
Very Important Paper

Molecular Accessibility and Diffusion of Resorufin in Zeolite
Crystals
J. J. Erik Maris+,[a, d] Luke A. Parker+,[a, c] Katarina Stanciakova,[a] Nikolaos Nikolopoulos,[a]

Koen M. H. Berendsen,[a] Alfons van Blaaderen,[b] Florian Meirer,[a] Freddy T. Rabouw,[a, b] and
Bert M. Weckhuysen*[a]

We have used confocal laser scanning microscopy on the
small, fluorescent resorufin dye molecule to visualize
molecular accessibility and diffusion in the hierarchical,
anisotropic pore structure of large (~10 μm-sized) zeolite-β
crystals. The resorufin dye is widely used in life and
materials science, but only in its deprotonated form because
the protonated molecule is barely fluorescent in aqueous
solution. In this work, we show that protonated resorufin is
in fact strongly fluorescent when confined within zeolite
micropores, thus enabling fluorescence microimaging ex-
periments. We find that J-aggregation guest–guest inter-
actions lead to a decrease in the measured fluorescence

intensity that can be prevented by using non-fluorescent
spacer molecules. We characterized the pore space by
introducing resorufin from the outside solution and follow-
ing its diffusion into zeolite-β crystals. The eventual homo-
geneous distribution of resorufin molecules throughout the
zeolite indicates a fully accessible pore network. This
enables the quantification of the diffusion coefficient in the
straight pores of zeolite-β without the need for complex
analysis, and we found a value of 3×10� 15 m2 s� 1. Further-
more, we saw that diffusion through the straight pores of
zeolite-β is impeded when crossing the boundaries between
zeolite subunits.

Introduction

Zeolites are industrially important porous materials as their
microporosity allows for shape-selective catalysts.[1–3] One of the
industrially most applied zeolites is zeolite-β. It has numerous
applications in the production of fine chemicals as well as in
the petrochemical industry, often as a catalyst for alkylation and

transalkylation reactions.[2,4,5] Mass transport is often the limiting
step in its application because of the strong interaction
between guest molecules and the micropore walls of the zeolite
host material.[6–9] Therefore, the rational design of even more
efficient zeolite materials requires careful characterization of
their pore network and better understanding of mass transport
therein, including the involved intricate host–guest chemistry
and physics.

Zeolite-β has the BEA framework constituting intersecting
6.6×6.7 Å straight channels along the crystallographic a- and b-
axes. These channels are built from rings of twelve tetrahedra,
classifying zeolite-β as a large-pore zeolite.[2,10] Along the
crystallographic c-axis, well-defined sinusoidal channels with a
size of 5.6×5.6 Å and zigzag shape are present in the ordered
polymorph A, whereas these channels are randomly shaped in
the disordered zeolite.[11–13] Regardless of the (dis)order along
the crystallographic c-axis, uniform straight channels are formed
in the zeolite. The channels in the a-, b-, and c-directions are
interconnected, creating an anisotropic, three-dimensional pore
network.[10,11,14,15] Thus, consideration of the pore anisotropy
when investigating molecular diffusion and the pore structure
is essential for the improvement of zeolite-β and other micro-
porous materials.

The advent of micro-imaging techniques, notably inter-
ference microscopy and infrared micro-imaging, has en-
abled direct measurements of mass transport and molecular
diffusion barriers on the single-zeolite-crystal level.[6,16,17]

Cuboid crystal shapes and symmetries are preferred for
these micro-imaging techniques as the concentration of
diffusing molecules is only obtained as a two-dimensional
projection image.[17] Diffusion in more complex zeolite
crystal shapes, such as zeolite-β’s truncated bipyramid
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shape, can only be interpreted straightforwardly when the
concentration is imaged in three dimensions. Confocal laser
scanning microscopy (CLSM) can accomplish this provided
that proper fluorescent diffusing molecules are available.
Even information about the fluorescent molecule’s micro-
environment, such as polarity and pH, can be inferred
directly from its emission spectrum.[18,19] Nonetheless, re-
ports of CLSM used for the visualization of diffusion in
microporous solids or their microenvironment are relatively
scarce[20,21] because most fluorescent molecules are larger
than typical zeolite pores (e. g., rhodamine dyes), prohibit-
ing them from entering and probing the local chemistry in
the micropore structure.

