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ABSTRACT Interfacial charge transfer at the heterogeneous surface of semiconductor

nanoparticles is a fundamental process that is relevant to many important applications,
such as photocatalysis, solar cells, and sensors. In this study, we developed new water-
soluble fluorogenic probes for interfacial electron transfer reactions on semiconductor
nanoparticles. The synthesized boron-dipyrromethene-based fluorescence dyes have one

or two sulfonate groups, which confer solubility in aqueous media, and a dinitrophenyl

Visible light

group as a redox reaction site. These probes produce the corresponding fluorescent products via multiple interfacial electron transfer processes, allowing us

to investigate the photoinduced redox reactions over individual pristine and Au-nanoparticle-deposited Ti0, nanoparticles at the single-particle, single-

molecule levels. The minimum probe concentration to detect single-product molecules on a single Ti0, nanoparticle was found to be in the nanomolar

range (<10 nM) in acidic solution. Furthermore, super-resolution mapping of the reaction sites revealed that visible-light-induced reduction reactions

preferentially occurred on the Ti0, surface within a distance of a few tens of nanometers around the deposited Au nanoparticles. This result was

qualitatively interpreted on the basis of plasmon-induced electron and/or energy transfer mechanisms. Overall, this study provides a great deal of valuable

information related to solar-energy-conversion processes that is impossible or difficult to obtain from ensemble-averaged experiments.
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here is significant current interest in
Tthe development of molecular probes

for the characterization of chemical,
biological, and physical processes in nano-
scale environments.'~® For instance, fluoro-
genic probes are non-emissive molecules
which become highly emissive after interact-
ing or reacting with a substance of interest.5”
Synthetic fluorogenic probes have been de-
signed based on various concepts, including
energy transfer, electron transfer (ET), and
heavy atom effects. Because of their high
sensitivities and specificities, they have
been used both in vitro and in vivo to detect
biologically relevant targets, such as metal
ions and reactive oxygen species. Recently,
such probes have been successfully applied
at high spatial and temporal resolutions in
the exploration of chemical reactions occur-
ring on heterogeneous catalysts,®~'2 for ex-
ample, layered double hydroxides,'>'* metal
nanoparticles,’”>~'® carbon nanotubes,'®
titanium dioxide (TiO,),>°~%> and synthetic
zeolites,”**’ using the rapidly developing
technology of single-molecule fluorescence
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spectroscopy. In particular, the high-resolu-
tion reconstruction method, which is based
on the catalytic conversion of fluorogenic
substrates, has been applied in the identifi-
cation of catalytic sites beyond the optical
diffraction limit (a few hundred nanometers
in the lateral direction).'®'%2¢

Interfacial ET on semiconductor or metal
nanostructures governs their optoelectro-
nic and catalytic performances; thus, a prop-
er understanding of the ET mechanism can
provide helpful information for the design
of highly efficient devices. Very recently,
we designed and synthesized a novel redox-
responsive boron-dipyrromethene (BODIPY)
fluorescent probe, 3,4-dinitrophenyl-BODIPY
(DN-BODIPY, Figure 1), on the basis of a
photoinduced intramolecular ET mechan-
ism.2" DN-BODIPY is composed of a BODIPY
fluorophore and a reactive dinitrophenyl
group. BODIPYs are promising dyes for bioi-
maging applications because of their attrac-
tive properties, such as high extinction co-
efficients (¢), high fluorescence quantum yields
(Pq), good chemical and photostabilities, and
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Figure 1. Generation of highly fluorescent products from
nonfluorescent probes.

their facile chemical modification.?®2° The reduction of
nitro groups to nitroso, hydroxylamino, and, even-
tually, amino groups has been chosen as the model
reaction to evaluate the catalytic performance of semi-
conductor and metal nanoparticles.3°~>3 Prior to the
reduction, the two nitro groups greatly reduce the
lowest unoccupied molecular orbital (LUMO) energy
level of the benzene moiety at the meso-position of the
BODIPY core because of their strong electron-with-
drawing nature. As a result, fluorescence is strongly
quenched by an intramolecular ET from the excited
BODIPY to the dinitrophenyl group. Upon the reduc-
tion of one nitro group to the electron-donating
hydroxylamino group, fluorescence quenching is sig-
nificantly suppressed as a result of the greatly in-
creased highest occupied molecular orbital (HOMO)
energy level of the benzene moiety.

TiO, photocatalytic reactions are basically initiated
by band gap excitation with UV light irradiation (1 <
390 nm for anatase) to generate a number of electrons
(e7) and holes (h™) in the conduction band (CB) and
valence band (VB), respectively.3*~3” These charge carriers
can react with molecules adsorbed on the TiO, surface,
thus acting as catalysts. Both ensemble-averaged and
single-molecule fluorescence experiments have de-
monstrated that DN-BODIPY acts as a highly sensitive
fluorogenic probe to monitor the photoinduced ET
process on a single TiO, nanoparticle in methanol
solutions.?! However, the experimental conditions
are limited by the poor solubility of DN-BODIPY in
water (<100 nM) and its weak adsorption onto the
catalyst surface. Photocatalytic hydrogen evolution
from water is attractive as a means of converting solar
energy into chemical energy and has been the subject
of much interest.33~*" Thus, there is a tremendous
need to develop water-soluble, ultrasensitive fluoro-
genic probes for the exploration of interfacial ET
processes in heterogeneous catalysis.

