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ABSTRACT

Mesoporous silicas (MPSs) are widely used as host materials for applications involving
molecular sorption, separation, storage, and (photo)catalysis. Herein we report single-molecule,
single-particle approaches for exploring molecular diffusion and photochemical reactions in
ruthenium (Ru) complex-modified MPS particles. Single-particle fluorescence recovery after
photobleaching (FRAP) experiments revealed that Ru complexes are mobile in MPS with

diffusion coefficients in the range of 10°-10? nm? s!

, which vary among the particles and
locations, and their diffusivity decreases with increasing amounts of sulfonated phenyl (SPh)
groups, which act as adsorption sites for positively charged Ru complexes, on the silica surface.
From emission lifetime measurements and photocatalytic activity tests using a fluorogenic probe
at the single-particle, single-molecule levels, it was established that a series of reactions
including quenching of excited Ru complexes by O: and subsequent generation of *OH are
completed within the same particle. By combining the above methods, a positive correlation
between molecular diffusivity and reactivity was validated, suggesting the importance of well-

ordered nanochannels with optimized pore diameters and adequate environments for efficient

heterogeneous (photo)catalysis.



INTRODUCTION

Nanoporous materials offer potential applications in many fields, such as adsorbents, filters,
delivery carriers, and catalysts, and were also employed as hosts to adsorb or incorporate diverse
functional molecules, enzymes, and nanomaterials owing to their high surface area, tunable pore
size, and adjustable internal surface properties.! Among them, mesoporous silicas (MPSs) (e.g.,
MCM-41 and SBA-15 with cylindrical pore channels) are widely used host materials since they
possess a number of advantages including extremely large surface areas (1000 m? g'), tunable
pore sizes (1.5-several tens of nm), excellent biocompatibility, and ease of functionalization.®1°
For instance, Inagaki et al. demonstrated that size matching between pore sizes and molecular
diameters of an enzyme (horseradish peroxidase) is a controlling key factor in achieving high
enzymatic activity in organic solvents and high thermal stability.!! The considerable effect of
pore size on the catalytic activity was reported for the acetalization of cyclohexanone with
methanol.'?> The wall of MPS is made of amorphous silica and is generally characterized as
neutral or slightly acidic. It was mentioned that the assembly of weak acid sites may act as
effective acid sites and such an assembly might induce very active acid catalysis despite the low
acidity of each OH.'? More recently, a significant enhancement in the Menshutkin Sx2 reaction
was observed in the pores of MCM-41 and SBA-15, as compared to the bulk reaction, and
interpreted that silanol groups on the silica surface could reduce the activation energy barrier and
reaction endothermicity via donation of hydrogen bonds to reactants, transition state, and
products.”® In summing up, several factors would synergistically influence the catalytic activity
in porous materials, that is, 1) mass transfer and diffusion in the nanochannel, 2) confinement of
reactants in the nanospace, leading to high local concentrations, and 3) interactions with pore

walls containing surface functional groups.



To take advantage of the benefits of nanospaces, surface modifications of molecular catalysts
were achieved via various synthetic approaches. Ogawa et al. have developed a method to
immobilize tris(2,2"-bipyridine)ruthenium(Il) ([Ru(bpy)s]*"; hereinafter abbreviated as Ru)
complexes on the surface of MPS using sulfonated phenyl (SPh) groups.'*!'® The Ru complex
and its analogues were developed as photocatalysts/photosensitizers for both oxidation and
reduction of substrates including water.!”"! Inagaki and co-workers reported the synthesis of
highly ordered organic-inorganic hybrid mesoporous materials.’’?! For example, rhenium(I)
(Re) complexes were covalently modified on light-harvesting 4,4'-biphenylylene-bridged
periodic mesoporous organosilica (PMO) for photocatalytic CO2 reduction.?? The homogeneous
fixation of the Re complexes in the mesochannels was suggested to suppress chain reactions
between original and reduced Re complexes. In addition, molecular catalysts such as Ru
complexes were incorporated into the framework of PMO via coordination reaction with 2,2'-
bipyridine ligands within the framework for photocatalytic hydrogen evolution.?3->*

Needless to say, both nanoscale and macroscale structures of pores significantly influence the
physicochemical properties of molecular catalysts and thus determine the performance of hybrid
systems. Spectroscopic measurements have provided sufficient information about local structures
and environments, molecular motion, host-guest interactions, and chemical reactions in porous
material systems. However, the behavior of molecules in solid host materials is rather
complicated because these materials are highly heterogeneous both structurally and chemically.
A thorough examination of this issue will contribute to better understand the molecular
interactions within nanopores and provide a new direction to control material properties at the

molecular level.