Resorufin is a promising fluorescent dye because it is
sufficiently small to enter zeolite pores and has favorable
photophysical properties. The molecule has a pKa of 5.8 in
water, meaning that above pH 5.8 most molecules exist in
free solution in a deprotonated, anionic form (Figure 1a).
This form of resorufin is used for fluorescence assays in

biology and catalysis[7,8,22–27] because of its long excitation
and emission wavelength, high fluorescence quantum yield,
large molar absorptivity, and good stability against light
irradiation and pH changes.[28–30] Below pH 5.8 resorufin
exists in aqueous solution predominantly as neutral, proto-
nated molecule, which is poorly soluble and only weakly
fluorescent,[30] and consequently has not found use as
fluorescent probe.

Here, we investigate resorufin as a probe for CLSM
microimaging experiments and demonstrate its application
in large zeolite-β crystals. Our study starts with the
observation that protonated resorufin exhibits bright
fluorescence when it is confined in the pores of zeolite-β.
The bright fluorescence is affected by guest–host and
guest–guest interactions. Both the aggregation behavior
and dissociation state of the resorufin are found to affect its
fluorescence properties. We identify molecular J-aggrega-
tion as the dominant interaction via comparison of exper-
imental microimaging diffusion videos with a model consid-

Figure 1. a) Properties of resorufin in basic (left) and acidic (right) aqueous solution. Selective excitation of deprotonated resorufin (Res� ; b) and protonated
resorufin (ResH; c) in and around a zeolite-β crystal incubated for 3 h in a slightly pH-basic resorufin solution. Confocal laser scanning microscopy micrographs
recorded with the excitation wavelengths and intensity given in (a). d) Emission spectra in the zeolite and solution from (b) overlaid with a reference spectrum
of Res� recorded in aqueous solution. e) Emission spectrum in the zeolite from (c) overlaid with a reference spectrum of ResH recorded in aqueous solution. f)
Normalized emission spectra of the τ1�0.3 ns (smoothed by a 25 nm moving average) and τ2 =0.49 ns components of protonated resorufin (ResH) overlaid
with a reference emission spectrum of ResH recorded in aqueous solution. g) Decay curve of the fluorescence from an aqueous slurry of resorufin-stained
zeolite-β averaged over the detection wavelengths 530–700 nm (green dots) and a bi-exponential fit (solid black line). The decay components τ1 =1.1 ns
(yellow) and τ2 =3.2 ns (purple) of the fit are indicated by the dashed lines. Normalized emission spectra of the τ2 =3.2 ns (h) and τ1 =1.1 ns components (i)
overlaid with the reference emission spectra of Res� and ResH recorded in aqueous solution, respectively.
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ering the relevant guest–host and guest–guest interactions.
Finally, the accessibility of the zeolite’s pore network as well
as the molecular diffusivity into the pores are studied in
conditions where J-aggregation is suppressed.

Results and Discussion

Resorufin for microimaging experiments

In a typical CLSM micro-imaging experiment, we introduce an
aqueous solution of deprotonated resorufin (Res� ) dye to
~10 μm-sized zeolite-β crystals suspended in water (material
characterization in Section S3 in the Supporting Information).
Here, barely any fluorescence signal from inside the zeolite
crystal is observed for excitation wavelengths around the
absorption maximum of Res� (Figures 1b and S3). The meas-
ured weak signal is consistent with deprotonated Res� in
Figure 1d. Surprisingly, we observe the strongest fluorescence
signal inside the zeolite when excited at 493 nm, which
corresponds to the absorption maximum of neutral resorufin,
ResH (Figures 1c and S3). The emission spectrum matches the
ResH reference spectrum in Figure 1e and confirms that ResH
instead of Res� is the dominant fluorescent species inside the
zeolite near neutral pH, despite its weak fluorescence in
aqueous solution.

The ResH fluorescence intensity inside the zeolite (Fig-
ure 1c) is higher than that of Res� in solution (Figure 1b)
when excited with the same intensity at their respective
absorption maximum. This demonstrates that zeolite-con-
fined ResH, similarly to Res� in aqueous solution, possesses
good optical properties for a fluorescent probe, including a
relatively large molar absorptivity and/or high fluorescence
quantum yield. Direct comparison with the brightness of
Res� per molecule is not possible in this experiment, because
the concentration of ResH inside the zeolite is unknown.