In this study, we developed two new water-soluble
compounds in the DN-BODIPY family, which have one
or two sulfonate groups on the BODIPY fluorophore.
The corresponding fluorescent products are generated
via multiple interfacial ET processes upon UV irradia-
tion of TiO, in analogy with the case of DN-BODIPY.
The probe concentration for the detection of single-
product molecules on a single TiO, nanoparticle can be
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TABLE 1. Fluorescence Properties of Dyes in Different
Solvents

dye solvent ™ nm  Ag™ nm D T
DN-BODIPY water’ n/a n/a n/a n/a
methanol 505 523 <0.001 <0.1°
water—methanol® 507 527
HN-BODIPY water’ n/a n/a n/a n/a
methanol 499 510 0.50 37
water—methanol® 500 512059 40
MS-DN-BODIPY  water 500 522 <0.001 <0.1°
methanol 507 524
water—methanol 508 527
MS-HN-BODIPY  water 494 507 0.55 35
methanol 500 513 0.52 35
water—methanol 502 515 0.50 3.6
DS-DN-BODIPY  water 506 524 <0.001 <0.1°
methanol 511 531
water—methanol 513 530
DS-HN-BODIPY  water 498 510 0.31 3.1
methanol 504 517 0.42 35
water—methanol 504 522 0.54 37

0.1 M phosphate buffer (pH 7.4). b Mixture of acidic water (pH 2, HCIO,) (10 vol %)
and methanol (90 vol %).  Calculated with fluorescein as fluorescence standard
(®q=0.85in0.1N NaOH,). Errors are within 20%. ? Errors are within 5%. € Within
IRF.

reduced to 10 nM in acidic solution, which is more than
2 orders of magnitude lower than that of unmodified
DN-BODIPY. Furthermore, the super-resolution map-
ping of visible-light-induced reduction reactions on
Au-nanoparticle-deposited TiO, (Au/TiO,) revealed
that the reactive sites were spatially distributed within
a distance of a few tens of nanometers from the
deposited Au nanoparticles.

RESULTS AND DISCUSSION

Newly synthesized mono- and disulfonated deriva-
tives of DN-BODIPY are abbreviated as MS-DN-BODIPY
and DS-DN-BODIPY, respectively. Their molecular
structures are shown in Figure 1. The fluorescence
properties of the dyes are also listed in Table 1. Both
dyes are nonfluorescent in polar solvents before the
reduction of the nitro group (P54 < 0.001).

The performance of the fluorogenic probes was first
examined by evaluating the photoreduction activity
of TiO, nanoparticles (50—300 nm particle size) with
ensemble-averaged absorption and fluorescence
spectroscopies. When TiO, dispersions containing
DS-DN-BODIPY (1 #M, in an Ar-saturated mixed solvent
of acidic water (pH 2, HCIO,4, 10 vol %) and methanol
(90 vol %) (hereafter denoted by “aqueous methanol”))
were exposed to 365 nm UV light (35 mW cm2) from
a mercury lamp, a new fluorescence peak appeared at
ca. 510 nm, and its intensity gradually increased with
increasing UV irradiation time (Figure 2A). In control
experiments, the increase in fluorescence intensity
was negligible when the suspension was not irradiated
with UV light or no TiO, nanoparticle was added to the
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Figure 2. (A) Fluorescence spectra of Ar-saturated aqueous methanol solutions of DS-DN-BODIPY (2 «M) before and after UV
irradiation in the presence and absence of TiO, particles (1.0 g L™"). (B) UV irradiation time dependence of normalized
fluorescence intensity for DN-BODIPY, MS-DN-BODIPY, and DS-DN-BODIPY. (C) pH dependence of the fluorescence intensity
of the sample solutions after UV irradiation ([S] = 2 M, [TiO,] = 1.0 g L™ "). The HCIO, aqueous solutions with different pH
values were mixed with the same amount of methanol, and the mixtures were used as the solvent. Error was within 20%. (D)
Methanol concentration dependence of the fluorescence intensity of the sample solutions after UV irradiation ([S] = 2 uM,
[TiO,] = 1.0 g L™"). Different amounts of methanol were mixed with pH 2 water, and the mixtures were used as the solvent.

solution. Since the photogenerated h™ in TiO, are
efficiently scavenged by methanol,® it can be sug-
gested that the photogenerated e™ in TiO, are primar-
ily responsible for the generation of the fluorescent
product. Figure 2B represents the UV irradiation time
dependence of the normalized fluorescence intensity
for the three probe dyes. DS-DN-BODIPY exhibited
the highest rate of product formation, whereas DN-
BODIPY was slowly converted to the fluorescent pro-
duct over a few minutes. From the UV irradiation times
(t,,2) needed to reach the half-maximum intensity, the
reaction rates (t;,, ') were roughly estimated to be
16x 107315 x 10 %,and4.5 x 10 *s ' for DN-BODIPY,
MS-DN-BODIPY, and DS-DN-BODIPY, respectively.

As shown in Figure 2C, product formation was
significantly enhanced below pH 4, especially for DS-
DN-BODIPY and MS-DN-BODIPY. The absorption and
fluorescence properties of the BODIPY fluorophore are
insensitive to the pH of the medium in the range of 2
to 12.*2*3 Since the reduction of the nitro group to the
hydroxylamino group proceeds via a four-electron/
four-proton transfer process, a lower pH of the medium
should be favorable. The CB potential of anatase TiO,
exhibits a pH dependence that decreases by 59 mV per
pH unit (Ecg = —0.12—0.059 pH versus normal hydro-
gen electrode, NHE)** and, consequently, the ability
of e to participate in redox processes decreases with
decreasing pH of the medium. This tendency was not
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consistent with the pH dependence of the reactivity
observed here. Considering that anatase TiO, nano-
particles usually have a point of zero charge at
pH ~ 6, their surfaces will gain a positive charge at
pH values lower than ~6 via protonation. In terms
of the charge distribution, multisite complexation
model,***” the TiO, surface forms positively charged
TiOH, "2 (TIOH™ "3 + H" < TiOH, %) and Ti,OH"?
(Ti,OH™?® + H* < Ti,OH""?) species at pH values
lower than ~6, and therefore, the sulfonated probe
molecules with negative charges are more readily
adsorbed on the catalyst surface and the reduction
reaction is favored. In fact, the equilibrium adsorption
constants (K,q) for DS-DN-BODIPY on TiO, were very
sensitive to the pH values of the solutions and de-
creased from ~10° to ~10> M~ when the pH of the
added water was increased from 2 to 6 (Figure S1,
Supporting Information). A similar pH dependence of
molecular adsorption was observed for acid orange 7
(AQ7), where the AO7 molecule was considered to be
adsorbed on the TiO, surface via the two oxygen atoms
of the sulfonate group of the dye.*’#®

