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The singlet oxygen (1O2) molecule is an important reactive
oxygen species in atmospheric, biological, and therapeutic processes
and is also used as a reagent in organic synthesis.1 Recently, it has
been reported that1O2 molecules are directly or indirectly generated
via energy or electron-transfer reactions between oxygen molecules
in the ground state (3O2) and semiconductor nanomaterials, such
as silicon,2 titanium dioxide (TiO2),3 and CdSe quantum dots.4

Although the generation yields of1O2 molecules from these
materials in solution are much lower than those from organic dye
sensitizers,5 the materials will be the basis of newly emerging
nanobiotechnologies because of their temporal stability.6 Thus,
much would be gained if tenuous1O2 molecules in air, solution,
and biological systems could be directly monitored with both time
and spatial resolutions.

In this Communication, we report the single-molecule detection
of an airborne1O2 molecule diffused from the surface of TiO2

nanoparticles using total internal reflection fluorescence microscopy
(TIRFM).7 Although 1O2 molecules are believed to be generated
during the TiO2 photocatalytic reactions and the formation mech-
anism has been proposed (see Supporting Information, S1),3 there
is no direct evidence to support the diffusion from the surface to
the gas phase. Our strategy to detect1O2 molecules at the single-
molecule level is summarized in Scheme 1. Terrylenediimide (TDI,
the molecular structure, spectral characteristics, and the reaction
rate with1O2 in bulk solution are given in Supporting Information,
S2)8 is used as the1O2 sensor. A single TDI molecule is oxidized
by a single1O2 molecule to form a less fluorescent endoperoxide
and successively a strongly fluorescent diepoxide with a spectral
blue-shift that is easily detected upon 532-nm laser excitation. A
similar structural change and spectral shift have been reported for
a single terrylene molecule doped in thep-terphenyl crystal.9

The experimental setup is based on TIRFM using an Olympus
IX71.10 The sample is composed of a TDI-coated coverslip and
the TiO2 film-coated slide glass with an intervening gap (12.5-
2000µm). First, a coverslip was spin-coated with a toluene solution
of poly(methylmethacrylate) (PMMA) (10 g dm-3) and subse-
quently with a chloroform solution of TDI (3 nM). There are two
roles for this underlying PMMA, as follows: (i) protecting TDI
from the self-sensitization due to excess3O2 molecules and (ii)
excluding the oxidation of TDI due to the photocatalytically
generated radicals, such as•OH or •HO2,11 because PMMA can
react with the radicals12a but not extensively with1O2.12b A TiO2

film was irradiated with UV light (365 nm) to generate airborne
1O2 molecules. The cycloaddition reaction between the TDI and
airborne 1O2 was observed at the coverslip-air interface using
TIRFM (see Supporting Information, S2).

Figure 1 shows the single-molecule fluorescence images observed
before (A) and after (B) UV irradiation of the TiO2 film for 5 min.
Before UV irradiation, only a few fluorescent spots were observed
owing to the weak fluorescence of the TDI excited at 532 nm. Be-
cause of the lack of sensitivity against the weak fluorescence, almost

all TDIs cannot be recognized in Figure 1A. Interestingly, after
UV irradiation, bright fluorescent spots emerged around the UV-
irradiated region as described by the white circles in Figure 1. This
observation is consistent with the fact that the bleaching of dyes
occurred around the UV-irradiated region, as previously reported.10

These fluorescent spots would arise from the TDI diepoxide,
which is formed by the cycloaddition reaction between the TDI
and airborne1O2 generated during the TiO2 photocatalytic reactions.
To clarify the formation of the TDI diepoxide, the single-molecule
fluorescence spectra were measured for each spot before and after
the UV irradiation. The spectra are shown in Figure 2A. The black
line is a typical single-molecule fluorescence spectrum before UV
irradiation. The observed spectrum, which has a peak wavelength
about 670 nm, is very similar to that measured in CHCl3 solution
(blue line). However, its fluorescence intensity is too weak to be
precisely detected in the images as already mentioned (Figure 1A).
The red line is a typical single-molecule fluorescence spectrum after
UV irradiation. Compared to that before UV irradiation, it was
found that the spectrum after UV irradiation is blue-shifted by
approximately 70 nm and has a strong fluorescence intensity. Thus,
the bright fluorescent spots shown in Figure 1B should be the TDI
diepoxide, similar to a terrylene molecule reported by Basche´ et
al.9 The few bright spots in Figure 1A also have a blue-shifted
spectrum arising from the TDI diepoxide due to the self-sensitiza-
tion. The fact that the TDI diepoxide shows a strong fluorescence
intensity, when compared with that of TDI, is explained as the
increase in the absorbed photon due to the blue shift of the
absorption spectrum (see Supporting Information, S3).

