger than the pore aperture size 
of 3.4 Å and cannot diffuse freely through the crystalline 
domains. The NASCA results showed a homogeneous activ-
ity at the outer surface of ZIF-8 (Fig. 11c), while the inside 
of the crystals was free of catalytic events (Fig. 11d). How-
ever, some crystals showed catalytic activity in well-defined 
domains inside the particle indicating a relation between 
catalytic activity, accessibility, and defects in these materi-
als (Fig. 11e). This was further corroborated by mapping the 
catalytic events over mesoporous ZIF-8 crystals generated 
by oleic acid etching. As shown in Fig. 11f, the introduction 
of additional extra framework porosity allowed catalysis to 
occur deeper inside ZIF-8 crystals. However, an overall loss 
of catalytic activity was observed, which was ascribed to 
poisoning of the acid sites by the oleic acid [113].

It is known that heterogeneous catalytic performance in 
porous materials is determined by a synergistic interplay 
between molecular transport and reaction kinetics [114]. In 

Fig. 11  FDA hydrolysis catalyzed by MOFs as studied with NASCA 
microscopy. a Reactivity map of a  Ba2(BTC)(NO3) hexagonal prism-
shaped MOF crystal. Adapted from Valvekens et al. [112] with per-
mission from The Royal Society of Chemistry. b A scanning elec-
tron microscopy image of a representative ZIF-8 MOF crystal and 
c–f NASCA reactivity maps of a parent (c–e) and oleic acid etched 
ZIF-8 crystal (f). Note that the reactivity maps were recorded at the 
bottom surface of a crystal (c) and inside of several different crys-

tals (d–f). Maps were reconstructed from events during 150  s (a), 
150 s with a 50 × 50  nm2 bin size (c–e), and 500 s with a 100 × 100 
 nm2 bin size (f). False color shows the observed reaction rate on the 
logarithmic scale from 2.2 × 10−9 to 6 × 10−7 M s−1 (c), 2.2 × 10−9 to 
7.4 × 10−7  M  s−1(d, e), 2.9 × 10−10 to 3.0 × 10−8  M  s−1 (f). Adapted 
from Kubarev and Roeffaers [113] with permission from The Royal 
Society of Chemistry
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many zeolite catalysts, the pore diameters are only slightly 
larger than the molecular diameter of the reactants, leading 
to slow diffusion and reduced performance. Among various 
strategies to overcome diffusion limitations, the introduc-
tion of mesopores in the microporous crystal bulk phase 
via dealumination has attracted special attention [4, 114]. 
However, the post-synthesis introduced mesopores can cre-
ate new geometrical constraints that will ultimately alter the 
catalytic performance of zeolites due to a different shape-
selectivity [114–117]. Therefore, it is critical to study the 
effect of dealumination on the diffusion–reactivity interplay 
at the nanoscale. This was investigated by Ristanović et al. 
by following real-time changes in the catalytic turnovers of 
the furfuryl alcohol oligomerization in parent, mildly, and 
severely steamed large zeolite H-ZSM-5 crystals (Fig. 12a) 
[72]. The 3D reactivity of both the parent zeolite H-ZSM-5-P 

crystals, mildly steamed H-ZSM-5-MT, and severely 
steamed H-ZSM-5-ST zeolite crystals were obtained 
(Fig. 12b, c). Mass transfer limitations were observed in 
both parent and mildly steamed crystals with most of the 
fluorescent events detected within the 500 nm near-surface 
layers of the single crystals. Mildly steamed zeolites showed 
a four times higher reactivity in similar regions than those 
of the parent crystals. Moreover, the surface reactivity had 
become very inhomogeneous on the micrometer length 
scale. Therefore, mild steaming could notably enhance both 
accessibility and reactivity, while simultaneously causing a 
highly heterogeneous distribution of accessible acid sites at 
the macroscopic level due to migration of extra-framework 
aluminum species. Severe steaming at 700 °C led to a signif-
icant loss of Brønsted acidity and a two orders of magnitude 
lower average turnover frequency. Thus, dealumination has 

Fig. 12  a Schematic of the single-molecule fluorescence approach 
applied for 3D reactivity mapping of a single H-ZSM-5 crystal with 
intergrowth structures. The Brønsted acid site catalyzed furfuryl 
alcohol oligomerization was used as the probe reaction. Channel ori-
entations in different subunits are indicated (top), and the estimated 
analyzed crystalline volume is shown below (bottom). The locali-
zation precision in the Z-direction was estimated to be ~500  nm. b 
Single-molecule reactivity maps for H-ZSM-5-P (parent), H-ZSM-

