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In situ quantitative single-molecule study of
dynamic catalytic processes in nanoconfinement
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Understanding the fundamental catalytic principles when the catalytic centre is confined in nanoscale space that is dimension-
ally comparable to the reactant molecule is crucial for designing high-performance catalysts. Theoretical studies with simplified
model systems and ensemble experimental measurements have shown that chemical reactions in nanoconfined environments
are largely different from those in bulk solution. Here, we design a well-defined platform with catalytic centres confined in the
end of nanopores with controlled lengths to study the in situ dynamic behaviour of catalytic processes under nanoconfinement
at the single-molecule and single-particle level. Variable single molecular mass transport behaviour reveals the heterogeneity
of the confined environment in the nanopores. With the capability of decoupling mass transport factors from reaction kinet-
ics in the well-defined platform, we quantitatively uncovered a confinement-induced enhancement in the activity of platinum
nanoparticles inside the nanopores. The combination of the unique model catalyst and the single-molecule super-localization

imaging technique paves the way to understanding nanoconfinement effects in catalysis.

generated or those native to biological structures—can

bring significant changes to their physical and chemi-
cal properties. For example, the confinement can alter the Raman
response of molecules in a single-wall carbon nanotube, the bind-
ing constant between ligands and receptors in a nanochannel, and
the proton conductance inside a protein nanotube’. In catalysis,
nanoconfinement could dramatically change molecular transport
and chemical conversion in porous materials, such as zeolites,
mesoporous silica, carbon nanotubes and metal-organic frame-
works. The importance of heterogeneous catalytic processes based
on these porous materials demands a thorough understanding
of the nanoconfinement effects for the rational design of high-
efficiency catalysts. Theoretical studies using simplified model
systems®™’, along with ensemble experimental measurements'*,
have led to a limited understanding of the confinement factors,
including the size, shape and surface chemical properties of the
pores on reaction kinetics. A significant breakthrough will be
the development of single-molecule approaches to acquire direct
experimental evidence and achieve quantitative understanding of
the nanoconfinement effects at the single-molecule and single-
nanopore level.

In the past decade, molecular diffusion in nanopores has been
visualized at the single-molecule level”™, and single-turnover
events on individual nanocatalysts such as layered double hydrox-
ides®, zeolites®*, metal nanoparticles (NPs)**-*” and semicon-
ductors®™*' have been mapped with nanometre precision by
super-resolution microscopy imaging. Furthermore, intraparticle
diffusion-limited catalytic activity of porous materials*>*’ has also
recently been studied at the single-molecule level. However, the
mass transport of reactant molecules and reaction kinetics of cata-
lytic active sites in nanopores have never been measured together
experimentally due to the seemingly insurmountable technical
challenges of tracking single molecules dynamically in complex
nanoporous structures under reaction conditions.

I\/\ olecules confined in nanoreactors—either synthetically

In the present study, a model nanocatalyst platform has been
designed to enable the catalytic study of nanoconfinement effects
at the single-molecule and single-particle level. After decoupling
the mass transport factors from reaction kinetics, we quantita-
tively demonstrate the heterogeneous behaviour of single molecu-
lar mass transport confined in nanopores. Catalytic reaction rate
and adsorption-desorption equilibrium constants were measured
experimentally on the model nanocatalysts. The specially designed
nanocatalysts are proven to be a versatile platform for future studies
on different aspects of catalytic nanoconfinement effects, such as
surface chemical properties and nanopore morphology.