We further investigated ResH fluorescence inside the zeolite
and in homogeneous aqueous solution through the excited-
state fluorescence lifetime. A lifetime of 3.0 ns is found for Res�

in aqueous solution; however, a completely different picture
emerges for ResH. We find two lifetime components in water (τ1

�0.3 and τ2 =0.49 ns), while one would expect only a single
component for a single fluorescent species in solution (Sec-
tion S4). We assign this extra component to molecular aggrega-
tion.

Ultraviolet–visible spectroscopy in combination with density
functional theory (DFT) computations reveal that ResH predom-
inantly forms H-aggregates in solution (Sections S5.1, S5.2). The
lifetime of H-aggregates is known to be shorter because of
efficient non-radiative pathways that are available when the
molecules are in close contact, resulting in weak
fluorescence.[31–33] We reconstruct the emission spectra of the
�0.3-ns and 0.49-ns lifetime components to identify their
molecular origin. Because the lifetime components have a
similar emission spectrum identical to ResH, it can be concluded
that both originate from ResH, either from monomeric mole-
cules (0.49 ns) or aggregates (�0.3 ns; Figure 1f).

We employ a similar approach to investigate resorufin’s
fluorescence inside the zeolite. The lifetime in an aqueous slurry
of resorufin-stained zeolite-β is probed using 510 nm excitation,
which allows for simultaneous excitation of Res� and ResH (see
excitation spectra in Figure S3). Upon confinement of some of
the dye within the zeolite, two different fluorescent species are
present resulting in a biexponential decay with lifetime
components of τ1 =1.1 and τ2 =3.2 ns (Figure 1g). The recon-
structed emission spectrum of the τ1 =1.1-ns component
matches the emission spectrum of ResH (Figure 1h),[29,34] while
the spectrum of the 3.2-ns lifetime component is in agreement
with the spectrum of aqueous Res� (Figure 1i). No τ�0.3-ns
lifetime component is found for resorufin confined in the
zeolite, showing that aggregation-induced quenching is sup-
pressed inside the zeolite micropores at these concentrations,
which leads to enhanced ResH fluorescence with respect to
aqueous solution.

We compare the fluorescence lifetimes obtained from
resorufin confined in the zeolite with references recorded in
aqueous solution. The fluorescence lifetime of Res� increases
marginally from 3.0 to 3.2 ns in the presence of a zeolite
material, probably because Res� is mostly in aqueous solution.
Importantly, the fluorescence lifetime of monomeric ResH
increases through interaction with the zeolite, from 0.49 to
1.10 ns, resulting in enhanced fluorescence. Similar enhance-
ments in fluorescence via the quantum yield have been
observed for the dye pyronine Y, when strongly confined within
microporous MgAPO crystals, as a result of the rigidity imposed
on the dye molecule by the micropores.[33] Based on these
observations, we expect that monomeric ResH is stabilized
inside the zeolite micropores resulting in brighter ResH
fluorescence upon confinement.

Guest–guest and guest–host interactions

To understand and use resorufin as a fluorescent probe in
zeolite materials, we first characterize the interactions that
affect ResH fluorescence inside the zeolite. Therefore, the acid
dissociation equilibrium of resorufin confined inside the pores
of zeolite-β as a function of the pH in external solution is
investigated first. We measure the fluorescence emission
spectrum after 45 min incubation of the zeolite in a pH 7
aqueous solution of resorufin. Here, we record the emission
spectrum of ResH excited close to its absorption maximum
(Figure 2a). The formation of ResH species inside the zeolite at
near neutral solution pH, which is ~1 pH point above resorufin’s
pKa, indicates that the pH inside the zeolite is more acidic than
in the solution outside. Addition of extra ammonia base to
reach pH 9 in solution, then followed by 35 min incubation,
results in the loss of the ResH emission spectrum inside the
zeolite. Instead, we measure the emission spectrum of Res� ,
even when we excite close to ResH’s absorption maximum
(Figure 2b). We find that an increase in the external pH from 7
to 9 leads to ResH deprotonation inside the zeolite. Thus, the
fluorescence signal from ResH is decreased when the pH in the
external solution is sufficiently high.
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We further investigate the effect of the solution pH on the
measured fluorescence intensity in two different crystals,
incubated in a resorufin solution of pH 7 or 9 (Figure 2c, d).
Here, the acid dissociation of resorufin is followed by exciting
close to the absorption maximum of ResH (λex =493 nm) or
Res� (λex =560 nm) and recording the fluorescence emission.
Based on the UV-Vis absorption spectra of the molecules, cross-
excitation of Res� at 493 nm and ResH at 560 nm excitation
wavelengths can occur to a slight degree (Figure S3). In
Figure 2c, the temporal evolution of the ResH and Res�

fluorescence intensity inside a single zeolite-β crystal is shown
at solution pH 7. The Res� fluorescence intensity is low
compared to the ResH intensity at solution pH 7, and the Res�

signal is likely a result of cross-excitation of ResH (note the 10×
magnification of the Res� signal). The intensity profile of ResH
has not yet reached a maximum or plateau after 45 min. At
solution pH 9, both ResH and Res� are present simultaneously
within the zeolite (Figure 2d). In contrast to the filling at pH 7,
the intensity profile of ResH reaches a maximum within 10 min
at pH 9. Interestingly, the summed intensity decreases steadily

after its peak, and the loss in ResH or Res� is not compensated
by gain of the conjugate dissociation state. This indicates that
the measured resorufin fluorescence intensity inside the zeolite
crystal is sensitive to another, more dominant process in
addition to the local pH.

As we will see below, the decrease in overall fluorescence in
the zeolite is a result of aggregation-induced quenching at high
concentrations. To explore this, the enthalpy of ResH aggrega-
tion inside the straight pores of zeolite-β is computed with DFT.
The same types of dimer aggregates as in aqueous solution are
considered, and their structures are shown in Figure S10. In
contrast to aggregation in aqueous solution, H-stacking is
always unfavored, with an endothermic reaction energy of
>10 kJmol� 1, showing that the straight channels are not large
enough to accommodate H-dimers. However, J-type aggrega-
tion is very favorable leading to the formation of J-dimers in
zigzag orientation with a reaction enthalpy of � 49.4 and
� 71.3 kJmol� 1 with respect to two different relative orienta-
tions (N� N and N� O). These aggregates are known to quench
fluorescence in confinement. Martínez-Martínez et al. reported
that fluorescent molecules confined in microporous MgAPO
had the highest relative quantum yield when the pore structure
prevented close-packed J-aggregates, while the fluorescence
intensity decreased when J-aggregation was possible.[33]

ResH J-aggregation in the pores of zeolite-β is further
investigated with UV-Vis absorption spectroscopy and DFT
calculations. We compare the baseline-corrected absorption
spectrum of zeolite-β crystals incubated in an aqueous resorufin
solution with the absorption spectrum of monomeric ResH
(Figure 3a). The main absorption band is red shifted by 20–
25 nm with respect to the monomer, while the absorption band
at 400 nm remains the same. Moreover, a similar spectral shift
and broadening is found for dried and Milli-Q-water-washed
samples both incubated in a resorufin solution with pH 7 and 9.
The red shift is an indication that ResH J-aggregation occurs
within the pores of zeolite-β.

The measured shift in absorbance is compared with time-
dependent DFT computations of the J-aggregate UV-Vis
absorption spectra shown in Figure 3a, b (see also Section S5.3).
The measured red shift of 20–25 nm is larger than the
computed 6–15 nm shift as a result of confinement by the
zeolite; therefore, the measured shift is likely a result of J-
aggregation. Based on the DFT computations, a red shift of 11–
27 nm is expected for J-aggregates, which matches our
experimental observation. Nevertheless, we must be careful
with these assignments as the shifts in absorption wavelength
as a result of aggregation are small and the accuracy of the
calculations and measurement is limited.

Two alternative explanations for the decrease in intensity
are less likely: photobleaching by the laser and the formation of
a nonfluorescent covalent dimer. First, we investigate the effect
of photobleaching by recording the same field of view at a fast
and slow imaging rate, thereby changing the laser exposure
(Figure 4a). The intensity decrease is independent of the
excitation rate, which shows that the loss of fluorescence
intensity is not related to photobleaching. Second, we inves-
tigate the condensation reaction of two ResH molecules into a