Figure 2D shows the methanol concentration de-
pendence of the fluorescence intensity of the sample
solutions after UV irradiation. Both sulfonated probes
exhibited a dramatic increase in fluorescence intensity
upon addition of 10 vol % acidic water in methanol,
whereas the fluorescence intensity of DN-BODIPY after
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Figure 3. Normalized UV—visible absorption and fluorescence spectra of probe (A) and product (B) molecules in aqueous
methanol solutions. The excitation wavelength was 470 nm. (C—E) Fluorescence decays observed for probe and product
molecules in aqueous methanol solutions. The excitation wavelength was 485 nm. See Table 1 for spectral characteristics and

fluorescence lifetimes.

UV irradiation was not significantly dependent on the
methanol concentration. This difference is obviously
caused by the greater adsorption of the sulfonated
probe molecules on the positively charged TiO, sur-
faces, as discussed above.

We repeatedly purified the fluorescent products
through preparative thin-layer chromatography (TLC).
As previously reported, the product 4-hydroxyamino-
3-nitrophenyl-BODIPY (HN-BODIPY) exhibited a high
fluorescence quantum yield and a greatly prolonged
fluorescence lifetime (Table 1), compared with DN-
BODIPY.?" It is thermodynamically possible that the
photogenerated e~ in TiO, (Ecg = —0.88 V vs NHE in
methanol) are transferred to the para-nitro group with
a reduction potential of —0.54 V vs NHE, leading to the
generation of the 4-hydroxyamino-3-nitrophenyl
substituent.* Given that the incorporation of the two
sulfonic acids in the BODIPY chromophore resulted in
a small shift in its oxidation (from +1.24 to +1.21 V vs
NHE) and reduction (—0.94 to —1.06 V vs NHE) poten-
tials (Figure S2, Supporting Information), we propose
the photoinduced reduction route of sulfonated DN-
BODIPY over TiO,, as illustrated in Figure 1.

Figure 3A,B depicts UV—visible absorption and fluo-
rescence spectra of the probe and purified product
molecules in agueous methanol solutions, respectively.
Also listed in Table 1 are the spectral and fluorescence
properties of the probe and product molecules in
0.1 M phosphate buffer (pH 7.4), neat methanol, and
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water—methanol mixed solvents. The major absorption
peaks of the fluorescent products were located at
around 500 nm and were slightly blue-shifted by
~7 nm compared with the parent probe molecules.>
Moreover, the fluorescent products had much higher
fluorescence quantum yields (¥4 = 0.3—0.6) and longer
fluorescence lifetimes (tq = 3—4 ns) (Figure 3C—E)
compared with those (@4 < 0.001, 75 < 0.1 ns) of their
parents.

We then investigated the photoinduced reduction
of the probe molecules over single TiO, particles using
wide-field fluorescence microscopy. The position and
morphology of the TiO, particles immobilized on the
cover glass were determined from the correlated
optical transmission and field-emission scanning elec-
tron microscope (FE-SEM) images (Figure S4, Supporting
Information).?2

Figure 4A shows typical fluorescence images cap-
tured during the 488 nm laser irradiation of a single
TiO, particle on the cover glass in Ar-saturated DS-DN-
BODIPY (1 M) aqueous methanol solution before and
after UV irradiation (30 mW cm ™2 at the glass surface).
A sudden increase in intensity upon UV irradiation
corresponds to generation of the fluorescent pro-
duct (i.e., DS-HN-BODIPY) (Figure 4B). The order of
the fluorescence intensity increases caused by UV
irradiation was similar to that of the reaction rates
observed for the bulk samples (Figure 2B), that is,
DS-DN-BODIPY > MS-DN-BODIPY >> DN-BODIPY.
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Figure 4. (A) Fluorescence images observed during the 488 nm laser irradiation of a single TiO, particle on the cover glass in
Ar-saturated DS-DN-BODIPY (1 uM) aqueous methanol solution before and after UV irradiation. The acquisition time of an
image was 50 ms. Scale bars are 1 um. (B) Typical fluorescence intensity trajectories observed for a single TiO, particle in
Ar-saturated aqueous methanol solutions of DN-BODIPY, MS-DN-BODIPY, and DS-DN-BODIPY (1 xM). (C) Typical fluorescence
intensity trajectories observed for a single TiO, particle at different concentrations of DS-DN-BODIPY. (D) DS-DN-BODIPY
concentration dependence of fluorescence intensity obtained for different TiO, particles. The solid lines were obtained

fromeq 1.

It should be noted that the fluorescence signals with
stochastic intensity fluctuations were observed only
upon 488 nm laser irradiation, especially for DS-DN-
BODIPY. This is possibly attributed to the large number
of adsorbed probe molecules that lead to unidentified
fluorescent products from photodegradation of the
probe molecules and/or defect-induced photoreduc-
tion reactions under intense laser irradiation (vide
infra).