Results

Design and characterization of the nanocatalyst platform. The
nanocatalyst platform described in Fig. 1 has highly tunable struc-
tures with well-defined geometry and consists of platinum NPs
sandwiched between an optically transparent solid SiO, core and a
mesoporous SiO, shell (mSiO,) with aligned nanopores. The synthe-
sis of the nanocatalysts is discussed in detail in the Supplementary
Methods. This nanocatalyst structure provides a restricted pathway
for reactant molecules in the bulk solution to diffuse a uniform dis-
tance through the nanopores to access the active sites on confined
platinum NPs placed at the bottom of the nanopores. Encapsulating
platinum NPs in mSiO, shells provides many advantages, such as
stabilizing the particle morphology and avoiding the aggregation of
particles during the removal of surfactant ligands (Supplementary
Figs. 2 and 3)*. In the current experiments, the average diameter
of the solid SiO, cores (105.0+2.1nm) and the thickness of the
mSiO, shells (83.1+£9.0nm and 118.5+9.5nm) were controlled
(Supplementary Fig. 4) to keep all platinum NPs within the excita-
tion depth (~300 nm) of total internal reflection fluorescence micros-
copy (Supplementary Fig. 5). The average diameter of the nanopores
was measured as ~2.3nm from the size distribution derived from
the desorption branch using the Barret-Joyner-Halenda method
and the cross-sectional profile in transmission electron microscopy
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Fig. 1| Multi-layer nanocatalysts as a model platform for simultaneously studying mass transport and heterogeneous surface catalysis. a, Scheme
of the nanocatalyst that consists of 5nm platinum NPs sandwiched between a solid 100 nm SiO, core and a mesoporous 120 nm mSiO, shell. b,¢, Low-
resolution (b) and high-resolution (¢) transmission electron microscopy images of the as-synthesized nanocatalyst particles.

images of the nanocatalysts (Supplementary Figs. 6 and 7). The
sandwiched platinum NPs had an average size (5.1 +1.0nm) larger
than the nanopore diameter and their locations were secured dur-
ing the synthetic process and imaging experiments. We have experi-
mentally verified that the reactant molecules have access throughout
the nanopores (Supplementary Fig. 8). Thicker mesoporous shells
were also prepared to validate the nanoconfinement effects through
ensemble experiments (Supplementary Figs. 9-11).

Single-molecule fluorescence studies of the nanocatalyst. To
study the in situ nanoconfinement effects on the catalytic activity,
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we used a fluorogenic redox reaction as a probe (Supplementary
Fig. 12). The non-fluorescent reactant molecule, amplex red, is
oxidized by hydrogen peroxide at the surface active sites of plati-
num NPs to generate a highly fluorescent product molecule, reso-
rufin. The fluorescence signal from resorufin was induced using
a circularly polarized 532nm laser with a total internal reflection
fluorescence excitation scheme, collected using a high-numerical-
aperture water immersion objective and imaged using a sensitive
electron-multiplying charge-coupled device camera. Nanocatalysts
were deposited on the surface of a quartz slide at a low den-
sity (Supplementary Fig. 13) to facilitate the study of individual
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Fig. 2 | Diffusion coefficients of resorufin in 120-nm-long nanopores. a, Radial probability function for the distribution of the square root of resorufin
diffusion’s MSD in the nanopores. Three distinct characteristics 'r' were used in the fitting. b,c, Diffusion coefficients of resorufin (b) and their fractions (c)
under different amplex red (AR) concentrations. The large variation of D indicates the heterogeneous properties of nanoporous materials.
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Fig. 3 | Catalytic activities at the single-molecule, single-particle level with turnover resolution. a, Segment of a typical fluorescence intensity trajectory

from a single NP at a temporal resolution of 50 ms. 7., and .4 correspond to the resident time of resorufin in nanopores and the interval time between two
consecutive catalytic events, respectively. b, Distribution of catalytic events on a nanocatalyst particle. c-e, Schematic model of the catalytic reaction in
nanoconfinement (c), diffusion rate estimated from Fick's first law (d) and reaction kinetics measured from single-molecule, single-particle experiments

of 100 nm SiO,@5 nm Pt@120 nm mSiO, (e). f, Ratio of the measured reaction rate over the diffusion rate. g-j, Same reaction kinetic study as in ¢-f, but
performed on 100 nm SiO,@5 nm platinum. The error bars in e and i were calculated as the uncertainty of fitting the distribution of catalytic reaction rates from
many (>60) nanocatalysts (Supplementary Fig. 22¢c). AR, amplex red; DLH, diffusion-limited Langmuir-Hinshelwood; Re, resorufin. Cag pu. bulk concentration
of AR; Cag_msio, AR concentration near the nanopore entrance; Cy o AR concentration near platinum NPs; vy, diffusion rate of AR; v,.,, catalytic reaction rate of AR.