Fluorescence imaging or spectroscopy at the single-molecule or single-particle level evolved
as an important tool for studying molecular motion and catalytic reactions in porous materials,
because of its high sensitivity, simplicity of data collection, and high spatial resolution beyond
the diffraction limit of light in microscopic imaging techniques.?>%’ In 2009, Tachikawa et al.
evaluated for the first time the photocatalytic activity of individual porous TiO2 nanotubes by
single-molecule counting of hydroxyl radicals (*OH) using a specific fluorescent probe.*® The
time- and space-resolved observation of emissive product molecules generated during the
photocatalytic reaction revealed that the transport of reagents inherent in the porous structures is
closely related to the photocatalytic activity. They further investigated the photoinduced electron
transfer between the excited europium-based metal-organic framework (MOF) particles and
various organic compounds, such as aromatic sulfides and amines, and observed that small
(large) quencher molecules quickly (slowly) and homogeneously (inhomogeneously) penetrate
into europium-based MOF particles.! Nevertheless, there are very limited single-molecule,
single-particle studies on molecular catalyst-modified porous host materials for exploring
molecular diffusion and reaction processes in heterogeneous catalysis.

In this paper, nanoscopic imaging of molecular diffusion and photochemical reactions in Ru
complex-modified MPS particles is described using single-molecule, single-particle fluorescence
microscopy. In the present systems, Ru complexes are adsorbed on MPS through electrostatic
interaction with SPh groups chemically bound to the surface of MPS (Figure 1a). The MPS is an
ideal host for our purposes because it is optically transparent and has no redox site except guest
complexes. The production of *OH, which can be generated via the reduction of H202 by excited
Ru complex, under visible light irradiation is monitored using a specific probe, aminophenyl

fluorescein (APF). With the aid of the super-resolution localization microscopy technique,®? it



was demonstrated that nanospaces inside MPS could provide active sites for multistep reactions
because of the increased local concentrations of reactants. Furthermore, single-particle
correlation analysis of molecular diffusivity and reactivity reveals a close relationship between
them which will provide further guidance on the design of highly efficient, selective, and durable

(photo)catalytic systems.

EXPERIMENTAL SECTION

Synthesis of Ru-Modified Particles. SPh-modified MPS (MPS-SPh) particles were
synthesized using the hydrothermal method®® and subsequent surface treatments according to
established procedures.!* % 3* The adsorption of Ru complexes into the MPS-SPh was conducted
by reaction between MPS-SPh particles and ethanol solutions of tris(2,2'-
bipyridyl)dichlororuthenium(Il) (Sigma-Aldrich). Spherical silica particles were synthesized by

14, 16, 34 and

Stober method,> subsequent surface treatments as the similar method described above
the adsorption of the Ru complex from ethanol solution. The complex-adsorbed samples
(abbreviated as Ru/MPS-SPh or Ru-modified silica particle) were characterized after drying
under reduced pressure. The amounts of adsorbed Ru complexes were determined by changes in
the concentration in ethanol solutions before and after the reactions with MPS-SPh or silica
particles.

Characterizations. The nitrogen adsorption/desorption isotherms were measured at 77 K on a
BELSORP mini instrument (Microtrac BEL Japan, Inc.). Prior to the measurement, the sample
was heated at 120 °C for 3 h under nitrogen flow. Thermogravimetric and differential thermal

analysis curves were recorded on a Rigaku TG8120 at a heating rate of 10 °C min ' under air

using a-Al203 as the standard material. Steady-state UV-visible absorption spectra were recorded



on a JASCO V-750 spectrophotometer equipped with integrated sphere unit PIV-756 and a
condenser lens unit G265, using MgO as the standard material. Steady-state fluorescence spectra
were measured using a fluorescence spectrophotometer (FP-8300, JASCO). Absolute
photoluminescence quantum yields were obtained on a Hamamatsu photonics C9920-02 with the
excitation at 450 nm with the 10 nm bandwidth (FWHM). Prior to the measurement, the aqueous
suspensions were purged in a sealed optical cell with an nitrogen, mixed gas (nitrogen : oxygen =
4:1 in volume) or oxygen flow for at least 30 min. Quantum yields were calculated by the
integrated area of emission divided by the area of the excitation (calculated by the integrated area
of emission in the range of 540-800 nm divided by the integrated area of the excitation in the
range of 440—460 nm). The structures and elemental compositions of the Ru/MPS-SPh particles
were characterized by field emission scanning electron microscopy (FE-SEM) (JSM-7100F,
JEOL) and energy-dispersive X-ray spectrometry (EDX) (JED-2300, JEOL). The pore structures
were analyzed by transmission electron microscopy (TEM) (JEM-2100F, JEOL) operated at 200
kV.