At higher substrate (S) concentrations, adsorption
equilibrium is attained readily, thus promoting the
generation of the fluorescent product (P). Figure 4C
demonstrates the expected dependence of fluores-
cence intensity on the DS-DN-BODIPY concentration
([DS-DN-BODIPY]). The [S] dependence of the fluo-
rescence intensity is adequately described by the
Langmuir relationship:

KEEPIS)

T+ KZEPIS] M

intensity o<
where K3EP is the apparent equilibrium adsorption
constant for S (i.e.,, probe molecules).>* We examined
10 different particles that exhibit varying degrees of
reactivity. The resulting values of K35° for each particle
varied significantly, from 1.0 x 10°to 8.2 x 10° M~"
(Figure 4D), inferring that the heterogeneous activity
among particles originates from the adsorbability of
probe molecules, not simply from the difference in the
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number of adsorption sites and intrinsic charge separa-
tion efficiency of each particle. The average K35° value
(4.1 x 10° M™") for DS-DN-BODIPY was close to the
Kaq value (2 £ 1) x 10° M), as determined from the
ensemble-averaged experiments (Figure S1, Support-
ing Information); thus, the results support the validity
of the model. In addition, the KZ5P value for DS-DN-
BODIPY is approximately 1 order of magnitude greater
than that (0.47 x 106 M~") obtained for DN-BODIPY on
TiO, in Ar-saturated methanol,?" but this difference in
K3EP values was unexpectedly small when compared
with the difference (~30 times) in the reaction rates
(Figure 2B).

At [DS-DN-BODIPY] < 10 nM, burst-like fluorescence
signals appeared on single TiO, particles under 488 nm
laser and UV irradiation (Figures 4C and 5). Similar
behavior was previously observed for DN-BODIPY
(0.5—2 uM) on TiO, in Ar-saturated methanol, and each
fluorescence burst corresponded to individual product
molecules.?" In the case of DN-BODIPY, there were very
limited numbers of the fluorescence bursts on TiO,
in aqueous methanol solution. Since the reactivity of
DN-BODIPY on TiO, was not significantly affected by
the addition of acidic water in methanol, the poor
reactivity observed in the single-particle experiments
may be due to the lack of available photons because
of fast dissociation of the product molecules from
the TiO, surface into the bulk solution. As hydrogen
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Figure 5. (A) Fluorescence images of a single TiO, particle
on the cover glass in Ar-saturated 10 nM DS-DN-BODIPY
solution under 488 nm laser and UV irradiation. The acquisi-
tion time of an image was 50 ms. Scale bars are 1 um. (B)
On-time distribution constructed for 10 different single TiO,
particles. Inset shows a typical fluorescence intensity tra-
jectory observed for a single TiO, particle in an Ar-saturated
DS-DN-BODIPY solution (10 nM) under 488 nm laser and UV
light irradiation. The fluorescence bursts are highlighted in
red. The gray dashed line indicates the threshold level
separating the on and off states.

bonding is normally stronger than molecular interac-
tions between neutral substrate molecules (without
functional groups for adsorption) and hydrated TiO,,
water molecules are likely to compete with the sub-
strate molecules in adsorbing on the particle surface
and thus inhibit the reduction reaction.’’*? Conse-
quently, DS-DN-BODIPY in aqueous methanol exhib-
ited about 2 orders of magnitude higher sensitivity to
the reduction reaction on a single TiO, particle com-
pared to DN-BODIPY in methanol.

To further understand the molecular interaction
between the product and TiO,, we analyzed the on-
time (t,,,) for which persistent emission was exhibited,
which is related to the dissociation of fluorescent
products.?' 2 As shown in Figure 5B, the distribution
of 7o, was well fitted with a single-exponential decay
function (R? = 0.99), and the average value of 7y, ((Ton))
was determined to be 0.22 s. This value was much
smaller than that for HN-BODIPY (~0.65 s) in neat
methanol, thus implying that solvent water molecules
assist the dissociation of product.

Multiple ET processes at the heterogeneous inter-
face of metal/semiconductor nanocomposites have
attracted a great deal of research interest because this
process largely governs the photocatalytic perfor-
mance for hydrogen evolution.*®~*' Here, we demon-
strate that the use of DS-DN-BODIPY allows us to
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explore the visible-light-induced redox reactions oc-
curring on the Au-nanoparticle-loaded TiO, (Au/TiO,)
particles at the single-particle, single-molecule level.

Figure 6A shows the distributions of fluorescence
intensities observed for individual TiO, and 8 nm Au/
TiO, particles (the number of Au nanoparticles loaded
per TiO, particle was 10 + 3) in Ar-saturated aqueous
methanol solutions containing DS-DN-BODIPY (1 uM)
under 488 nm laser irradiation (without UV light).
The fluorescence intensity depended on the DS-DN-
BODIPY concentration according to Langmuir—
Hinshelwood-type kinetics. The determined K35° va-
lues were (1.7—8.4) x 10° M~ (Figure S5, Supporting
Information), which are very close to those obtained for
the TiO, systems. In the absence of the probe mol-
ecules, emissions from both the particles on the cover
glass surface were almost negligible. Therefore, the
observed higher intensity on the Au/TiO, particles
immersed in the probe solutions is probably attribu-
table to generation of the fluorescent product (i.e., DS-
HN-BODIPY). Furthermore, such an emission intensity
change in the presence of DS-DN-BODIPY was not
observed for Au nanoparticles (Aldrich; 5, 10, and
20 nm) immobilized on the cover glass, thus suggest-
ing that molecular adsorption of DS-DN-BODIPY on the
surface of Au nanoparticles does not cause any fluo-
rescence enhancement. This observation is consistent
with the bulk experimental results that the DS-DN-
BODIPY solutions with and without Au/TiO, particles
exhibited almost the same fluorescence intensity
(Figure S6, Supporting Information). On the basis of
these observations, it can be inferred that (1) TiO, and
Au nanoparticles are both necessary to form the
product molecules under visible light irradiation and
(2) the reduction reactions take place on the surface of
TiO, particles.