Figure 2. a) Fluorescence emission spectra of resorufin inside a zeolite-β
crystal (λex =493 nm) soaked in water, followed by incubation in ~10 nM
ammonia (corresponding to pH 7) and 50 μM resorufin starting at
time=0 min. The fluorescence emission spectrum after 45 min (purple) is
compared to a reference spectrum of protonated ResH (green). b)
Fluorescence emission spectrum of the same sample as in (a), but incubated
for another 35 min in ~5 μM ammonia (corresponding to pH 9), compared to
a reference spectrum of deprotonated Res� . Total intensity as a function of
time inside two different H-zeolite-β crystals after incubation in an ammonia
solution at pH 7 (c) or 9 (d) and 50 μM resorufin. Excitation wavelengths of
493 and 560 nm enabled the selective excitation of ResH and Res� ,
respectively. For clarity, the signal from the 560 nm excitation in (c) is
multiplied by 10. The fluorescence emission in (a)–(d) was recorded from
within the center plane of the zeolite by using confocal laser scanning
microscopy.
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non-fluorescent covalent dimer (Figure 4c). Alkylation of the 7-
hydroxy group of resorufin such as in the covalent dimer, is
expected to result in the quenching of the resorufin
fluorescence.[22,35] Our DFT calculations show that the condensa-
tion reaction is very endothermic and has a reaction enthalpy
of +71.2 kJmol� 1. Therefore, it seems unlikely that the large
intensity decrease can be explained by this pathway. Never-
theless, the simulated UV-Vis absorption spectrum of the dimer
in the zeolite contains a main adsorption peak around 534 nm
with another band at 400 nm, which is similar to the measured
experimental UV-Vis absorption spectrum in zeolite-β (compare
the simulated red-shift in Figure 4b with the experimental one
in Figure 3a). Thus, it cannot be excluded that small fractions of
a covalent dimer are formed. Considering these factors, a
decrease in fluorescent intensity due to J-aggregation inside
zeolite-β is the most plausible explanation for the observed
ResH fluorescence intensity.

Interactions studied through the filling profile

The different resorufin filling profiles at solution pH 7 and 9
(such as shown in Figure 2c, d) are further investigated. To
understand these kinds of profiles, we take a closer look at
the guest–guest and guest–host interactions identified in
the previous section and their effect on the filling of the
zeolite. The zeolite crystals are first incubated in water, and
an aqueous resorufin solution is added at time = 0 min. The
resorufin diffusion into two zeolite-β crystals at an external
pH 7 and 9 is shown in Figure 5a. We represent the intensity
profile through the crystals’ center with a kymograph
(Figure 5b, c), and the intensity profile at a quarter relative
position is plotted in Figure 5d. Here, a fast rise followed by
a slower decay of the fluorescence intensity describes both
profiles. However, the intensity peaks later and the rates of
the rise and decay are lower at an external pH 7.

The filling behavior provides insight into guest–guest and
guest–host interactions. The concentration profile of resor-

Figure 3. a) Baseline-corrected, normalized UV-Vis absorption spectrum in zeolite-β recorded by microspectroscopy after incubation for 5 min in 100 mM
resorufin at pH 9. The spectrum is overlaid with the bulk absorption spectra of protonated resorufin (ResH) in aqueous solution at 5×10� 7 M. b), c) Simulated
UV-Vis absorption spectra of ResH compared with various protonated resorufin ResH J-dimer aggregates. The spectra of head-to-tail J-dimer (b) and zigzag J-
dimer (c) with respect to ResH are shown.

Figure 4. a) Total emission intensity from a H-zeolite-β crystal incubated in Milli-Q water followed by 32 min of incubation in 12.5 mM HEPES (pH 7.4) and
50 μM resorufin (λex =493 nm). The intensity was recorded from within the center plane of the same crystal at rates of 1 and 20 Hz by using confocal laser
scanning microscopy. Because the 20 Hz series was recorded after the 1 Hz series, it is multiplied by 1.19 to overlay the curves. At both imaging rates, the
decrease in mean intensity is similar. This indicates that resorufin photobleaching due to laser exposure is not a dominant factor in the observed fluorescence
intensity decrease over time. b) Simulated UV-Vis absorption spectra of protonated resorufin compared with a covalent resorufin dimer. c) Schematic
representation of the condensation reaction forming a covalent dimer.
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ufin and ammonia inside the zeolite is computed over time
with a diffusion model. From this, we calculate an intensity
profile by either considering aggregation-induced quenching
or deprotonation of ResH as a function of the modelled local
pH. Here, we assume that all fluorescence originated from
ResH. Then, the simulated and experimental kymographs are
compared to find the dominant guest–guest and guest–host
interactions.

