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ABSTRACT: Nanoconfinement imposes physical constraints and chemical effects on reactivity in nanoporous catalyst
systems. In the present study, we lay the groundwork for quantitative single-molecule measurements of the effects of
chemical environment on heterogeneous catalysis in nanoconfinement. Choosing hydrophobicity as an exemplary chemical
environmental factor, we compared a range of essential parameters for an oxidation reaction on platinum nanoparticles (NPs)
confined in hydrophilic and hydrophobic nanopores. Single-molecule experimental measurements at the single particle level
showed higher catalytic activity, stronger adsorption strength, and higher activation energy in hydrophobic nanopores than
those in hydrophilic nanopores. Interestingly, different dissociation kinetic behaviors of the product molecules in the two
types of nanopores were deduced from the single-molecule imaging data.

Over the last decades, chemists have developed numerous
synthetic strategies for confining reaction centers in
nanoscale space to improve the performance of
heterogeneous catalysts supported on zeolites, metal-
organic frameworks (MOFs), covalent-organic frameworks
(COFs), mesoporous silica particles, carbon nanotubes, and
other porous materials.'® The nanoscale space creates
unique local environments for completing chemical
processes more efficiently compared to the bulk, which is
mainly attributable to changes in the chemical nature of
spatially confined molecules and moieties.”® A limited
mechanistic understanding of chemical processes in
nanoconfinement has been obtained through either
theoretical calculations®1? or ensemble measurements over
many catalysts.!3-16

To fill the still large gaps between theoretical and realistic
catalytic systems with a molecular-level understanding of
chemical processes in nanoconfinement under reaction
conditions, we have recently developed a single-molecule
approach for in situ studies of catalytic reactions and
molecular transport inside nanopores with the specially
designed multilayer core-shell model nanocatalysts.1”-1?
Our previous experiments revealed the physical constraints
of nanoconfinement on molecular orientation and
enrichment of reaction intermediates.?® In the present
work, we report new efforts on understanding the critical
roles of chemical environments of nanoconfinement in
altering catalytic reaction kinetics.

The noncovalent interactions between confining
environment with its guest substrate molecules are
essential for selectivity, activity, and stability in catalysis.
Synthetic strategies such as introducing distal hydrogen

bond donors,?! hydrophobic binding cavities,?*2? as well as
tailoring physical dimensions?® and geometries®* are
commonly adapted. In this study, we synthesized the
multilayer core-shell nanocatalysts with hydrophilic or
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Figure 1. Single-particle, single-molecule imaging
experiments. (a) Schematic view of the imaging
experiments and high-resolution TEM images of core-
shell nanocatalysts. The pore surface in the mesoporous
shell was modified to be hydrophilic using -SO3H
functional group or hydrophobic using -CF; functional
group. (b) A segment of typical fluorescence intensity
trajectory on a single nanocatalysts where 74
represents the waiting time between two consecutive
catalytic events and t,, is the residence time of the Re
product prior to its dissociation from nanopore.
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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
Si0, 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 SiO,
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 N,
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 ?2°Si solid-state nuclear
magnetic resonance (SSNMR) analysis (Figure S5). Using X-
ray photoelectron spectroscopy (XPS), we further
confirmed the oxidation of -SH to -SO3;H by H202, where the
binding energy of S2, peak shifts from 164.0 eV to 168.8 eV
(Figure S6).2527 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
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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 Ky of 3.6 + 1.3
and 5.1 + 2.2 uM! and reaction rate constant k. of
0.27+ 0.04 and 0.37 + 0.04 s particle? in hydrophilic
and hydrophobic nanopores, respectively.
Alternatively, histogram distribution of Ky (b) and ke
(c) from fitting kinetic data on single nanocatalyst are
also determined. Gaussian fitting the histogram
distribution (solid lines) of Kz and k. gives center
values of 2.9 + 0.6 and 4.5 + 1.5 uM? (t(48) = 5.1, P <
0.05) and reaction rate constants ke of 0.29 + 0.04 and
0.39 + 0.05 s particle? (t(47) = 9.3, P < 0.05) in
hydrophilic and hydrophobic nanopores, respectively.

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 v,, defined as <t >, 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) model'® reveal that the
adsorption equilibrium constant Kz and the reaction rate
constant k. 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),?°
which is also hydrophilic, are very similar to that in -SOzH
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 m-bonds
with the metal surface.?®3? 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,3337 therefore, causing weaker
adsorption strength.'® 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(0)),3® thereby facilitating the oxidation
reaction (Figure S13) and reducing the activation energy.?’
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 E, (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
species?? like AR radicals3?-*° (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
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showed that the hydrophobic nanopores present stronger
trapping capabilities (Figure S18).