Figure 6B shows the normalized emission spectra
observed for single TiO, and 8 nm Au/TiO, particles in
DS-DN-BODIPY solutions under photoirradiation. The
emission spectrum observed upon 485 nm laser and
UV excitation of the TiO, sample was identical to that
of the bulk solution containing DS-HN-BODIPY, again
confirming the generation of the product molecules
under the present conditions. The same result was
obtained for MS-DN-BODIPY. On the other hand, the
emission spectrum observed upon 485 nm laser ex-
citation of the Au/TiO, sample exhibited a different
spectral shape. The overall spectrum was analogous to
that of DS-HN-BODIPY, but the intensity in the shorter
(longer) wavelength region was significantly attenu-
ated (enhanced). Furthermore, the fluorescence de-
cays analyzed by multiexponential functions showed
that the fluorescent products generated during pulsed
485 nm laser excitation of a single Au/TiO, particle
exhibited a slightly shorter lifetime component
(0.23 ns, 90% weight), as compared with the TiO,
sample (0.36 ns, 79% weight).>
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Figure 6. (A) Distribution of fluorescence intensities observed for individual TiO, and 8 nm Au/TiO, particles in Ar-saturated
aqueous methanol solutions containing DS-DN-BODIPY (1 M) under 488 nm laser irradiation. (B) Single-particle fluorescence
spectra observed for TiO, and 8 nm Au/TiO; particles in Ar-saturated aqueous methanol solutions containing DS-DN-BODIPY
(1 #M) under photoirradiation (at 485 and 365 nm for the TiO, sample and at 485 nm for the Au/TiO, sample). The fluorescence
spectrum of the bulk solution of the product DS-HN-BODIPY is also shown. Note that the fluorescence below ~520 nm is cut
off with the long-pass filter. (C) Typical fluorescence decay profiles observed during 485 and 365 nm excitation of TiO, and
485 nm excitation of Au/TiO, in Ar-saturated DS-DN-BODIPY (1 xM) solutions. Green lines indicate multiexponential curves
fitted to the data. (D) Excitation spectra of the TiO, (solid black line) and Au/TiO, (solid red line) samples measured at a fixed
emission wavelength of 531 nm (width 40 nm). The excitation spectrum of the bulk solution of the product DS-HN-BODIPY
(solid blue line) and the absorption spectra (broken lines) of TiO, (gray), AuTiO, (pale red), and DS-DN-BODIPY (pale blue) are

also shown.

According to the literature,”*~®* these features are

indicative of fluorescence quenching and enhance-
ment of dyes by plasmonic metal nanostructures. The
detected fluorescence F emitted from the product
molecules in proximity to metal nanostructures, such
as Au and Ag nanoparticles, can be described as

F = Tex(Wex)Pem(@em)Np(wex)t (2)

where T (wey) is the excitation rate of the fluoro-
phores at the excitation frequency wey, Pem(®Wem) is
the quantum yield for emission at the emission fre-
quency Wem, Np(wey) is the number of product mol-
ecules per catalyst particle at the excitation frequency
Wex and t is the acquisition time. We neglected the
collection efficiency of the light in the experimental
geometry. ['ey(wex) depends on both the absorption
cross section of the dye and the local electric field
enhanced by coupling between the surface plasmon
polaritons and incident light.%** Recent single-particle
fluorescence experiments revealed that the near-
field enhancement is strongly frequency-dependent
and maximizes the excitation rate near a localized
surface plasmon resonance peak of the metal nano-
structures.”>®° Likewise, @, is frequency-dependent
and is defined as

TACHIKAWA ET AL.

B F,(wem)
Pen(@em) = () + Tl )

where I'(wem) and I'(wem) are the radiative and
nonradiative rates of the fluorophores, respectively.
Modification of the local photonic mode density around
the fluorophore leads to changes in the radiative decay
rate of the fluorophore.®®> The metal nanostructures
also provide efficient nonradiative decay pathways via
energy transfer to the metal surface.>7%° Thus, Au
nanoparticles can be attributed to either an increase
or a decrease in the fluorescence quantum yield of the
product molecules. In eq 2, Np(we,) is given by

Np(wex) = Nph(wex)q)P (4)

where Npp(wey) is the number of photons absorbed by
a catalyst at the excitation frequency we,, and ®p is the
quantum yield for product formation.

On the basis of the above arguments, significant
enhancement in the radiative rate by surface plasmon
coupling would be excluded by the fact that the
shorter-wavelength region of the fluorescence spec-
trum is substantially weakened compared with the
longer wavelength region (Figure 6B) despite the
better spectral overlap with the surface plasmon peak
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(~540 nm) of the 8 nm Au nanoparticles deposited on
TiO, (Figure S7, Supporting Information). Thus, we can
speculate that the shortening of the fluorescence life-
time on Au/TiO; is mainly due to energy transfer to the
metal surface as an additional nonradiative process.”®
Coupling of probe and particle excitation with the
surface plasmons of Au nanoparticles was further
confirmed by single-particle excitation spectral mea-
surements. The results are given in Figure 6D. For the
sake of comparison, we measured the excitation spec-
trum of DS-HN-BODIPY generated during UV irradia-
tion of a single TiO, particle in solution at a fixed
emission wavelength of 531 nm (width 40 nm). The
observed spectrum was very similar to the absorption
and excitation spectra of DS-HN-BODIPY in the bulk
solution; this suggests that the electrostatic interac-
tions between the product molecules and TiO, do not
strongly influence the spectral characteristics of the
product molecules. On the other hand, the excitation
spectrum measured for the Au/TiO, system without UV
irradiation was much broader than those of the other
two samples.