particles. A micro-flow system was used to supply a continuous flow
of the reactant solution to maintain a constant and tunable concen-
tration of amplex red outside the nanopores. Catalytic events were
recorded and the positions of resorufin molecules in the nanopores
were super-localized with nanometre-scale precision through point
spread function fitting the single-molecule images (Supplementary
Figs. 14 and 15). Scattering images were used to further identify the
catalytic bursts on the nanocatalysts (Supplementary Fig. 16), with
application of the sample stage drift correction (Supplementary
Fig. 17) for extended experimental times.

Typical trajectories of fluorescent resorufin molecules diffusing
through the nanopores before disappearing into the bulk solution
were reconstructed (Supplementary Figs. 18 and 19). The results
from the resorufin lifetime measurements (Supplementary Fig. 20)
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confirmed that the resorufin fluorescence signal being extinguished
was not caused by photobleaching. The diverse trajectories reflect
the heterogeneity of the individual nanopores. To quantitatively
describe the nanoconfinement effects on the mass transport of
resorufin, over 10,000 single molecular trajectories were stud-
ied using mean squared displacement (MSD) analysis (Fig. 2 and
Supplementary Figs. 18 and 19). To best interpret the MSD distri-
butions, we fitted the data points with a radial probability density
function to give three distinct characteristic diffusion coefficients
(D) at 0.00006=+0.00004 um?s~' (11.24+9.2%, denoted as Cl),
0.005+0.001 um?s™" (65.5+9.2%, C2) and 0.031=+0.004um?s!
(23.3+5.7%, C3). The distinct difference in the D values implies
that the transport of resorufin in the nanopores should not be sim-
ply described as one Brownian motion, but rather as a combination
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Fig. 4 | Quantitative comparison of nanoconfinement effects on the
catalytic activities between non-confined and mSiO,-confined platinum
NPs. a,b, Catalytic reaction rate constant, k. (a) and adsorption-
desorption equilibrium constant, K, (b) as a function of the mSiO, shell
thickness (L,). Nanocatalysts with platinum NPs confined within the
mesoporous mSiO, shell (80 or 120 nm) provide higher k., but smaller K,
than the platinum NPs without the mSiO, confinement. All error bars were
calculated as the s.d. of the catalytic parameters (k. or K,g) from many
(>60) nanocatalysts.

of diffusion and adsorption behaviours associated with variable
local environments. The medium diffusion rate (C2) is the domi-
nant mode. However, the diffusion modes C1 and C3 are also
observed in significant fractions, with C1 representing the adsorp-
tion of resorufin (where localization uncertainties dominate the
measured MSD) and C3 representing the fast, random movement
in the nanopores. To clearly distinguish moving molecules from
adsorbed molecules in the MSD analysis, a control experiment was
carried out with resorufin molecules immobilized on quartz slides
(Supplementary Fig. 21). The variations in the measured positions
of immobilized molecules, which were dominated by localization
uncertainties, were indeed much smaller than those measured
during catalysis.

The single molecular trajectory analysis provides accurate
measurement of molecular diffusion in nanopores under reaction
conditions®, which then allows us to carry out further analysis to
decouple the influence of molecular transport and reaction kinet-
ics. In the remaining quantitative analysis, the apparent diffusion
coefficient (D,,; that is, the weighted average of C1, C2 and C3)
of 0.011+0.003 um?s™" was used. It is clear that resorufin mol-
ecules diffuse at much slower speed in the nanopores compared
with in the bulk solution (D, =480 um?s~')*. There are a few pos-
sible reasons for nanoconfinement effects that explain the much
smaller diffusion rate of resorufin in the nanopores. First, the
nanopore diameter (~2.3nm) is comparable to the hydrodynamic
size of resorufin (R, ~0.51nm; Supplementary Note 1). Second,
the viscosity of the medium has been reported to increase dra-
matically when confined in small space*’, which severely reduces
the diffusion rate of trapped molecules. In this study, the viscosity
of the medium (H,0) inside the nanopores was estimated to be
67.6 + 8.4 Pas (Supplementary Note 2), which is around 4 orders of
magnitude higher than that of normal aqueous solution (0.89 mPa s
at 25°C). Third, the adsorption of resorufin on the hydrophilic sur-
face of the nanopores (silanol groups) also hinders the mass trans-
port rate (Fig. 2, C1)”.