Bulk Experiments. In a typical procedure, 2 mL of 0.01 M phosphate buffered saline (pH 7.4;
0.138 M NaCl; 0.0027 M KCI) (Nacalai Tesque) containing APF (1 uM) (GORYO Chemical)
was mixed with 1 mg Ru/MPS-SPh powder, and the sample suspension was then transferred into
a quartz cuvette. Before and after visible-light illumination with a light emitting diode (LED)
(M405L3, Thorlabs; nominal wavelength of 405 nm, light intensity of 20 mWcm 2), the samples
were analyzed using a fluorescence spectrometer. All experimental data were obtained at 25 °C.

Single-Molecule, Single-Particle Experiments. Well-dispersed suspensions of sample
particles were spin-coated on the cleaned cover glasses (Matsunami Glass). The cover glasses

were annealed at 60 °C for 90 min to immobilize the particles on the glass surface, and then



placed in a chamber that contains the above mentioned buffer or Milli-Q water (Merck Millipore;
pH 6.8). For the detection of *OH, a buffer solution containing APF was added into the chamber.
Fluorescence microscopy measurements were performed on a home-built total internal reflection
fluorescence (TIRF) microscope system based on a Nikon Ti-E inverted fluorescence
microscope (Figure S1). A 488-nm continuous wave laser (OBIS488LX-50, Coherent) or 405-
nm pulsed diode laser (PiL040X, Advanced Laser Diode System; a pulse width of ~45 ps
(FWHM)) was used to excite the sample through an objective lens (CFI Plan Apo A 100xH,
Nikon; NA (numerical aperture) = 1.45). The emission from the sample was collected by the
same objective lens, after which it was magnified by a 1.5x built-in magnification changer, and
passed through a dichroic mirror (Di02-R488, Semrock) and a band-pass filter (FF01-535/50,
Semrock) or a long-pass filter (BLP01-458R, Semrock) to remove the undesired scattered light.
The emission images were recorded using an electron-multiplying charge-coupled device (EM-
CCD) camera (Evolve 512, Roper Scientific) using Micro-Manager (https:/www.micro-
manager.org/). The locations of fluorescent single dye molecules were analyzed using the
quickPALM plug-in for ImageJ (http://rsb.info.nih.gov/ij/).*® Before analysis, the background
emission from Ru complexes in MPS-SPh was removed using an image acquired in the
fluorescence off state. For the spectroscopy, only the emission that passed through a long-pass
filter (BLPO1-458R, Semrock) and a slit entered the imaging spectrograph (MS3504i, SOL
instruments) equipped with a CCD camera (DU416A-LDC-DD, Andor). Time-resolved
experiments were performed using a home-built confocal microscope system. Emitted photons
were passed through a 100-um pinhole and a long-pass filter (ET425lp, Chroma), and then
directed onto a single-photon avalanche diode (SPAD; SPD-050, Micro Photon Devices). The

signals from the SPAD were sent to a time-correlated single photon counting (TCSPC) module



(SP-130EM, Becker & Hickl) for further analysis. The data were analyzed using the Origin 2019
software (OriginLab). The temperature of the sample was controlled using an automatic
temperature control system (Tokai Hit, Japan). Numerical simulations of molecular diffusion

were performed using MATLAB (The MathWorks).

RESULTS AND DISCUSSION

Structural and Optical Characteristics of Ru/MPS-SPh Particles. The synthesized
Ru/MPS-SPh particles are not spherical but possess polyhedral shapes with sharp edges and sizes
of 0.5-1.5 um in diameter (Figure 1b). As shown in the inset, pores with diameters of
approximately 3 nm are visible in the TEM image. The structural characteristics of the samples
are summarized in Table 1. The n of Ru/MPS-SPhr is the amount of SPh groups in mmol (g of
silica)!. From the EDX analysis of Ru/MPS-SPh0.84 particles by FE-SEM, the ratio of Ru

atoms to Si atoms was determined to be 0.0055, which is close to the estimated value (0.0042)

(Figure S2).
Table 1. Structural Characteristics of Ru/MPS-SPh Particles

amount of Ru amount of SPh : Average  CToss
sample complexes, mmol groups, mmol pore size, - sectional distance
e D, 1g hm between adjacent SPh

(g of'silica) (g of silica) b

groups, nm

Ru/MPS-SPh0.28 0.074 0.28 2.8 0.84

Ru/MPS-SPh0.84 0.074 0.84 2.7 0.31

Ru/MPS-SPh1.2 0.074 1.2 2.5 0.22




“ Determined from thermal gravimetric curves (ignition loss at temperature range of 400-800 °C).
b Calculated based on BET surface area, BJH pore size, and the amount of SPh groups (= BET

surface area/(BJH pore size X m x amount of functional moiety x Avogadro constant).