Previous studies have shown that the visible light
photochemical activity of TiO, can be enhanced by
loading with noble-metal nanostructures (mainly Au
and Ag).”*”* Thus far, the following mechanisms have
been proposed: (i) photoinduced heating of metal
nanoparticles,”®~78 (i) ET from illuminated metal na-
noparticles to TiO, mediated by surface plasmons,
leaving reactive holes in the metal,”*~®* and (jii) the
enhanced excitation efficiency of TiO, by the electro-
magnetic field of metal nanoparticles.®>2° The photo-
induced heating of metal nanostructures (mechanism
(i)) was ruled out because no visible light photoactivity
was observed for Au nanoparticles on the cover glass
under the same experimental conditions.”® Moreover,
the increased local temperature inhibits the adsorption
of the probe molecules on the surface, thus lowering
the reaction efficiency. This explanation is supported
by the dissociation rate of the product (i.e., 7on ') from
the Au/TiO, particle, which was comparable to that of
the TiO, system.?®

Both mechanisms (ii) and (iii) would increase the
concentration of e /h™ pairs in the composite and lead
to increased generation of product molecules. Figure 7
illustrates two possible mechanisms for the visible-
light-induced reduction of the substrate on Au/TiO,.
First, upon visible light irradiation, plasmon-induced
hot electrons are injected into the CB of TiO, over the
Schottky barrier,®’ and they reduce the probe mol-
ecules on the surface, while the remaining holes in the
Au nanoparticles accept electrons from solvents (water
and methanol) (mechanism (ii), Figure 7A). The return
of the injected electrons to the Au nanoparticles
is likely to be inefficient because of the Schottky barrier
at the Au/TiO, interface.”® If the mechanism (i) is
dominant, the excitation spectrum for the Au/TiO,
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Figure 7. Proposed mechanisms of plasmon-induced
photochemical reactions on Au/TiO,. (A) Hot-electron trans-
fer from the excited Au nanoparticles to TiO, nanoparticles.
S and P are the substrate and fluorescent product, respec-
tively. E¢ is the Fermi energy of the Au nanoparticles. (B)
Defect-mediated intraband transitions enhanced by the
local electromagnetic field of the Au nanoparticles.

sample should be similar to or narrower than the
absorption spectrum of the products in the examined
wavelength region (see eq 2 and Figure 6D). Assuming
that ®p is not frequency-dependent, the observed
broadening of the excitation spectrum is not solely
explained in terms of the electron transfer from the
excited Au nanoparticles to the TiO, nanoparticles. As
an alternative mechanism, surface plasmon excitations
are converted to e /h* pairs via optical transitions
between the localized electronic states in the band gap
of the TiO, (mechanism (iii), Figure 7B). TiO, is known
as a wide band gap semiconductor, but there are
considerable defects in the bulk and on the surface,
allowing intraband transitions by visible light illumina-
tion to generate e /h ™" pairs.”>** In fact, TiO, nanopar-
ticles used in this study exhibited detectable absorp-
tion in the 400—500 nm region in addition to the UV
region (Figure 6D). Therefore, the enhanced visible
light activity may be partially due to surface defects
on TiO, coupled with the localized surface plasmon of
Au nanoparticles.

Since the plasmon-induced electromagnetic fields
are spatially nonhomogenous and strong close to the
metal nanostructures,®%° the formation of e /h " pairs
in TiO, should be most effective in the vicinity of the Au
nanoparticles. Furthermore, if the electromagnetic
field of the Au nanoparticles creates additional accept-
ing states at the bottom of the CB, as evidenced
elsewhere,®? the injected electrons from the excited
surface plasmon states might be captured on the TiO,
surface near the Au nanoparticles at a distance of a few
tens of nanometers. The poor mobility of trapped e™ in
TiO, compared with that of free carriers may confine
the redox reactions near the Au/TiO, interface before
spreading over the particle.”® To examine the validity
of these hypotheses, we analyzed the spatial distribu-
tion of the reactive sites over a single particle using a
super-resolution microscope technique.

Figure 8C demonstrates a typical fluorescence in-
tensity trajectory obtained for a single 14 nm Au/TiO,
particle (the number of Au nanoparticles loaded per
TiO, particle was 3 & 2; see Figure 8A,B) in Ar-saturated
DS-DN-BODIPY (50 nM) aqueous methanol solution
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Figure 8. (A) Transmission electron microscopy (TEM) and (B) SEM images of 14 nm Au/TiO, particles. The scale bars are
100 nm. The blue arrows indicate the Au nanoparticles on TiO,. (C) Typical fluorescence intensity trajectory observed for a
single 14 nm Au/TiO, particle in an Ar-saturated DS-DN-BODIPY (50 nM) aqueous methanol solution under 488 nm laser
irradiation. The fluorescence bursts are highlighted in red. The gray dashed line indicates the threshold level separating the
on and off states. (D) Fluorescence intensity distribution corresponding to a single product molecule on a 14 nm Au/TiO,
particle. To determine the centroid position, a two-dimensional Gaussian function was fitted to each image. (E,F) Spatial
distributions of fluorescence spots (red dots, >50 spots) collected from TiO, (E) and 14 nm Au/TiO, particles (F). The SEM
images of the particles analyzed are shown. Scale bars are 100 nm. The locations of the reactive sites and Au nanoparticle are

surrounded with dashed lines in red and blue, respectively.