5-MT (mildly steamed), and H-ZSM-5-ST (severely steamed) crys-
tals recorded at three different focal depths [Z = 0 (surface), 2, and 
4 μm]. Color bar: turnovers per 200 × 200  nm2. c Normalized turno-
ver rates of zeolites H-ZSM-5-P, H-ZSM-5-MT, and H-ZSM-5-ST in 
a 5.75 mM solution of furfuryl alcohol plotted as a function of time 
and focal depth Z. Adapted from Ristanović et al. [72] with permis-
sion from American Chemical Society
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a large effect on both mass transport and reactivity in zeolite 
ZSM-5 catalysts.

The authors further demonstrated that not only the reac-
tivity and diffusion properties were changed as a result of 
the introduction of a secondary pore structure, but also the 
reaction intermediates could be altered by the defect-chem-
istry [67]. From single-particle ensemble measurements in 
ZSM-5 zeolites, it was known that the formed styrene oli-
gomerization reaction products are dependent on the local 
pore geometry. Linear products were primarily formed in 
the straight channels, while cyclic products were found at 
intersections between the straight and sinusoidal channels 
and close to the catalyst’s surface. The authors could not 
assign the observed absorption bands to trimeric products 
with certainty and therefore did not include this reaction 
product in the discussion [118]. By using the NASCA 

approach, dimeric and trimeric oligomers of 4-methoxysty-
rene (Fig. 13a) could be resolved based on their different 
photostability [67]. These fluorescent probes were used to 
map the accessibility and reaction intermediates in parent 
and mildly steamed large zeolite ZSM-5 crystals. The highly 
crystalline parent zeolite H-ZSM-5 crystals typically have 
a silicon-rich layer (Si/Al ratio of ∼160) of up to 100 nm in 
thickness. This layer also seemed to act as a shape-selective 
reaction barrier hindering the formation of trimeric styrene, 
the bulkier fluorescent product, as shown in Fig. 13b, c. In 
the mildly steamed crystals, the diffusion properties were 
drastically changed with the formation of larger mesoporous 
defects, which can facilitate the formation of the bulkier oli-
gomers with high photostability (Fig. 13d, e). Furthermore, 
the developed approach was also demonstrated to be efficient 
for the detection of mesoporosity. The high-resolution maps 

Fig. 13  a Simplified reaction pathway of Brønsted acid catalyzed 
oligomerization of 4-methoxystyrene and 4-fluorostyrene as well as 
their corresponding absorbance wavelength. b–e Probing the acces-
sibility of b, c parent and d, e steamed zeolite H-ZSM-5 crystals. The 
red circles in b, d indicate the efficiency of the localization algorithm 
to detect individual fluorescent events. c, e Cartoons illustrate the for-

mation of dimeric (blue dots) and trimeric (red dots) fluorescent spe-
cies in parent (c) and steamed (e) zeolite H-ZSM-5 crystals. f Accu-
mulated images of photoactivity for different focal depths denoted in 
the top left corner, recorded after ∼1 h from the start of the reaction. 
Adapted from Ristanović et al. [67] with permission from American 
Chemical Society (Color figure online)
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of a steamed H-ZSM-5 crystal measured at four different 
focal depths (Fig. 13f) showed that the photostable reaction 
products were formed in a 2–3 μm thick surface layer of the 
zeolite crystal, suggesting that the mesopores were primar-
ily formed on the outer surface. This is consistent with the 
reported mesopore distribution as recorded with high resolu-
tion SEM [119].