Most likely is the scenario where the fluorescence
intensity is quenched at increasing resorufin concentration
due to J-aggregation of the molecules (see comparison
scenarios in Section S6). The fluorescence intensity I(x, t) is
assumed to be proportional to the ResH concentration c(x, t)
minus a quadratic term accounting for aggregation-induced
quenching,

IJ� aggregationðx, tÞ / cðx, tÞ� Acðx, tÞ2 (1)

with A being a proportionality constant. The intensity profile
matches the shape of the experimental profile well both at
pH 7 and 9 (Figure 5e). We conjecture that a higher concen-
tration of ResH aggregates in solution at pH 7 might block
surface pore openings, thereby increasing the surface barrier.
This leads to the stretching of the intensity profiles as observed
in the experiment. Variations in the surface barrier of individual
zeolites crystals from the same synthesis have been
reported.[36,37] This can account for the observed variations in
the shape of the profile between crystals from the same
synthesis batch.

To maintain a high emission intensity, even at high dye
loading and/or basic conditions, we use a pH 7.4 HEPES buffer

to quench guest–host and guest–guest interactions (see
demonstration and discussion in Section S7.1). HEPES can
mitigate changes in local pH as well as J-aggregation. First,
HEPES is a pH-buffer molecule that keeps the pH constant
around 7, where resorufin deprotonation occurs only slowly.
Second, the relatively high concentration of HEPES molecules
(250× higher than resorufin in solution) can serve as a spacer
between resorufin molecules, preventing J-aggregation. These
conditions are employed to visualize accessibility—and later
diffusion—in the hierarchical and anisotropic pore structure of
zeolite-β crystals.

Pore space of zeolite-β mapped with resorufin

The accessibility and diffusion are visualized in the hierarchical
and anisotropic pore structure of zeolite-β crystals. We observe
strong variations in the ResH fluorescence intensity from
different zeolite crystals incubated for 5 days (Figure 6a),
despite the homogeneous appearance of the zeolite crystals in
scanning electron microscopy (SEM). The filling is in most cases
homogenous, and resorufin staining reveals that the micropore
structure is accessible throughout the whole crystal (Figure 6b).
The intensity is lower at the interface between the subunits
(Figure 6c). This demonstrates that these regions do not contain
a microporous structure and allow for ResH H-aggregation or
have a lower accessibility.[38] We use rhodamine 110 (Figure 6g)
complementary to resorufin to visualize non-microporous
defect voids because it does not fit inside the zeolite’s
micropores.[20,39] These defect voids make up a secondary pore
space, which together with the micropores form a hierarchical

Figure 5. a) Confocal laser scanning microscopy micrographs of H-zeolite-β crystals incubated in water followed by incubation in 50 μM resorufin at two
external pH values (λex =493 nm) starting at time=0. Kymographs along the red (b; pH 9) and orange (c; pH 7) solid lines marked in (a). d) Intensity profile at
25% of the relative position (white lines in b and c) under pH 9 and 7 conditions. e) Simulated intensity profile at 25% of the relative position of protonated
resorufin corrected for J-aggregation computed with a 1D diffusion model that accounts for a diffusion barrier.
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pore structure. We find a strong heterogeneity in the accessible
secondary pore space, ranging from crystals with a secondary
pore structure only at the edges to a fully permeated network
(Figure 6d). The pyramidal subunits, which are marked yellow in
Figure 6h, in many cases have an elaborate accessible secon-
dary pore structure (Figure 6e). Recent crystal-growth simula-
tions confirmed that the pyramidal subunits are highly
defective.[40–42] Most of the secondary pores fan out from the
center all the way to the outer surface. We conjecture that
these pores are formed from defects in an early stage of the
crystal growth and propagate in the growth direction.[43]

Focused ion beam (FIB)-SEM of a cut through the center crystal
plane reveals that the density of meso- and macropores is
significantly higher in the pyramidal subunits than in other
regions (Figure 6f). This shows that the higher density of these
pores results in a more interconnected secondary pore network.