under 488 nm laser irradiation. A number of fluores-
cence bursts indicate the generation of DS-HN-BODIPY
on the particle surface. The locations of the fluorescence
bursts were determined with an accuracy of ~10 nm
using a two-dimensional Gaussian function to the
distribution of the fluorescence intensity (Figure 8D)
and then overlaid on the SEM images of individual
particles (or aggregates) with an accuracy of ~50 nm.
For the TiO, system, as shown in Figure 8E, the reactive
sites were almost uniformly distributed on the particle
(primary particle size was 50—300 nm), which was
consistent with the previous results for DN-BODIPY
on Ti0,.2 In contrast, a single 14 nm Au/TiO, particle
exhibited a limited number of reactive centers (one
or two centers) (Figure 8F), which were close to the
number of Au nanoparticles loaded onto one TiO,
particle (Figure 8A,B). Some particles exhibited the spatial
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correlation between the locations of the reactive sites
and Au nanoparticle. Although the reactive sites were
not completely assigned due to insufficient spatial
resolution and limited observable surface area, quan-
titative super-resolution mapping of the reactive sites
provided supporting evidence for plasmon-induced
photochemical reactions. In the future, a combination
of single-molecule fluorescence spectroscopy with
several microscopic techniques such as transmission
electron microscopy (TEM)***”7 and tip-enhanced
Raman microscopy®®~ "% will facilitate highly spatially
resolved spectroscopic analyses of interfacial ET ener-
getics and dynamics for individual nanostructures.

CONCLUSION

In summary, we developed new water-soluble
fluorogenic probes for interfacial ET reactions by
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photoexcited semiconductor nanoparticles. MS-DN-
BODIPY and DS-DN-BODIPY have one or two sulfonate
groups on the BODIPY fluorophore, respectively,
and produce the corresponding fluorescent products
upon UV irradiation of TiO,. These probes were applied
to the in situ observation of interfacial ET events,
including molecular adsorption and desorption pro-
cesses at the single-particle, single-molecule level. For
DS-DN-BODIPY, the minimum probe concentration to
detect single-product molecules on a single TiO, na-
noparticle was below 10 nM in acidic solution, which
is 100-fold lower than that of our previous probe.

EXPERIMENTAL METHODS

Synthesis of 8-(3,4-Dinitrophenyl)-1,3,5,7-tetramethyl-4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene (DN-BODIPY). DN-BODIPY was synthe-
sized according to literature methods.'

Synthesis of Sodium 2-Sulfonate-1,3,5,7-tetramethyl-8-(3,4-dinitrophenyl)-
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (MS-DN-BODIPY). The BODIPY
chromophore was sulfonated according to literature pro-
cedures.'® In a typical synthesis, a solution of chlorosulfonic acid
(20 ulL, 0.30 mmol) in dry CH,Cl, (2 mL) was added dropwise
to a solution of DN-BODIPY (105 mg) in dry CH,Cl, (25 mL) over
10 min under N, at —40 °C. Then, the resulting solution was slowly
warmed to room temperature. After 20 min, TLC showed complete
consumption of the starting material. Aqueous NaHCOs (15 mM,
20 mL) was added to neutralize the solution, and the products
were separated from the CH,Cl, into the aqueous layer. The
aqueous layer was evaporated to dryness. The residue was purified
on assilica column with 15% MeOH/CH,Cl, as an eluent to afford an
orange compound, MS-DN-BODIPY (52 mg, 40% yield). "H NMR
(400 MHz, D,0): 6 8.20 (d, /= 8.0 Hz, 1H), 8.18 (d, J = 11.2 Hz, 2H),
7.85 (d, J = 8.0 Hz, TH), 6.22 (s, TH), 2.56 (s, 3H), 2.41 (s, 3H), 1.52
(s, 3H), 1.34 (s, 3H). MS (ESI): calcd for [M + Na]™, 539.06; found,
539.06.

Synthesis of Disodium 2,6-Disulfonate-1,3,5,7-tetramethyl-8-(3,4-di-
nitrophenyl)-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (DS-DN-BODIPY). The
BODIPY chromophore was sulfonated according to literature
procedures.’” In a typical synthesis, a solution of chlorosulfonic
acid (33 uL, 0.50 mmol) in dry CH,Cl, (2 mL) was added dropwise
to a solution of DN-BODIPY (100 mg) in dry CH,Cl, (25 mL) over
10 min under N, at —40 °C. The resulting solution was slowly
warmed to room temperature. After 20 min, TLC showed complete
consumption of the starting material. Then, aqueous NaHCOs;
(30 mM, 33 mL) was added to neutralize the solution, and the
products were separated from the CH,Cl; into the aqueous layer.
The aqueous layer was evaporated to dryness. The residue was
purified on a silica column with 15% MeOH/CH,Cl, as an eluent to
afford an orange compound, DS-DN-BODIPY (43 mg, 29% vyield).
'H NMR (400 MHz, D,0): 6 8.21 (d,J=2.0 Hz, 1H),8.20 (d, /= 8.4 Hz,
2H), 7.91 (dd, J = 8.4, 1.6 Hz, TH), 2.62 (s, 6H), 1.54 (s, 6H). MS (ESI):
calcd for [M + Na] ™, 641.00; found, 641.00.