Heterogeneous catalysis is an interplay between mass trans-
port and chemical conversion, especially when catalytic centres
are buried in porous materials such as the model system in this
study. Using FicK’s first law, the rate of amplex red diffusing onto
the surface of platinum NPs was estimated to be 0.025s™" at 0.02 uM
(the lowest concentration used in our experiments; Supplementary
Note 3) of amplex red in the bulk solution (Fig. 3d). Even though
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the structural effect in the mass transport of amplex red and reso-
rufin cannot be completely ruled out, the diffusion coefficient of
amplex red was assumed to be the same as that of resorufin to
simplify the modelling parameters. From the experimental results
(Fig. 3a,b), the single-particle reaction turnover rate was calculated
tobe 0.018 +0.005s™" using 7. (Supplementary Fig. 22) at 0.02 uM
amplex red (Fig. 3e), where 7 is the interval time between two con-
secutive catalytic events. This result clearly indicates that the reac-
tion rate was mass transport limited at the very low concentration
of amplex red. In contrast, a saturated reaction rate was achieved
when the concentration of amplex red was much higher, where the
mass transport rate was sufficiently large for the reaction rate to
be limited solely by the chemical conversion rate (Fig. 3c-f). As a
comparison, when nanoconfinement was not present (without the
mSiO, shell), mass transport of amplex red played a negligible role
in controlling the reaction rate (Fig. 3g—j).

Catalytic modelling of the nanoconfinement. Catalytic kinetics
on the heterogeneous surface generally conforms to the Langmuir—
Hinshelwood model when the reaction rate is purely chemical
conversion limited. We fitted the kinetic data of a control sample
without nanopores (100nm SiO,@ 5nm platinum without mSiO,
shells) with the Langmuir-Hinshelwood model in Fig. 3i. When
there are no nanoconfinement effects on catalysis, it gives a chemical
conversion rate constant of k.=0.074+0.006 s~ particle™ and an
adsorption-desorption equilibrium constant K,,=6.2+1.5uM™".
However, the Langmuir-Hinshelwood model cannot be directly
used to determine the chemical reaction kinetic parameters when
nanoconfinement effects exist because mass transport plays an inev-
itable role in controlling the catalytic reaction rate (Supplementary
Note 3). Herein, we established the diffusion-limited Langmuir-
Hinshelwood kinetic model based on the steady-state assumption
to correct the mass transport factor on measuring the chemical
reaction kinetics when the catalytic reaction is affected by nano-
confinement (Supplementary Note 3). Fitting the reaction kinetics
data in Fig. 3e with the diffusion-limited Langmuir-Hinshelwood
model gives k=0.53+0.08s! particle! and K,;=3.0+0.9uM™".
These results show that k. increases by a factor of around seven,
while K, is around two times smaller for platinum NPs confined in
the nanopores (Fig. 4).

The enhanced activity of platinum NPs confined in the nanopores
could be explained by either the increased effective concentration of
amplex red in the nanoscale space” or the nanoconfinement effect
that helps to stabilize intermediate species or states’. Furthermore,
the highly restricted space in the nanopores could constrain the
molecular adsorption, thus decreasing the adsorption strength of
amplex red. The heterogeneous catalytic activity enhances with an
optimal adsorption strength of reactive species on the catalytic cen-
tres’. The results here suggest that the nanoconfinement effects can
potentially tune the adsorption strength of molecules.