Diffusion of resorufin/HEPES in zeolite-β

We demonstrate that ResH can be used as a probe to visualize
mass transport at the single-crystal level without background
contributions from the surrounding solution, which provides
good contrast in the early stages of diffusion. Snapshots from a
time-lapse microscopy video of ResH diffusion into a large
zeolite-β crystal are shown in Figure 7a. Resorufin preferentially
enters the crystal through the side edges via the exposed
straight channels as marked by the white arrows in Figure 7b
(i. e., crystallographic a- and b-axes in Figure 6h). The van der
Waals diameter of resorufin (7.3 Å) is slightly larger than the
size of the straight pores (6.7 Å), which are known to
accommodate molecules with dimensions larger than their
pore opening.[10,11,45] The observed diffusion anisotropy is in line
with our understanding of the pore structure that the “sinus-
oidal” pore openings are exposed at the surface of the
pyramidal subunits (Figure S4). Resorufin is 1.7 Å larger than the
sinusoidal pore openings (5.6 Å in polymorph A) and is not

Figure 6. Confocal laser scanning microscopy micrographs of H-zeolite-β crystals incubated for 5 days in a)–c) resorufin in 12.5 mM HEPES (pH 7.4,
λex =493 nm) and d), e) rhodamine 110 solution. A strong inter-crystal heterogeneity is apparent in the zoomed-out micrographs (a) and (d). Most crystals are
filled homogeneously with resorufin (b). The boundaries between the crystal subunits can sometimes be discerned (c). Orthogonal cross sections through the
center of the same crystal with the cartoon indicating the crystal orientation (e). f) Focused ion beam-scanning electron microscopy cross section shows the
meso- and macropore structure. The dotted lines indicate the subunit boundaries, and the black boxes indicate the magnified regions in the pyramidal (left)
and side (right) subunits. Rhodamine 110 does not fit into the zeolite’s micropores and mostly stains the pyramidal subunits (e) because of their higher meso-
and macroporosity (f). g) Chemical structures of protonated resorufin (top) and rhodamine 110 at neutral pH (bottom).[44] h) Exploded view of zeolite-β and its
subunits with the pyramidal subunits marked in yellow and side subunits marked in purple.
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likely to diffuse through—even when considering the random
pore geometry in the disordered zeolite-β; this explains the
negligible diffusion along the direction of these pores.[10,11]

The subunit boundaries impede diffusion along the direc-
tion of the straight pores, as evidenced by the clear diffusion
front along this line.[38,41,46] To visualize the diffusion barrier
more clearly, Figure 7c, d shows the intensity profile along two
lines parallel to the straight channels as a function of time.[43]

Figure 7c traces the red line of Figure 7b, which avoids the
subunit boundaries, while Figure 7d traces the orange line of
Figure 7b, which crosses such boundary. Until the ResH
molecules reach the boundary, the filling proceeds similarly
along both lines. The subunit boundary at 2.5 μm distance from
the crystal surface (Figure 7d) slows down the filling as a result
of the imposed diffusion resistance (Figure 7e and discussion in
Section S7.2).[38] Figure 7a, b reveals that the diffusion front is
ragged with spikes towards the crystal’s center, following the
direction of the secondary pore network towards the crystal’s
center. However, a large diffusion improvement in the direction
of the secondary pore network in the pyramidal subunits is not
observed. Large enhancements have been reported in hierarch-
ical zeolites with an elaborate secondary pore network,
provided that the network was interconnected along the
diffusion direction.[47,48] We suspect that the secondary pore
network in our samples is not sufficiently interconnected to
facilitate large diffusion enhancements.

We showcase the quantitative analysis of the diffusion along
the straight channels via kymograph analysis. The kymograph
shown in Figure 7c is taken for diffusion coefficient estimation.
We fit the first 15 min of the kymograph to prevent contribu-
tions from resorufin diffusing in from out-of-plane directions.
Some parts of the zeolite have a higher brightness after filling
than others. To reduce this effect, we normalize the intensity to
the equilibrium profile at 60 min (Figure 8a). We fitted the
kymograph to the well-known solution of Fick’s second law

assuming a constant source of resorufin molecules diffusing in
from one end, which models the excess of resorufin molecules
in solution, and a concentration-independent diffusion coeffi-
cient D, that is,

cðx; tÞ
c0
¼ 1 � erf

x
2
ffiffiffiffiffi
Dt
p

� �

(2)