Figure lc shows the steady-state UV-visible diffuse reflectance and emission spectra of
Ru/MPS-SPh0.28 powder at room temperature. The absorption band at around 450 nm is
ascribable to the metal-to-ligand charge transfer (MLCT) band of Ru complexes, and an
emission band with a peak at around 610 nm can be identified as phosphorescence from the
lowest triplet MLCT excited state,!” indicating the successful modification of Ru complexes in

MPS-SPh particles.
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Figure 1. (a) Structural model of Ru/MPS-SPh. Ru complex and SPh groups in 1D channel
within the hexagonal structure of MPS (left) are shown as a red ball and blue hexagons,
respectively. (b) FE-SEM image of the Ru/MPS-SPh. Scale bar = 1 pum. The inset shows the
TEM image. Scale bar = 20 nm. (c) Normalized steady-state diffuse reflectance and emission

spectra of Ru/MPS-SPh0.28.

Quenching of Excited Ru Complexes by Molecular Oxygen. Figure 2a displays the
emission decay profiles obtained for a single Ru/MPS-SPh particle in 0.01 M phosphate buffered
saline (pH 7.4; 0.138 M NaCl; 0.0027 M KCl) at room temperature. The phosphate buffer was
used as the solvent to ensure consistency with the following photocatalytic activity tests, where a
highly fluorescent deprotonated form of fluorescein, which is a product of the reaction between
APF and *OH, is created in aqueous solutions at pH 7.4. As mentioned elsewhere,’’ the multi-
exponential kinetics indicate the microscopically heterogeneous local environments in the MPS.
A fit with a sum of two exponentials provides the intensity-weighted average lifetime (7) for
individual Ru/MPS-SPh particles. The 70 values, which are the lifetimes obtained for Ru/MPS-
SPh particles in Ar-saturated solution, vary among the particles (Figure S3); for instance, a
representative Ru/MPS-SPh0.28 particle in Ar-saturated buffer possesses a 70 of ca. 700 ns
(Table 2). The shortened 7o values with increasing concentration of SPh groups are partly
attributed to the enhanced radiative process of the excited Ru complexes due to the larger
oscillator strength caused by the higher refractive index (1.49)*® of the benzene moiety than that
(1.33)* of water.* Considering the absolute emission quantum yields (®s) of Ru/MPS-SPh0.84
and Ru/MPS-SPh1.2 (Table 2), however, nonradiative relaxation caused by the SPh groups
might be involved.

It was reported that the excited Ru complex is quenched by molecular oxygen dissolved in

water with bimolecular quenching rate constant (kq) of 3.3 x 10° M ! s7! (in D20).*! The fraction
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of excited triplet states quenched by O2 yielding singlet oxygen ('02) was also reported to be
0.48.*' As an alternative pathway, electron transfer is thermodynamically possible to produce
[Ru(bpy)3]** and O2*", since the corresponding driving force is estimated to be —0.56 eV.*!
However, as evidenced from the decay kinetics (Figure 2a) and Stern-Volmer plots for the
emission quenching by oxygen molecules (black squares in Figure 2b), excited Ru complexes in
MPS-SPh particles are apparently less reactive with Oz in phosphate buffer as well as in pure
water (data not shown), while @ values clearly decreased with increasing oxygen concentration
(red circles in Figure 2b). In the case of Ru/MPS-SPh0.28, the dynamic and static Stern-Volmer
quenching constants (denoted as K" and K, respectively) calculated from the slopes of the
graphs for 7 and ® were 94 and 298 M!, respectively (Table 2). The dynamic and static
quenching rate constants (denoted as kq® and kq®, respectively) were 1.3 x 10% and 4.1 x 103 M !
s71, respectively, determined from kq = Ks/70. The term “static quenching” refers to the situation
in which some quenchers are adjacent to complexes prior to excitation or the quenching reaction
takes place within our instrument response function of ~100 ps, as confirmed by lifetime
measurements (Figure S4). From the above results it is concluded that most of the excited Ru
complexes react with Oz via (quasi) static quenching, not via dynamic quenching. Among the
samples, Ru/MPS-SPh1.2 is much less reactive toward Oz via the dynamic quenching process
because of its much shorter z0. A behavior similar to that seen here was previously reported for
several systems (e.g., Ru complex/O2 on thin-layer chromatography silica).*> The proposed
model indicates that oxygen molecules would be bound to the surface of silica** and are

responsible for the static quenching process.
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Figure 2. (a) Decay profiles of the emission intensity observed for the same single Ru/MPS-
SPh0.28 particle adsorbed on the cover glass in phosphate buffer. (b) Stern—Volmer plots for

emission quenching by dissolved oxygen molecules.