We also studied the dissociation of Re from the core-shell
nanocatalysts, i.e.,, Re escaping the confining nanopores.
With turn-over resolution, the dissociation rates vq, defined
as <T,,>"1, in hydrophilic and hydrophobic nanopores were
quantitatively measured at the single-NP, single-molecule
level (Figure S9-10). We also notice that Re may stay on the

AR R b12' = -CF, = SOH
AR AR
a KIAR] "

o " T

AR "AR €—— AR AR

x
particle™)
o

é/‘%_.{i_—i
94 : 1
kal\ K A
Re
3_

AR AR AR AR

AR
‘ 30—
AR 0 2 4 6 8 10

AR AR AR

]
@
v, (s

[AR] (1:M)

Figure 3. Dissociation kinetics quantified at single
particle single-molecule level. (a) Dissociation model
with direct (k3) and reactant-assisted (ki ki, k)
dissociation pathways. (b) Dissociation rates are
quantified at different reactant concentrations in
hydrophilic  (black) and hydrophobic (violet)
nanopores. Solid line are fitting results of the kinetic
data using dissociation equation.

shell surface near the pore entrance after it diffuses out of
the pore (Figure S16d). Though we cannot completely rule
out such possibility, Re diffusion on the core-shell particle
surface is very short lived in the presence of the solution
flow in our experiments, which makes it reasonable to use
<T,,> as Re residence time in nanopores. As shown in Figure
3, a distinctively different dependence of v4 on reactant
concentration is observed in the two types of nanopores. In
the hydrophilic nanopores, v4 varies at different reactant
concentrations, showing no clear trend. In the hydrophobic
nanopores, however, v4 increases with the increasing
reactant concentration and eventually saturates at ~9 st
particle’t. The distinct dissociation kinetics of Re indicate
different dissociation mechanisms in hydrophilic and
hydrophobic nanopores.

There are two possible dissociation pathways (Figure
3a): the reactant assisted dissociation pathway (ki, k.1, k2)
and the direct dissociation (k3) pathway. The kinetics model
of Re dissociation can be deduced accordingly as vq=
k2K[AR] + k3 ks
1+ K[AR]) Where K= U +kyInthe dissociation kinetics
equation, the term k,K[AR] represents the reactant assisted
dissociation pathway, and k; stands for the direct
dissociation pathway. Three types of kinetics behavior in
the Re dissociation process can be predicted depending on
the relative magnitude of kinetic parameters (k,, k3, and K):
(1) type |, k, > k3, vq increases and saturates when reactant
concentration increases, (2) type 11, k; < k3, vq4 decreases and
flattens when reactant concentration increases, (3) type I,
k,=ksor K=0, vqis independent of reactant concentration.
Fitting the kinetics data for the hydrophilic nanopores in
Figure 3 (black square) using the dissociation equation
above gives the dissociation rate constants k;, k3 of 3.2 + 1.1,
5.4 + 0.9 s-1 particle-1, respectively, and K of 0.56 + 1.1 pM-

1, suggesting that the dissociation of Re in the hydrophilic
nanopores follows the type II model. The determined
dissociation rate constants k,, k; 0f 9.8 £ 0.2 and 4.1 + 0.4 s
Lparticle, respectively, and K of 9.2 + 2.5 uM-! suggests the
type I model for the hydrophobic nanopores (Figure 3,
violet square).

At low [AR], the direct dissociation pathway dominates,
and the dissociation rate equals to ks;. The smaller k; in the
hydrophobic nanopores suggests stronger confinement
effects on trapping Re, which is consistent with the smaller
mass transport rate (Figure S17). At high [AR], the
dominant dissociation pathway shifts to the reactant
assisted dissociation mechanism, and the dissociation rate
approximates k,. Larger k; in the hydrophobic nanopores
could also facilitate the catalytic reactions since removing
Re from the confining nanopores opens the catalytic active
site for the next cycle of chemical conversion.

In summary, we investigated the effects of nanopore
hydrophobicity on confined catalytic reaction kinetics at the
single-particle single-molecule level. Experimental results
reveal faster chemical reaction rate and stronger
adsorption strength for the oxidation of AR by Pt NPs in
hydrophobic nanopores than that in hydrophilic nanopores.
On the other hand, higher activation energy was also
obtained in hydrophobic nanopores. The seeming
contradiction between faster reaction rates and higher
activation energy in hydrophobic nanopores is due to the
confinement effects on trapping intermediate species.
Furthermore, the dissociation kinetics of product molecule
Re is measured at the single-molecule level. Different
dissociation mechanisms in the two types of nanopores are
uncovered. This work exemplifies the potential of our
single-molecule approach to systematically study physical
and chemical nanoconfinement effects, as well as their
interplay at the molecular level, and provides guidance for
tuning a wide variety of nanopore properties to optimize
catalytic reactions kinetics, molecular adsorption strength,
reaction activation energy, and product molecule
dissociation pathways.
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