with c the resorufin concentration, c0 the resorufin concen-
tration at the source, x the distance from the source, and t the
time after exposure to the source. We assume that the
measured intensity I is directly proportional to the local
resorufin concentration Inormal(x,t) ∝ c(x,t) fitted with Equation (2).
The normal diffusion model and residuals of the fit are shown
in Figure 8b, c. A diffusion coefficient of 7×10� 15 m2 s� 1 is found
for this crystal. The normal diffusion model is not able to fully
describe the kymograph. The model underestimates the
measured intensity in the domain indicated by the white arrow
in the residuals plot (Figure 8c). We investigate whether this
could be the result of aggregation-induced fluorescence
quenching due to J-aggregation. Following our findings, we
include aggregation-induced quenching in the model using
Equation (1). The J-aggregation model and residuals of the fit
are shown in Figure 8d, e. The J-aggregation model describes
the measured intensity better than the normal diffusion model,
as evidenced by the residuals closer to zero (Figure 8e). A
diffusion coefficient of 3×10� 15 m2 s� 1 is found for this crystal,
which is significantly lower than 7×10� 15 m2 s� 1 found with the
normal diffusion model. This analysis shows the importance of
the guest–host and guest–guest interactions for diffusion
coefficient estimation.

Figure 7. a) Confocal laser scanning microscopy micrographs of a H-zeolite-β crystal in water followed by incubation in 50 μM resorufin in 12.5 mM HEPES
(pH 7.4, λex =493 nm) starting at time=0. b) After 5 min of incubation in resorufin solution, it becomes apparent that the diffusion is along the direction of
the straight channels (white arrows) and is hindered by the inter-subunit boundaries (white dashed lines). Kymographs along the red “center” (c) and orange
“halfway” (d) solid lines marked in (b). e) Squared displacement of the diffusion front along the “center” and “halfway” positions (dots); fits (solid lines) serve as
guides to the eye. The subunit boundary is indicated by the dashed horizontal line in both (d) and (e).
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Conclusions

We have found that—contrary to current understanding—the
protonated form of resorufin is a viable fluorescent probe.
Inside a zeolite, H-aggregation-induced fluorescence quenching
was largely suppressed and protonated resorufin was stabilized,
resulting in a bright fluorescence. Our results indicated that J-
aggregation occurs within the zeolite pores at high resorufin
concentration. Moreover, the solution pH affected both the
dissociation state of resorufin inside the zeolite pores and the
rate of entrance into the zeolite. We directly visualized
anisotropic diffusion through the straight pores of zeolite-β and
found a diffusion coefficient of 3×10� 15 m2 s� 1. Moreover, we
directly showed the diffusion barrier imposed by the zeolite’s
subunit boundaries. In contrast to interference microscopy and
infrared microimaging, our approach allows rapid and direct
visualization of diffusion in microporous crystals with complex
shapes. Analysis is straightforward, as the diffusion can be
readily analyzed without the need for simulations to estimate
the concentration profile as a two-dimensional projection. The
small size of the resorufin probe makes it uniquely placed to
investigate the accessibility, diffusion (barriers), and possibly
even the local pH in zeolites and other microporous materials.
Regarding the latter, it is important to recall that there is a vast
literature on host–guest chemistry regarding transition metal
ion complexes already illustrating that the local pH within
zeolite cages and channels is different from what is expected
based on aqueous solution chemistry.[49–51] Local probes, such as
(protonated) dyes as well as the coordination spheres of
transition metal ion complexes, could help in determining
(changes in) the protonation chemistry within the confined
spaces of porous inorganic materials, including zeolites and clay
minerals.

Supporting Information

Details of the experimental methods, data analysis, and
supplementary experiments (PDF) as well as a time-lapse movie
of the data shown in Figure 7a (AVI) may be found in the
Supporting Information. The authors have also cited additional
references here.[52–79]
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Figure 8. a) Kymograph along red solid line marked in (“center” position in Figure 7b) cropped and normalized to last five frames of the full range of Figure 7c.
Normal diffusion model fit to (a) plotted in the same false color scale (b) and its residuals (c). J-aggregation diffusion model fit to (a) plotted in the same false
color scale (d) and its residuals (e). The aggregation diffusion model has smaller residuals, particularly in the domain marked by the white arrows.
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Resorufin has been investigated as a
fluorescent probe for 3D microimag-
ing in microporous materials. Under-
standing the processes, such as aggre-
gation, that affect the measured
fluorescence intensity enables the
probe to be used to measure real-
time diffusion, microporosity, and ac-
cessibility in zeolite-β crystals.
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