Table 2. Reaction Rate Constants between Excited Ru Complexes and Molecular Oxygen

d d
7o, (D(): KSV » kq » KSVS: kqsa

sample ns %" M 108M s M 105 M ! s

Ru/MPS-SPh0.28 720 + 20 8.7+0.2 94 +£25 1.3+£03  298+21 4.1+0.3
Ru/MPS-SPh0.84 705+5 100£0.1 110 £24 1.6+0.3 174+ 5 2.5+0.1

Ru/MPS-SPhl.2 555+ 14 8.7+0.1 n.a.c n.a.¢ 214+16 39+03

“ Measured for a single particle in Ar-saturated phosphate buffer
b Measured for bulk sample in N2-saturated phosphate buffer
¢ No clear linear relationship in the Stern—Volmer plots

Diffusion of Ru Complexes in MPS-SPh. The mass transfer and diffusion of reactants and
products across MPS are crucial factors affecting catalytic activity and turnover. To evaluate the
diffusivity of Ru complexes in a single MPS-SPh particle, fluorescence recovery after

photobleaching (FRAP) induced by the 488 nm laser was observed using the TIRF microscope
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(Figure 3a). TIRF has previously been combined with FRAP to measure solute diffusion in
biological cells.***

As demonstrated in Figure 3b, for Ru/MPS-SPh0.28 in phosphate buffer, a sudden drop in
emission intensity refers to the rapid bleaching of the fluorophores (red circles), followed by the
recovery, which can be traced by intermittent observations with flashed excitation light (blue
circles). The intensity remains almost constant over a long period (>1 h) when the excitation
intensity was sufficiently weak, indicating that the adsorbed Ru dyes hardly diffuse into the
solution (Figure S5). The characteristic distance of the evanescent wave decay (d ~ 90 nm) is
much less than the channel length (/) in an MPS particle and thus results in photobleaching only
near the interface. From the emission images, it seems that Ru complexes are almost uniformly
distributed over the MPS particle. In addition, confocal microscope images obtained at the
position of approximately 200 nm from the cover glass surface support the incorporation of Ru
complexes into the center of the particle (Figure S6). To examine the importance of pore
channels and the possibility of self-recovery of the Ru emission, single-particle FRAP
experiments were performed for Ru-modified silica particles. As shown in Figure S7, no
recovery was observed after the bleaching, suggesting that the observed recovery for the
Ru/MPS-SPh particles is possibly attributed to the diffusion of Ru complexes through 1D
channels.

The recovery kinetics and fraction (Fr) of individual Ru/MPS-SPh particles are quite different
from particle to particle, suggesting inherent heterogeneities in the samples.****® According to the
Langmuir adsorption model for the solid-liquid interface,*’ the concentration of adsorbed guest

molecules (cads) can be expressed by the following equation:

K (o}
Cads = Csite - —adsfree (1)
1+KadsCfree

14



where csite 1s the concentration of adsorption sites, cfiee 1s the equilibrium concentration of the
guest molecules free to diffuse in the pore, and Kad is the adsorption constant defined as Kads =
kads/kdes, where kads and kdes are the adsorption and desorption rate constants, respectively. When
the adsorption equilibrium is reached under the conditions of Kadscfree > 1 and csite > Cads,
diffusing guest molecules in the pores can be assumed to exist between the free and immobilized
components. In such a case, one-dimensional diffusion must be modified as*

OCtotal __ 0% crotal
at De dx2 )

where ciotal 1s the total concentration of guest molecules (i.e., both freely diffusing and
immobilized in the pores) at position x, and Defr is the effective diffusion coefficient of guest
molecules. Simulations were then performed based on eq 2 using the forward-time central-space
(FTCS) finite difference method.* As shown in Figure 3c, the initial concentration (at ¢ = 0) of
Ru complexes in MPS-SPh was set to be exponentially distributed with a characteristic distance
of 90 nm, which corresponds to the penetration depth of the evanescent field, because of
bleaching. The relative concentrations of Ru complexes near the pore entrance gradually recover

over time due to diffusion from the right hand side (i.e., unbleached region inside the particle).
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Figure 3. (a) Experimental procedure for single-particle fluorescence recovery after
photobleaching under a TIRF microscope. (b) A typical emission intensity change observed for a
single Ru/MPS-SPh particle adsorbed on the cover glass in phosphate buffer during the course of
the FRAP experiment. The emission images showing initial, bleached, and recovered states are
also shown. (c¢) Simulation model for the recovery kinetics. The concentration profiles obtained
every 10 s are shown. The parameters were set as follows: / = 1 um, Desr = 500 nm? s™!, d = 90

nm, df =40 ms, and d/ = 10 nm.