NASCA microscopy was also used to provide direct 
experimental evidence and achieve quantitative understand-
ing of the synergistic effect of molecular transport and reac-
tion kinetics at the single-molecule and single-particle level. 
De Cremer et al. demonstrated that intraparticle diffusion 
during the epoxidation of phenylbutadienyl (PBD)-BODIPY 
(1.8 × 0.5 nm) with tBuOOH over Ti-MCM-41 (2.7 nm pore 
diameter, Fig. 2f) could be directly measured (Fig. 14). This 
allowed not only a microscopic quantification of diffusion, 
but also macroscopic parameters that identify mass trans-
fer limitations to be calculated at the single-particle level 
[33, 73]. In the epoxidation of cholesterol and cyclohexene, 
catalytic testing showed an increase in selectivity and reac-
tion rate for catalyst particles with a size down to 100 nm, 
which indicates the presence of diffusion limitations [120, 
121]. Interestingly, the distribution of reaction events in the 
epoxidation of PBD-BODIPY in a micrometer-sized par-
ticle revealed that product formation only occurred in the 
outer 300 nm shell (Fig. 14a, b). A comparable Si/Ti ratio 
was observed from X-ray photoelectron spectroscopy (XPS) 
measurements and bulk chemical analysis, demonstrating 
homogenous distribution of titanium species. Thus, the 
enrichment of active sites at the surface was excluded as 
the cause of the peripheral active zone. Moreover, excess 

reactant in absence of the oxidant showed that it was able 
to access the full pore volume and that no physical barri-
ers were present (Fig. 14c), excluding the hypothesis that 
pore discontinuities are the origin of the observed catalytic 
zoning effects. Taken this together, intraparticle diffusion 
must be the limiting factor in case of Ti-MCM-41 catalyzed 
epoxidation of diluted reactants [73, 74]. This was corrobo-
rated by the calculation of Thiele modulus and effectiveness 
factor, two dimensionless parameters commonly used in het-
erogeneous catalysis to identify diffusion limitations at the 
bulk scale. The value of the Thiele modulus was estimated 
to be about 3, corresponding to an effectiveness factor of 
only 30% [73].

Dong et  al. designed a well-defined model system 
(Fig. 15a) with platinum nanoparticles sandwiched between 
an optically transparent solid silica core and a mesoporous 
silica shell with aligned nanopores (∼2 nm pore size) [76]. 
This model system allowed them to decouple mass trans-
port factors from reaction kinetics, which enabled the quan-
titative analysis of their interplay at the single-molecule 
level. From the single-molecule trajectories and NASCA 
analysis of the Amplex Red oxidation reaction (Fig. 2e), 
the concentration dependent diffusion rate and reaction 
rate were calculated (Fig. 15b, c). A comparable diffusion 
rate (0.03 s−1) and reaction rate (0.02 s−1) was observed at 
0.02 µM Amplex Red concentration (Fig. 15d). Therefore, 
it was concluded that the catalytic conversion was diffusion 
limited at the low concentration range. Conversely, satura-
tion was achieved when the concentration of Amplex Red 
was much higher, and the reaction rate was limited solely by 
the chemical conversion rate. Mass transport of Amplex Red 

Fig. 14  Monitoring individual epoxidation events in the individual 
Ti-MCM-41 catalysts. a The transmission optical images (gray-
scale) are overlaid with a scatter plot (red dots) of the fitted positions 
of fluorescent spots originating from individual product molecules, 
which were formed by epoxidation of PBD-BODIPY with tBuOOH. 
Two catalysts particles can be distinguished. b Zoom-in image of the 
rectangle region highlighted in panel a. The positions of product for-
mation are distributed over the outer 200 to 300 nm of the particle. 

Adapted from De Cremer et  al. [74] with permission from Wiley. c 
Fluorescence image of the middle of Ti-MCM-41 particles after 
adsorption of excess PBD-BODIPY in the absence of the oxidant 
t-BuOOH. Confocal microscopy was used to record a thin optical 
slice through the sample without background signal from the out-of-
focus regions. Adapted from De Cremer et al. [73], Copyright 2010, 
with permission from Elsevier (Color figure online)
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played a negligible role in the reaction rate when nanocon-
finement was not present, i.e. without a mesoporous silica 
shell (Fig. 15e). Further analysis revealed a promotion of the 
reaction rate constant  (keff) by six times in the nanoconfined 
material, compared to that of the bare platinum nanoparti-
cles. The enhanced activity could be a result of a different 
adsorption strength or higher effective concentration of the 
reactant when the platinum nanoparticles are encapsulated 
by mesoporous silica.

4.2  Correlative approaches

Although SMLM has made it possible to study single cata-
lytic turnovers with unprecedent spatial resolution, exact 
site–reactivity relationships are still missing. Therefore, dif-
ferent correlation approaches were developed to integrate or 
combine complementary techniques with SMLM.