Figure 2B shows the histogram of the peak wavenumber of the
fluorescence spectra before (upper panel) and after (lower panel)

Scheme 1. Single-Molecule Detection of Airborne 1O2 with TDI

Figure 1. Fluorescence images of single TDIs spin-coated on the PMMA-
coated coverslip before (A) and after (B) UV irradiation for 5 min (scale
bars are 10µm). The intervening gap is 12.5µm. The bright spots
correspond to the blue-shifted, TDI diepoxide. The UV irradiation area is
inside the white circle in the images. The absence of dyes at the center of
the image after UV irradiation is due to the bleaching of TDI caused by
the direct UV irradiation.
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UV irradiation for 2 min. It should be noted that the histogram of
the peak wavenumber of the spectra observed during UV irradiation
indicates two maxima around 15000 and 16500 cm-1, which are
assigned to the parent TDI and TDI diepoxide, respectively. After
UV irradiation, the number of TDI diepoxides, that is, the number
of 1O2 molecules, clearly increased. It should also be noted that no
further spectral blue shift due to multiple attacks of1O2 was
observed in the present wavelength range. Therefore, the bright
spots in the fluorescence images can be regarded as a signal of
single1O2 molecules. This enables us to count the1O2 molecules,
although a part of the1O2 molecules might be deactivated in the
PMMA film.

As a control experiment, four experiments have been performed
as follows: (i) in the absence of the TiO2 film, (ii) in an argon
atmosphere, (iii) in the presence of a known1O2 quencher, 1,4-
diazabicyclo[2.2.2]octane (DABCO),12b and (iv) using the “top-
coat” PMMA sample, where TDI is spin-coated prior to PMMA.
In all the control experiments, the increase in the TDI diepoxide
was significantly suppressed. The reasons are that (i) TiO2 is essen-
tially required in the photocatalytic reactions and the self-sensitiza-
tion of TDI is ineffective, (ii) 3O2 molecules are required for the
formation of1O2 molecules, (iii) DABCO quenches1O2 molecules,
and (iv) the “top-coat” PMMA film protects TDI from the approach
of airborne1O2 molecules (see Supporting Information, S4).

Using this1O2 nanosensor, the spatial and temporal distributions
of single airborne1O2 molecules diffused from the TiO2 film have
been successfully investigated. This result is shown in Figure 3.
Several dozen1O2 molecules are detected even at the intervening
gap of 2000µm. To the best of our knowledge, this is the first
example of the single-molecule detection of molecules traveling
such a long distance in ambient air.13 The quantitative analysis

enables us to estimate the generation efficiency of airborne1O2

molecules during the TiO2 photocatalytic reactions. The number
of airborne 1O2 molecules near the TiO2 film was tentatively
estimated by extrapolating the intervening gap to zero. Considering
the estimated values and the number of photons absorbed by the
TiO2 film, the generation efficiency of the airborne1O2 molecules
during UV irradiation of 5, 10, 15, and 20 min are determined to
be 11, 9.7, 8.4, and 6.5× 10-9, respectively (see Supporting
Information, S2). Assuming that the generation efficiency of1O2

on the surface does not depend on the UV irradiation time, the
decrease in the generation efficiency of the airborne1O2 would be
due to the numerical saturation of the sensing TDI molecules and
the degradation of the TDI diepoxide.

In conclusion, we have successfully detected airborne1O2

molecules generated during the TiO2 photocatalytic reactions at the
single-molecule level. This is a modern version of the Kautsky
experiment.1a The present nanosensor using single TDI molecules,
which has a detectable number of about 10001O2 molecules in a
70 × 70 µm2, can easily detect the single1O2 molecule at the
distance of>1000 µm from the place of its creation in ambient
air. This ultimate analysis of1O2 molecules will be a powerful tool
in many fields, such as the material and biological sciences.
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Figure 2. (A) Typical single-molecule fluorescence spectra of TDI before
(black) and after (red) UV irradiation for 5 min. The intervening gap is
12.5 µm. The fluorescence spectra were obtained from excitation at 532
nm and cut below 580 nm by a long-pass filter on the blue edge. The
fluorescence spectrum of TDI measured in CHCl3 solution is shown for
comparison (blue). (B) Histogram of the peak wavenumber of the spectra
observed before (upper panel) and after (lower panel) UV irradiation for 2
min. Solid lines indicate Gaussian distributions fitted with the histograms.

Figure 3. The spatial and temporal distributions of1O2 molecules diffused
from the surface of TiO2 film. The observation region is 70× 70 µm2. The
intervening gaps are 50, 500, 1000, 1500, and 2000µm.
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