The numerical analysis of the recovery kinetic curves based on this diffusion model led to the
estimation of Defr for Ru complexes in MPS-SPh, where the concentrations of complexes in the
region between 0 and 90 nm from the surface of Ru/MPS-SPh particles were analyzed. It should
be noted that two Defr values were needed to simulate the experimental results. The faster and

slower components (Detf™! and Des?1°%) for the same particle were determined to be ~350 and ~1
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1

nm? s~! at 293 K, respectively (see Figure 4a), which are much smaller than those (10107 nm?

s 1) for the Ru complex molecules in bulk water’® and are within the reported D values ranging

and 3 x 10* nm? s! for cationic rhodamine 6G in silica nanochannels in

between 2.9 nm? s~
water (2.9 nm in diameter)®' and neutral Nile red in as-synthesized (surfactant-containing)
mesoporous silica, respectively. It was proposed that the ratio between the pore (Dpore) and bulk
(Dwuik) diffusion coefficients is expressed as a function of £ (#Ru/Fpore = 6.1/14 = 0.436), which is

the ratio of the molecular (7ru) and pore (7pore) radii. According to the Higdon and Muldowney

equation, > which is valid for 0 < < 0.95,

ore — 1 4 (9/8) x B x In(B) — (156034 x f) + (0.528155 x £2) + (1.91521 x 83) —

Dpuik

(2.81903 x B*) + (0.270788 x B5) + (1.0115 x B¢) — (0.435933 x 7). (3)

The Dpore/Douik value was obtained as 0.080, which is not consistent with our result (at least,
Dei™®/Dyuik < 107%). This estimation suggests that the decrease in D is not only attributable to the
pore hindrance but also to the adsorption—desorption dynamics due to the electrostatic attraction
between the positively charged Ru complex and negatively charged SPh groups on the pore walls.
Evidence in support of this interpretation is provided by the fact that unrecovered components
(i.e., Fur in Figure 3b) clearly increased with increasing concentration of SPh groups (Table S1).
In addition, as demonstrated in Figure S8, the recovery rate in phosphate buffer was higher than
that in pure water, suggesting that OH™ and Ph-SO*" groups on the surface of MPS are coupled

4

with Na“ in solution,® and thus Ru complexes temporarily stay in an ion-paired form

(Ru**---HPO4*" or CI") in solution. This feature would be advantageous for the durability of
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catalysts because the degraded complexes near the outer surface exposed to light can be readily
replaced with fresh ones inside MPS.

F: significantly increased as the temperature of the solution increased (Figure 4a). Therefore,
the temperature dependence of D™ and Des?'¥ to determine the activation energies (Eas) from
the slopes of the Arrhenius plots was evaluated (Figure 4b). The Eas for faster and slower
diffusion processes are 0.58 & 0.10 and 2.8 + 0.6 kJ mol !, respectively. The latter is the same
order of magnitude as the electrostatic interaction estimated from the Coulomb formula,
q1q2/(4neoeriz) = —4.96 kJ mol ™!, where the positive charge is g1 = +2 (Ru complex), and the
negative charge is g2 = —1 (SPh group), the permittivity of vacuum is g0 = 8.85 x 1072 C2J ' m™!,

the dielectric constant of the solvent is &€ = 80 (water), and 712 is 7 A (the distance between the Ru

and the center of the SPh group).
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Figure 4. (a) Emission intensity changes after photobleaching observed for the same Ru/MPS-
SPh1.2 particles in phosphate buffer at different temperatures. The parameters were set as
follows: [ = 1.2 um, d = 90 nm, df = 40 ms, and d/ = 10 nm. The ratios of Def™®"/De*®" were
0.37, 0.25, and 0.18 for 293, 303, and 313 K, respectively. (b) Arrhenius plots for D' and
Defov,
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Single-particle FRAP experiments further visualized the heterogeneity of diffusivity inside the
particle. As demonstrated in Figure 5, F: values are quite different over a particle. This result
could be attributed to several reasons. First, locally higher concentrations of SPh groups in the
channels lead to lower diffusivity, as mentioned above (Table S1). The second is related to
structural defects (e.g., cracks, grain boundaries, and dislocations) in MPS.3>-3 For instance, the
anisotropy of the one-dimensional channels is considered as a possible origin from macroscopic
point of view (Figure 1a). Ru complexes in the channels perpendicular to the cover glass readily
diffuse from the inside to the bottom surface of the particle after bleaching. Meanwhile, if the
particle has pores parallel to the cover glass surface and then all of the Ru complexes within the
evanescent field were bleached, nothing will be left to diffuse and show emission. It is still
difficult to untangle these heterogeneities, and a strong relationship between diffusivity and

reactivity in MPS was found, as discussed later.