Similar single-molecule and ensemble measurements were car-
ried out on another nanocatalyst with the same design but a thinner
shell thickness of ~80 nm. The measured D,,, (0.010 +0.004 um?s™")
was virtually identical to the D,,, for the 120nm shell (0.011+
0.003um?s™"), confirming that the diffusional behaviour of the
tracked molecules was independent of the pore length. As shown
in Fig. 4, K, values were also similar for both shell thicknesses,
suggesting a similar adsorption-desorption strength of amplex red
on platinum NPs in the nanopores with the same diameter and
surface properties, but different pore lengths. Furthermore, k.
for the 80 nm shell (0.39+0.09s™' particle™) was notably smaller
than that for the 120nm shell (0.53+0.08s7"particle™), which
may be explained by the pore-length-dependent enhancement
of the effective concentration of amplex red near platinum NPs.
Ensemble measurements (Supplementary Fig. 23) also agree with
the single-molecule data.
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Nanoconfinement effects on catalytic processes are truly compli-
cated and worth continued efforts to achieve a better understanding.
The well-defined nanocatalysts used in the present study involve a
multi-layered structure with which the composition, structure and
surface properties of the solid core, aligned porous shell and sand-
wiched metal NPs can be customized independently. This provides
us with a highly versatile platform for studying many aspects of
nanoconfinement, especially pathway-dependent chemical pro-
cesses and tandem reactions. For example, the catalytic effects of
surface chemical properties (hydrophobic versus hydrophilic) and
the nanopore morphology” (pore size, length and geometry) can be
revealed in situ in the nanoscale-confined environment. This work
paves the way for research to quantitatively differentiate, evaluate
and understand the complex nanoconfinement effects on dynamic
catalytic processes, thus guiding the rational design of high-perfor-
mance catalysts.

Conclusion

A well-defined catalyst platform with nanoporous structures has
been designed, which enables the quantitative study of the nanocon-
finement effects in catalysis. A single-molecule, super-localization-
based imaging technique was applied to reveal and differentiate the
heterogeneous molecular transport and dynamic catalytic reaction
kinetics in the nanopores at the single-molecule and single-particle
turnover resolution under in situ conditions. The results show that
the reaction rate is significantly increased in the presence of nano-
confinement, while the adsorption of reactant molecules on the
surface of platinum NPs is weakened due to restricted molecular
adsorption.

Methods

Catalyst preparation. The nanocatalysts were prepared by coating mesoporous
silica shells on as-prepared platinum NP-loaded silica cores via the

hydrolysis of tetraethyl orthosilicate in an ammonia—ethanol-water system.
Hexadecyltrimethylammonium bromide was used as a pore-directing agent for the
synthesis of mesoporous silica shells. A seeded growth method was used to ensure
the uniformity of silica cores. Silica cores were functionalized with amino groups
and further gently annealed before the loading of platinum NPs. Platinum NPs
were synthesized by reducing K,PtCl, in ethylene glycol with polyvinylpyrrolidone
(molecular weight: 40,000) functioning as a capping agent.

Single-molecule fluorescence studies. The tracking and imaging of single-
molecule transport was carried out using the total internal reflection fluorescence
microscopy setup with an adjustable 50 mW/532 nm continuous wave laser
(Uniphase), 60X water immersion objective (Olympus; numerical aperture: 1.2),
iXonEM* 897 camera (Andor Technology; 512X 512 imaging array; 16 pm X 16 pm
pixel size) and fluorescence filter set composed of a 532 nm longpass filter, 532 nm
nortch filter and 568/40 bandpass filter (Semrock). A fluorogenic oxidation
reaction of non-fluorescent amplex red (10-acetyl-3,7-dihydroxyphenoxazine)
to produce highly fluorescent resorufin (maximum excitation wavelength,
Ae=563nm and maximum emission wavelength, 4., =587 nm at pH 7.5)
was used. A sample was typically prepared by spin-casting the nanocatalyst
solution on a poly-L-lysine functionalized quartz slide. A steady stream of
amplex red, H,O, and pH 7.5 phosphate buffer mixture was introduced over the
nanocatalysts using a syringe pump with a flow rate set to 10 pl min~".

Details of the synthesis of the nanocatalysts and the setup of the single-
molecule fluorescence studies are included in the Supplementary Methods.

Data availability. All data are available from the corresponding authors upon
reasonable request.
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