Liu et al. has combined SMLM with stimulated Raman 
scattering (SRS) microscopy (Fig. 16a) to probe reactiv-
ity, acid site distribution, and site accessibility in individ-
ual mordenite (H-MOR) zeolites [122]. NASCA analysis 
revealed that the catalytic performance of dealuminated acid 
mordenites shows a remarkable heterogeneity at the inter-
crystal and subcrystal level (Fig. 16b). Using benzonitrile 
(PhCN) as the probe molecule, the acid site distribution and 
accessibility of H-MOR crystals at different stages of the 

dealumination process were imaged with SRS microscopy 
(Fig. 16c). Initially, the acid site density was homogeneous 
throughout the crystal and the sites inside the crystal were 
inaccessible to the aromatic PhCN probe, limiting the oli-
gomerization of furfuryl alcohol to the surface of the fresh 
catalysts. Slight dealumination allowed the regions near 
the outer surface to become partially accessible to aromat-
ics while the core remained inaccessible to PhCN, which 
correlated to the catalytic results. Further dealumination 
resulted in an overall increase in accessibility accompanied 
by a decrease in active site density in the crystallite outer 
shell. Due to the good overall accessibility, the local cata-
lytic performance became largely determined by the local 
acid site density, which was higher in the center of the crys-
tal, resulting in a core–shell reactivity distribution. When 
the whole crystal was fully accessible to the reactants after 
extensive dealumination (i.e., later stage dealuminated MD-
MOR and SD-MOR), a strongly reduced acid site density 
was also observed in the center, leading to a homogeneous 
reactivity map with a relatively low turnover rate. A similar 
volcano-like trend in reactivity as function of dealumination 
has also been observed for ZSM-5 on the single-particle and 
single-molecule level [72, 118].

Zeolite activity and selectivity is determined by the 
host–guest chemistry between inorganic zeolite and 
organic guest molecules, which often involves proton 

Fig. 15  a Schematic representation of the nanocatalyst; it consists 
of 5  nm platinum nanoparticles (NPs) sandwiched between a solid 
100  nm silica core and a mesoporous 120  nm mesoporous silica 
shell. b A typical fluorescence intensity trajectory from a single NP 
at a temporal resolution of 50 ms. τon and τoff correspond to the resi-
dent time of resorufin in nanopores and the interval time between 

two consecutive catalytic events, respectively. c Single-molecule tra-
jectories over many particles during a short imaging period. d and e 
Ratio of the measured reaction rate over the diffusion rate over d NPs 
encapsulated by mesoporous silica shell and e bare NPs, respectively. 
Adapted from Dong et al. [76] with permission from Springer Nature
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and hydrogen-transfer reactions [67]. It has been shown 
at both the ensemble and single-molecule level that a 
change of substituent on the styrene moiety as well as 
the solvent medium alters the turnover rate of proton-
transfer processes and reactivities of reactants [67, 69, 
123]. However, an accurate structural elucidation of the 
guest molecule was missing, which is essential to under-
stand the guest–host chemistry. Therefore, we have fur-
ther combined SMLM, solid-state NMR spectroscopy, 
and density functional theory (DFT) calculations [70] to 
establish molecular understanding of host–guest chemis-
try in detail. A large variation in blinking dynamics was 
observed in the SMLM measurements for styrene-derived 
emitters, suggesting a heterogeneous microenvironment 
of the fluorescent molecules. This was corroborated by 
NMR spectroscopy, as both line broadening and multi-
ple resonances were observed for the reactant. Based on 
the observed reaction products with NMR spectroscopy, 
a reaction pathway was proposed. When a styrene mol-
ecule is chemisorbed, it is prone to an attack from a second 
styrene molecule resulting in a fluorescent carbocationic 
product. Its fluorescence is quenched after proton transfer 
to the zeolite Brønsted acid site, and a neutral non-fluores-
cent dimer is formed. DFT calculations showed that this 
proton transfer is reversible, and the switching between 
these two states is largely depended on the relative stabil-
ity of the products and the local position of the Brønsted 
acid site within the zeolite micropore. The equilibrium 
between carbocation and neutral states was significantly 
shifted by changing solvents and substituents on the sty-
rene. This combined approach showed that the blinking 
dynamics as observed with SMLM strongly depended on 

the local chemical environment imposed by zeolite frame-
work and guest solvent molecules.