Figure 5. (a) Emission image of a single Ru/MPS-SPh0.28 particle under 488 nm laser
irradiation (10 mW). Scale bar = 500 nm. (b) Spatial distribution of F:. The area surrounded by

the white broken line in the panel a was analyzed.

Photocatalytic Activity. *OH is the most reactive oxidizing agent and is possibly produced by

the reduction of H20:2 by excited Ru complexes inside the MPS (Figure S9). The APF employed
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herein selectively reacts with *OH (but not with 02*, 'O2, and H20:) and transforms into a
strongly fluorescent product (i.e., fluorescein) in phosphate buffer (pH 7.4) (Figure 6a).>’ The
photocatalytic performance of Ru/MPS-SPh particles was first examined by evaluating the
generation of fluorescein by ensemble-averaged spectroscopy. As shown in Figure 6b, when the
Ru/MPS-SPh dispersions containing APF (1 uM, in air-saturated buffer) were exposed to 405-
nm LED light, a new fluorescence peak appeared at approximately 510 nm and its intensity
gradually increased with increasing irradiation time. In control experiments, the increase in
fluorescence intensity was negligible when the suspension of Ru/MPS-SPh particles was purged
with Ar to remove dissolved oxygen (Figure S9), free Ru complexes with almost the same
concentration as in Ru/MPS-SPh particles are added to the solution, and no Ru/MPS-SPh
particles are added to the solution (i.e., only APF solution). It should be mentioned that the
photodegradation of Ru complexes was negligible, as seen from their unchanged emission

spectra (>600 nm). The activity for *OH production was in the order of Ru/MPS-SPh0.28 >

Ru/MPS-SPh1.2 ~ Ru/MPS-SPh0.84 (Figure 6¢).

20



NH,

O o o)
D
‘ COoO”

Aminophenyl fluorescein (APF) Fluorescein
very weak fluorescence strong fluorescence
b C

—_ = m Ru/MPS-SPh0.28
5 5001 Irradiation time ;_;500' ® Ru/MPS-SPh0.84
S 0 min c RU/MPS-SPh1.2
> 400 ——5min € 4001y Ru/MPS-SPh0.84 (Ar)
B —— 10 min © ¢ Ru
c — i [Ye)
@ 300 - 15 min '03001X APFonly 4
z 20 min ©
- (]
S 200+ 2200
2 £
£ 100 >. 100

0 T T T T T T Q 0+ T > T ¢

500 550 600 650 700 750 800 £ 0 5 10 15 20

Wavelength (nm) Time (min)

Figure 6. (a) Schematic illustration of the detection of *OH with APF. (b) Emission spectra of a
buffer suspension of Ru/MPS-SPh0.28 in the presence of APF (1 uM) before and after
photoirradiation (405 nm, 20 mW c¢m ). The excitation wavelength for the emission spectra was
450 nm. (c¢) Emission intensity changes at 515 nm for Ru/MPS-SPh particles in air-saturated
APF solutions. The control experiments were performed for Ru/MPS-SPh0.84 in Ar-saturated
APF solution (inverted triangles), Ru (5 pM) in air-saturated APF solution (rhombuses), and Ar-

saturated APF solution in the absence of Ru (crosses).

Next, we focused on the detection of *OH over single Ru/MPS-SPh particles by utilizing TIRF
microscopy. Figure 7a shows the fluorescence images captured for a single Ru/MPS-SPh particle
in air-saturated phosphate buffer before and after the addition of APF under 488 nm laser
irradiation (left and right images). As predicted by ensemble experiments, the fluorescence
intensity substantially increased immediately after the addition of APF, suggesting the

production of fluorescein molecules through the reaction between APF and *OH. In addition, the
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emission from fluorescein molecules was detected in the bulk solution just outside the particle,
indicating that products escaped from the MPS (Figure S10), which is necessary for long-term
photocatalysis operations.