Preparation and Characterization of Titania-Based Nanoparticles.
Anatase TiO, nanoparticles (Ishihara Sangyo, A-100; 50—300 nm
particles) were annealed at 500 °C for 2 h. The Au/TiO, particles
(8 and 14 nm Au/TiO,) were prepared by the deposition—preci-
pitation method using HAuCl, and A-100 TiO, as the raw
materials. Detailed descriptions of the morphology, crystal struc-
ture, and optical properties of the synthesized Au/TiO, particles
are given in the literature.?®

Instruments. Steady-state UV—visible absorption and fluores-
cence spectra were measured using UV—visible—NIR spectrophot-
ometer (Shimadzu, UV-3100) and fluorescence spectrophotometer
(HORIBA, FluoroMax-4). TEM measurements were performed using
a JEOL EM-3000F instrument operating at 300 kV. FE-SEM measure-
ments were performed using a JEOL JSM-6335F operating at 5 or
15 kv.
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Furthermore, the super-resolution mapping of visible-
light-induced reduction reactions on individual Au/
TiO, particles revealed that reactive sites were distrib-
uted over a distance of a few tens of nanometers
around the deposited Au nanoparticles. This interest-
ing finding was explained on the basis of plasmon-
induced electron and/or energy transfer mechanisms.
Our single-particle, single-molecule approach with
ultrasensitive, water-soluble fluorogenic probes will
be very useful for investigations of redox reactions in
heterogeneous systems, including solid and enzymatic
catalysts.

Bulk Photochemical Experiments. In a typical procedure, a TiO,
dispersion (0.1 g LN containing the probes (1 uM) was first
sonicated for 2 min, and then transferred into a quartz cuvette.
Prior to UV illumination, the suspension was purged with Ar gas
for 10 min to completely remove the dissolved oxygen. After UV
irradiation (Asahi Spectra, REX-120; 35 mW cm™), the samples
were analyzed using the UV—visible absorption and fluores-
cence spectrometers. The details of the experimental and
analytical procedures are described elsewhere.?'

Single-Particle/Single-Molecule Fluorescence Measurements by Wide-
Field Microscopy. The experimental setup was based on an Olym-
pus I1X81 inverted fluorescence microscope. The details of the
experimental and analytical procedures are described else-
where.?>?3 The experimental setup included an Olympus IX81
inverted fluorescence microscope. The 488 nm CW laser
(OZ Optics; 0.1 kWcm ™2 at the glass surface) and 365 nm LED
(Opto-Line; 30 mW cm ™ at the glass surface) sources were used
to excite the dyes and TiO,, respectively. The transmission and
emission images were recorded on an EMCCD camera (Roper
Scientific, Evolve 512) at a frame rate of 20 frames s~ using
MetaMorph (Molecular Devices). Suitable dichroic mirrors and
band-pass filters were used to improve the signal-to-noise ratio.
All experimental data were obtained at room temperature. With
the aim to determine the locations of the reactive site distrib-
uted on the surface, the precise positions of the fluorescent
spots were analyzed for each image using the ImageJ software
(http://rsb.info.nih.gov/ij/) and OriginPro 8.6 (OriginLab). A gen-
eral approach is applied to define the intensity threshold in
order to distinguish between the on and off states.”>'°? The
threshold was chosen to be 3¢ greater than the background
noise levels. Counts above the threshold were then considered
to be the fluorescence signal.

Single-Particle/Single-Molecule Fluorescence Measurements with Con-
focal Mcroscopy. Fluorescence lifetimes and spectra were re-
corded using an objective-scanning confocal microscope
system (PicoQuant, MicroTime 200) coupled with an Olympus
IX71 inverted fluorescence microscope.?>?* The samples were
excited through an oil-immersion objective lens (Olympus,
UAPON 150XOTIRF; 1.45 NA, 150x) using a 485 nm pulsed laser
(PicoQuant, LDH-D-C-485) controlled by a PDL-800B driver
(PicoQuant). The emission from the sample was collected using
the same objective and detected by a single-photon avalanche
photodiode (Micro Photon Devices, PDM 50CT) through a
dichroic mirror, a long-pass filter (Chroma, HQ510LP), a band-
pass filter (Semrock, FF01-531/40-25), and a 50 um pinhole for
spatial filtering to reject out-of-focus signals. For the fluores-
cence spectral measurements, only the emission that passed
through a long-pass filter and a slit entered the imaging
spectrograph (ActonResearch, SP-2356) that was equipped with
an electron-multiplying charge-coupled device (EMCCD) cam-
era (Princeton Instruments, ProEM). The spectrum detected
by the EM-CCD camera was stored and analyzed by using a
personal computer. The spectra were typically integrated for
10 s. For the excitation spectral measurements, the samples
were excited with a fiber-coupled pulsed laser (Spectra-Physics,
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Mai Tai HTS-W provided with an automated frequency doubler,
Inspire Blue FAST-W; 0.8 MHz repetition rate, 420—490 nm
wavelength, 2.7 nm spectral width (full-width at half-maximum),
0.1 kW cm ™2 at the glass surface) controlled by a PDL-800B driver
(PicoQuant). The laser light was attenuated with a neutral density
filter before coupled into a single-mode optical fiber. The
optimum coupling efficiency was achieved and maintained by
the automated laser beam alignment and stabilization system
(TEM Messtechnik, Aligna). An instrument response function
(IRF) of ~100 ps was obtained by measuring the scattered laser
light in order to analyze the temporal profile. The emission was
collected with the objective and detected by a single-photon
avalanche photodiode (Micro Photon Devices, PDM 50CT)
through a beam splitter (90% transmission, 10% reflection), a
long-pass filter, a band-pass filter (Semrock, FF01-531/40-25),
and a pinhole. All experimental data were obtained at room
temperature.
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