Super-resolution fluorescence microscopy has also been 
integrated with electron microscopies, i.e. SEM and TEM, 
which enables the direct correlation of catalyst structure with 
its performance at the nanoscale [66, 105, 124]. Van Loon 
et al. used an integrated fluorescence and electron micro-
scope (iFlEM, Fig. 17a) to investigate the effect of nanocrys-
tallite structure on the catalytic performance of industrial 
MOR zeolites [124]. Figure 17b displays the SEM micro-
graph and optical transmission image of a H-MOR aggre-
gate from an industrial sample. A direct comparison clearly 
demonstrates that the structural complexity of the small 
particles in typical zeolite samples cannot be captured by 
diffraction-limited optical imaging. The crystal aggregates 
consisted of intact crystals together with other protruding 
fragments. Morphology analysis showed that the two main 
crystals are crystallographically perpendicular to each other. 
Overlay of the NASCA and SEM images revealed signifi-
cant activity at all the interfaces between crystals, suggesting 
that intercrystalline intergrowth structures in H-MOR aggre-
gates have a major contribution to the overall activity. The 
developed iFlEM approach was also applied to investigate 
the effects of acid leaching (Fig. 17c). The correlated SEM 
micrograph and quantitative NASCA activity map showed 
that the catalytic activity in the acid leached particle still 
predominantly resided at the edges of the orange crystal and 
the intergrowth (Fig. 17c). Recently, the catalytic hotspots in 
H-ZSM-22 as discussed above were verified by the iFlEM 
approach [105]. Another application of the integrated light 
electron microscopy (iLEM) was reported by Hendriks et al. 
for the study of structure–activity relationships in complex, 

Fig. 16  a Schematic representation of the used optical micro-
(spectro)scopic assay of NASCA (top) and stimulated Raman scat-
tering (SRS) microscopy. b Quantitative analysis of NASCA reac-
tivity maps obtained for 500 × 500 × 800  nm3. (A) Parent H-MOR 
crystal; (B) severely dealuminated H-MOR crystal; (C–E) mildly 
dealuminated MOR crystals at different stages of dealumination. c 

SRS micro-(spectro)scopic mapping (2249 cm−1) of PhCN adsorbed 
in H-MORs from (A) early, (B) intermediate and (C) late stages of 
dealumination as well as (D) severely dealuminated H-MOR. Scale 
bar 3 μm. Note that the color bars are enlarged from original figures 
for clarification. Adapted from Liu et al. [122] with permission from 
American Chemical Society
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hierarchically structured FCC catalysts with the combination 
of NASCA and TEM [66]. The thiophene oligomerization 
reaction product was used as fluorescent reporter (Fig. 2d) 

and revealed regions with high catalytic activity (Fig. 17d). 
The correlation between reactivity and structural features 
was explored by quantitative analysis of a region of interest 
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(ROI) within a catalyst thin section of 20 × 20 μm2. Based 
on the structural features from the TEM image, the region 
of interest (ROI) was then manually classified into zeolite 
material and non-zeolitic matrix material (Fig. 17e). The 
zeolite material was found to be homogeneously distributed 
in this ROI, covering 38% of the surface of the thin section. 
A further 46% was covered by matrix material, while 16% 
contained no material. As discussed before, Ristanović et al. 
found that the reactivity found with NASCA microscopy 
correlated directly with the SOFI intensity [99]. Because 
the number of detected single turnovers was low, the SOFI 
intensity of each of these categories was evaluated as a 
measure of reactivity, as shown in Fig. 17f. A significantly 
higher reactivity was found for the zeolite phase compared 
to the matrix material, showing that the zeolite material has 
most catalytic activity within the catalyst for the thiophene 
oligomerization probe reaction.

5  Conclusions and outlook

Single-molecule measurements have uncovered fascinating 
heterogeneous motion behavior and reactivity in nanopo-
rous solids. To date, most studied materials have been well-
defined or ordered materials, such as mesoporous silica and 
zeolites, and single-molecule microscopy has proven to be 
very sensitive towards defects in these materials. Therefore, 
it would be particularly interesting to study how mass trans-
port and reactivity are affected by defects in materials such 
as MOFs via correlation with material properties and surface 
topology obtained with atomic force microscopy–infrared 
microscopy (AFM–IR) and scanning tunneling microscopy 
(STM). High resolution spectral mapping of the fluorescent 
reaction products using tip-enhanced fluorescence (TEFL) 

microscopy could provide additional information about 
the reaction products formed at high concentration [125]. 
Such correlative approaches will also be highly beneficial 
for the study of structure–performance relationships in less-
ordered materials such as complex heterogeneous catalysts, 
for example FCC particles and extrudates.

