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hydrophobic post-functionalized nanopores. Reaction 

rates, molecular adsorption strength, and product molecule 

dissociation kinetics are experimentally quantified at the 

single-molecule level for a mechanistic understanding of 

catalytic reaction behaviors in hydrophilic and hydrophobic 

nanopores. 

The core-shell nanoparticle (NP) composes of a spherical 

SiO2 core with 100 nm diameter and a 120 nm thick 

mesoporous shell with ~ 3 nm pore structure (Figure 1a, 

Figure S1). Pt NPs of 5 nm diameter, which serve as active 

centers for the catalytic reaction, are loaded atop of the SiO2 

core and at the bottom of nanopores. The pores are 

subsequently functionalized with -SO3H or -CF3, creating 

hydrophilic or hydrophobic environments, respectively 

(Figure 1a, Supporting Information). The transmission 

electron microscopy (TEM) images (Figure S3) and N2 

physisorption analysis (Figure S4, Table S1) demonstrated 

that the functionalized core-shell nanocatalysts have intact 

and well-aligned pore structure. The presence of surface 

functional groups was further confirmed by diffuse 

reflectance infrared Fourier transform spectroscopy 

(DRIFTS) and quantified by 29Si solid-state nuclear 

magnetic resonance (SSNMR) analysis (Figure S5). Using X-

ray photoelectron spectroscopy (XPS), we further 

confirmed the oxidation of -SH to -SO3H by H2O2, where the 

binding energy of S2P peak shifts from 164.0 eV to 168.8 eV 

(Figure S6).25-27 Detailed synthesis procedures and 

characterization information are included in the Supporting 

Information. 

The core-shell nanocatalysts were dispersed in ultra-

pure methanol, drop-casted, and dried on quartz slides at 

low density (Figure S7). A continuous flow of reactant-

containing solution was introduced to nanocatalysts using a 

syringe pump. The reaction chosen for our single-molecule 

study was fluorogenic oxidation of non-fluorescent Amplex 

red (AR, Figure 1a). The highly fluorescent product 

molecule, resorufin (Re), was imaged using prism-type total 

internal reflection fluorescence microscope (Figure S8) 

equipped with a high numerical aperture water immersion 

objective and a highly sensitive electron multiplying charge-

coupled device camera. The individual catalytic events were 

captured as fluorescent bursts, such as those shown in 

Figure 1b. Catalytic reaction rate on a single core-shell 

nanocatalyst �r, defined as <�off>-1 , could be determined 

from these fluorescence bursts with turn-over resolution 

(Figure S9-10). In Figure 2a, the catalytic activities in 

hydrophilic and hydrophobic nanopores are quantitatively 

compared as a function of AR concentration. Fitting results 

of reaction kinetics (Figure 2b, c) using diffusion-limited 

Langmuir�Hinshelwood (DLH) model18 reveal that the 

adsorption equilibrium constant KAR and the reaction rate 

constant keff measured in hydrophobic nanopores are larger 

than those measured in hydrophilic nanopores with 

statistical significance. Ensemble results (Figure S11) also 

suggest higher catalytic activities of core-shell 

nanocatalysts with hydrophobic nanopores. Moreover, the 

reaction kinetics in nonfunctionalized nanopores (-OH),20 

which is also hydrophilic, are very similar to that in -SO3H 

functionalized nanopores.

Both theoretical studies and experimental measurements 

suggested that aromatic molecules tend to adsorb in a flat 

conformation on the metal surfaces by forming J8#��$� 

with the metal surface.28-32 On the other hand, planar 

molecules such as AR confined in nanopores are usually 

oriented with its long molecular axis parallel to the pore 

direction (Figure S12), namely standing orientation with 

respect to the Pt surface,33-37 therefore, causing weaker 

adsorption strength.18 Such standing molecular orientation 

of AR inside nanopores would increase the proximity 

between the phenol group of AR and chemisorbed oxygen 

on the Pt surface (Pt(O)),38 thereby facilitating the oxidation 

reaction (Figure S13) and reducing the activation energy.20 

Stronger adsorption strength of AR on Pt NPs in 

hydrophobic nanopores suggests that AR molecules have a 

lower probability of approaching Pt NPs with the standing 

orientation in hydrophobic nanopores in comparison to 

that in hydrophilic nanopores, therefore its corresponding 

higher apparent activation energy Ea (Figure S14) is higher. 

Our previous work has shown that confinement effects in 

nanopores can boost the catalytic activities through 

enhancing the local concentrations of intermediate 

species20 like AR radicals39-40 (Figure S13), which is the key 

explanation of the seemingly inconsistent correlation 

between high reaction rate and high activation energy. In 

the current study, lower mass transport rates of Re in the 

hydrophobic nanopores compared to that in the hydrophilic 

nanopores was revealed from single molecule tracking 

experiment (Figure S15-17). Even though AR radicals could 

not be imaged directly due to lack of fluorescence signals, 

their structural similarities to Re suggest that their mass 

transport in hydrophobic nanopores should also be slower. 

As a result, the local enrichment of the intermediate AR 

radicals in the hydrophobic nanopores is more significant 

therefore promoting higher activity than that in the 

hydrophilic nanopores. Moreover, control experiments of 

imaging single particles incubated with Re molecules also 

Figure 2. Reaction kinetics quantified at single 

particle single-molecule level. (a) Catalytic reaction 

rates at different reactant concentrations in hydrophilic 

(black) and hydrophobic (violet) nanopores. Fitting the 

kinetic data (solid lines) directly using DLH equation 

gives adsorption equilibrium constant KAR of 3.6 ± 1.3 

and  5.1 ± 2.2 L�-1 and reaction rate constant keff of 

0.27± 0.04 and 0.37 ± 0.04 s-1 particle-1 in hydrophilic 

and hydrophobic nanopores, respectively. 

Alternatively, histogram distribution of KAR (b) and keff 

(c) from fitting kinetic data on single nanocatalyst are 

also determined. Gaussian fitting the histogram 

distribution (solid lines) of KAR and keff gives center 

values of 2.9 ± 0.6 and  4.5 ± 1.5 L�-1 (t(48) = 5.1, P < 

0.05) and reaction rate constants keff of 0.29 ± 0.04 and 

0.39 ± 0.05 s-1 particle-1 (t(47) = 9.3, P < 0.05) in 

hydrophilic and hydrophobic nanopores, respectively.

a b

c
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