When the amount of Ru complexes in MPS-SPh0.28 was reduced to 1/100 (i.e., 0.74 umol g ),
burst-like fluorescence signals (referred to as on states) that have an intensity above the
background (referred to as off state) appeared over a single particle, indicating the single-
molecule detection of fluorescein (Figure 7b).* The width of the line profile of the fluorescent
spot shown in Figure 7c (top) is much broader than the size of the diffraction-limited spot (ca.
200 nm) commonly observed in the immobilized molecule. This result suggests that the
fluorescein molecule is generated at the straight channel in which the molecule can diffuse.
Taking the one-dimensional diffusion equation as a simple approximation, the broadening of the
emission spot follows MSD(7) = 2Dt. MSD is the mean-square displacement defined as MSD()
= o(f)*> — o(0)?, where o is the Gaussian standard deviation (c = FWHM/2.355). Because the
fluorescence bursts disappeared in only one or two frames due to diffusion into the bulk solution
or photobleaching, we adopted the acquisition time of 100 ms as the diffusion time ¢, ¢ of 247
nm observed for a fluorescence burst (FWHM = 580 nm; see Figure 7c) as o(¢), and the point
spread function of 75 nm (FWHM = //2NA = 177 nm) as o(0), thus leading to a D of 2.8 x 10°
nm? s~!. This value is much smaller than the reported value (4.36 x 10® nm? s™!) for fluorescein
in 0.1 M phosphate-citrate buffer (pH 7.5) (Biophysical Journal 94(4) 1437-1448), but much
higher than those obtained for Ru complexes (10°-10> nm? s!) in MPS, suggesting less
attractive interactions with the surface of MPS due to negative charge groups on the fluorescein.
Furthermore, the locations of the fluorescence bursts, where the fluorescent products are

generated, were analyzed using a super-resolution localization technique. As shown in Figure 7d,
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the burst spots are likely located near the center of the particle (shown as a broken circle). This
result suggests that a part of the products generated near the outer surface escaped, again

supporting our conclusion that a series of reactions take place within a single particle.
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Figure 7. (a) Emission images observed for a single Ru/MPS-SPh0.28 particle adsorbed on the
cover glass in buffer before and after the addition of buffer solution of APF under 488-nm laser
irradiation (1 mW). The final concentration of APF was 1 uM. Scale bar = 1 pum. (b) Intensity
trajectory observed during 488-nm laser excitation (10 mW) of a single Ru(0.74 umol g ')/MPS-
SPh0.28 particle in the presence of APF (1 uM). The left and right emission images in the inset
indicate the off and on states, respectively (see the black and red arrows, respectively). (c)
Emission intensity distribution of the single-molecule fluorescence. The top and right panels
show the emission intensity profiles across the intensity center along the x- and y-axes,
respectively. (d) Spatial distribution of the locations of fluorescein molecules generated over a

single Ru/MPS-SPh0.28 particle under 488-nm laser irradiation (10 mW). Scale bar = 200 nm.
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Finally, we examined the impact of diffusivity on the reactivity at the single-particle level. For
this purpose, single-particle FRAP experiments were carried out and then photocatalytic activity
tests were performed using APF for the same particle. As demonstrated in Figure 8, the
generation efficiency of fluorescein, which was evaluated from (/apr — Iru)/Iru, Where Iru and
Iapr are emission intensities measured before and after the addition of APF, almost linearly
increased with increasing Er (which corresponds to the diffusivity of Ru in MPS). The observed
positive correlation, which is usually hidden in the bulk sample, cannot be fully explained at this
stage; however, this result may reflect the importance of mass transfer and diffusion of reactants
including molecular catalysts with relatively large sizes through the well-defined nanochannels
on multistep catalysis. Moreover, a proper design of diffusivity of molecular catalysts according
to the target reactions by controlling the interactions between the catalysts and host materials, via
varying the functional groups on or covalent bonding to the host materials,** is effective for

improvement of reaction efficiency.
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Figure 8. The relationship between Fr and (/apr — Iru)/Iru, Where Iru and Japr are emission
intensities measured before and after the addition of APF, obtained for single Ru/MPS-SPh0.28

particles.
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CONCLUSIONS

We have successfully demonstrated the single-molecule, single-particle observation of
molecular diffusion and photoinduced reactions in individual Ru/MPS-SPh particles under
visible-light irradiation. In the present study, two methods were mainly described: (i) single-
particle FRAP experiments for intrapore diffusion of Ru complexes and (ii) the single-molecule
photocatalytic activity test using a fluorogenic probe. Experiments (i) revealed that Ru

complexes are mobile in MPS-SPh with Defr in the order of 10°-10? nm? ™!

, which varied among
the particles, and molecular diffusivity decreased with increasing amount of SPh groups because
of electrostatic interactions. From the experiments (ii), it was confirmed that the cascade
reactions including quenching of excited Ru complexes by Oz to generate *OH and the
subsequent reactions of APF with *OH are completed within the same particle. By combining the
above methods, the positive correlation between diffusivity and reactivity was validated,
suggesting the importance of well-ordered nanochannels with optimized pore diameter and
adequate environment for efficient (photo)catalysis. Our single-molecule, single-particle

approaches using MPS particles as nanoscale reactor vessels are applicable to various types of

molecular complexes and catalytic processes.
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