Correlation of SMLM with other microscopy tech-
niques that are capable of capturing the pore space has 
great value [101] with high potential for the future. By 
overlay SMLM images with TEM micrographs, Zürner 
et al. have provided the first direct evidence that single-
molecule trajectories follow the pore-connectivity and 
accessibility in mesoporous silica [60]. In more complex, 
heterogeneous pore spaces such as FCC particles, mass 
transport was dominated by transient trapping of the mol-
ecules [56]. The origin of these traps remains an open 
question. Correlation of the single-molecule trajectories 
with the pore space and composition imaged with e.g. 
X-ray tomography techniques or focused ion beam–SEM 
could answer this question [126, 127]. Recently, sequen-
tial two-dimensional correlative imaging of a microtomed 
FCC particle was demonstrated by Hendriks et al., which 
allowed correlation of reactivity with the material mor-
phology and elemental composition as shown in Fig. 18 
[128]. However, alignment of the micrographs obtained by 
different microscopy techniques is challenging, especially 
when they are recorded consecutively and in three dimen-
sions [101, 129]. The combination of super-resolution 
imaging correlated with SMLM appears to be a prom-
ising new route. A recently developed super-resolution 
technique that specifically targets interfaces is a promis-
ing approach to obtain fast and reliable information on 
the accessible pore space and would allow correlation in 
a single experiment [130].

Ultimately, one would like to be able to predict mass 
transport properties based on a material’s pore space and 
vice versa. This would be a big step towards a rational design 
of functional nanoporous materials, such as catalysts and 
membranes. A promising way to do this is using machine 
learning (ML), that is, by training a computer how a single-
molecule trajectory ‘looks’ when a probe moves in a specific 
pore environment [94] complemented with the known fun-
damentals of diffusion [4, 11]. For ML, a large and diverse 
(i.e. unbiased) training set is required, which ‘knows’ both 
the trajectories and the pore space. Here, high-throughput 
correlative microscopy is crucial to record these data sets, 
and poses an interesting experimental challenge. Moreo-
ver, ML could also significantly speed up localization and 
tracking analysis in such large data sets, as deep learning 
methods have already been demonstrated to speed up the 
image-reconstruction in SMLM [131].

In less complex systems, that is, well-defined pore sys-
tems, imaging of the pore space is not always necessary. 

Fig. 17  a Schematic representation of the iFlEM. The insets show an 
inside view of the electron beam–sample–objective lens configuration 
for taking correlated SEM (top) and SMF images (bottom). b and c 
Overlay images of the detected individual fluorescent products (cyan 
dots) on the SEM micrographs (left) and the corresponding schematic 
representations indicating the different crystallographic axes (right) 
for b parent and c acid leached MOR zeolites, respectively. Adapted 
from Van Loon et al. [124] with permission from American Chemi-
cal Society. d Schematic of sample preparation and the analysis of 
an FCC catalyst particle thin section using the iLEM. FCC particles 
embedded in epoxy resin (yellow) are microtomed into thin sections 
and deposited onto a SiN membrane (left). The thin section was then 
analyzed by TEM (middle), NASCA microscopy, and SOFI analy-
sis of thiophene-oligomerization reaction products (right). The red 
dots indicate single turnovers and are manually overlaid on the SOFI 
reactivity map. Because the sample was slightly out of focus in the 
top right corner, fewer turnovers are observed in this region. e TEM 
images show different types of ultrastructure including zeolite crys-
tals (red), non-zeolitic matrix material (blue) and no material (gray). 
f Box plots of the SOFI intensity in the areas of each type of material 
classified. Adapted from Hendriks et  al. [66] with permission from 
Wiley (Color figure online)

◂
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Such systems allow the measurement of diffusion along spe-
cific axes of the material, which allows direct correlation of 
mass transport with the pore structure. As discussed, materi-
als with large ordered porous domains have made such cor-
relation possible in mesoporous silica [57, 58, 60] and MOFs 
[92]. Model systems with uniform pore alignments are par-
ticularly interesting for materials with an anisotropic pore 
structure. Fu et al. demonstrated that this allowed differen-
tiation between diffusion in straight and sinusoidal pores 
in ZSM-5 zeolites, which governs the differences in reac-
tion performance [93, 132]. Altogether, this is a powerful 

approach and holds great potential to be applied with other 
ordered microporous materials as well [133].

Reactive fluorophores have been shown to provide a 
detailed insight into the spatial and temporal conversion 
behavior of nanoporous catalysts; however, mass transport 
is always probed indirectly. An experiment in which both 
diffusion of the reactant and product as well as the reac-
tion event are recorded would allow direct observation of 
the relation between mass transport and reactivity. Up to 
date, such experiment has not been reported in nanopo-
rous catalysts, probably due to challenging fluorophore 

Fig. 18  a Schematic representation of a correlative microscopy 
approach showcased on a sliced FCC particle (yellow circles). Three 
steps were performed sequentially: (1) fluorescence imaging of 
the thiophene-stained sample to quantify the reactivity using SOFI 
analysis, (2) X-ray fluorescence micro-spectroscopy to collect the 
elemental distribution, and (3) SEM imaging after platinum coating 
to capture the material morphology. b Experimental results follow-

ing the experiment described in a of an FCC particle microtomed into 
100 nm thin slices. Three different regions of interest are shown, and 
the SEM, SOFI, and elemental distribution maps are given for each 
of these regions. The yellow region has a different morphology than 
the other regions, which is reflected in the different SOFI reactivity 
and elemental distribution. Adapted from Hendriks [128] (Color fig-
ure online)
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design. The emission of the BODIPY-dye developed by 
de Cremer et al. undergoes a spectral shift upon epoxi-
dation (Fig. 2e), which would allow such measurements, 
however only reaction events were reported in their work 
[73, 74]. An alternative approach is to use energy trans-
fer from an acceptor fluorophore to a donor fluorophore, 
which are connected by a cleavable linker, to identify and 
track the individual components. Such a reactive fluores-
cent probe represents cleaving processes of large organic 
species found in e.g. biomass and vacuum gas oil. Energy 
transfer in dyads and dendrimeric structures of rylene dyes 
have a high efficiency (> 90%), but upon cleaving at an 
active site of the catalyst, energy transfer becomes read-
ily inefficient due to an increased distance between the 
fluorophores [134, 135]. By alternating excitation of the 
fluorophore moieties, the uncleaved dye can be differenti-
ated from its cleaved subunits and tracked individually. It 
was demonstrated that the trajectories of a photocleavable 
PDI–TDI-based dyad allowed tracking of the ‘reaction’ 
event as well as diffusion of the dyad and subunits [135]. 
Moreover, the strong distance dependence of the energy-
transfer efficiency allowed the authors to measure low dif-
fusion constants in the order of D < 10−19  m2/s.

Single-molecule trajectories contain a wealth of informa-
tion about the interplay between mass transport properties 
and pore space in nanoporous solids. While mapping those 
trajectories is a common tool to study transport in biological 
systems, it is still a niche subject in materials science [21]. 
Nevertheless, the potential is enormous despite the many 
more experimental challenges that need to be overcome 
when studying solid materials in comparison to the systems 
studied in biology. Many nanoporous solids have an inho-
mogeneous refractive index and strong absorption of visible 
light, however, both advanced model system and experi-
ment design can tackle these challenges: (1) development 
and application of fluorophores operating in the infrared 
allows deeper imaging into the sample due to reduced light 
scattering. This comes at the expense of a lower resolution, 
because of the longer wavelength of infrared than visible 
light. (2) One could for example design optically transpar-
ent model systems with pore spaces representative for real 
pore systems, which increases the signal-to-noise and allows 
imaging deep into the sample. The mass transport behaviors 
could then be directly translated to the nanoporous solid 
of interest. (3) For materials with a heterogeneous matrix, 
the signal-to-noise ratio can be drastically improved by slic-
ing the nanoporous solid into slabs [66]. Reconstruction of 
mass transport through the pore space will, however, still 
be a highly complex task if the accessibility of the full pore 
space has to be considered. Here, (correlative) microscopy 
approaches using 3D imaging methods that are able to cap-
ture the whole pore space will be needed.

In conclusion, SMLM has established itself as a powerful 
method to reveal heterogeneities in mass transport and reac-
tivity in nanoporous solids at the single-molecule level. The 
origin of these heterogeneities has been partially unraveled, 
but many open questions remain—particularly in complex, 
hierarchical pore systems. We see a bright future for SMLM 
in materials science and believe that many of the open ques-
tions can be addressed with the methods outlined in this 
work.
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