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ABSTRACT: Single-molecule fluorescence photoswitching plays
an essential role in ultrahigh-density (Tbits/inch2) optical mem-
ories and super-high-resolution fluorescence imaging. Although
several fluorescent photochromic molecules and fluorescent pro-
teins have been applied, so far, to optical memories and super-high-
resolution imaging, their performance is unsatisfactory because of
the absence of “non-destructive fluorescence readout capability”.
Here we report on a new molecular design principle of a molecule
having non-destructive readout capability. The molecule is composed of acceptor photochromic diarylethene and donor fluorescent
perylenebisimide units. The fluorescence is reversibly quenched when the diarylethene unit converts between the open- and the
closed-ring isomers upon irradiation with visible and UV light. The fluorescence quenching is based on an electron transfer from the
donor to the acceptor units. The fluorescence photoswitching and non-destructive readout capability were demonstrated in solution
(an ensemble state) and at the single-molecule level. Femtosecond time-resolved transient and fluorescent lifetime measurements
confirmed that the fluorescence quenching is attributed to the intramolecular electron transfer.

’ INTRODUCTION

Fluorescent photochromic molecules, which have both photo-
chromic and fluorescent properties in a single molecule, have
attracted increasing interest because of their potential applications
in optical memories and as molecular switches and fluorescent
biological markers.1-18 A typical example of such molecules is a
dyad composed of photochromic and fluorescent dye units, which
modulates the fluorescence emission by the photochromic reaction.
Not only small organic molecules but also photoactivatable fluor-
escent proteins (PAFPs),19 such as “Dronpa”,20 are suggested as
fluorescent photochromic chromophores. Fluorescence photo-
switching of such molecules and proteins at the single-molecule
level has opened possibilities to develop ultra-high-density (Tbits/
inch2) optical memories3-5,20-22,27-29 and super-high-resolution
fluorescence imaging.13,14,25,26,30-35 PAFPs contribute signifi-
cantly to the development of high-resolution imaging.25,26,31-33

So far, we have developed various types of fluorescent
diarylethene (DE) derivatives for single-molecule optical
memories.3-5,9-11 In a series of our studies, two types of
fluorescence quenching mechanisms are employed, intramole-
cular energy transfer3-5 and electron transfer mechanisms.9-11

To photoswitch the fluorescence by the former mechanism, we

prepared fluorescent photochromic diarylethenes having a bis-
(phenylethynyl)anthracene or a perylenebisimide (PBI) unit.3-5

Similar molecules have also been prepared by Hell et al.12,13 In
these molecules, the fluorescence spectrum overlaps well with
the absorption spectrum of the closed-ring isomer of the DE unit,
while the absorption spectrum of the open-ring isomer locates
shorter than the fluorescence spectrum. Therefore, fluorescence
quenching does not take place in the open-ring isomer, while the
fluorescence is efficiently quenched by intramolecular energy
transfer when the DE unit converts from the open- to the closed-ring
isomers. Although the molecules are successfully used to demonstrate
photoswitching of fluorescence at the single-molecule level,3-5 un-
fortunately the fluorescence quenching inherently induces the cyclor-
eversion reaction of the DE unit. The excited energy of the fluorescent
unit is intramolecularly transferred to the closed-ring isomer and
induces the ring-opening reaction. This reaction leads to the destruc-
tion of information in opticalmemories. For application towrite-many-
read-many (WMRM) devices, the fluorescence switching and readout
processes should be decoupled and independently controllable.
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To overcome the problem of destructible readout, several
methods or ideas have been proposed, such as readout using the
changes of the refractive index or IR absorption at the wavelengths
out of the switching unit,36-38 stabilized signals by means of acid
or base reactions,39 switching of the electron-transfer effi-
ciencies,40 the molecular polarity,18 or the supramolecular confor-
mational changes,41 and so on.42 Although some of them have the
potential to achieve non-destructive readout43 in solid ensemble
systems, no suitable molecular systems that can be applied at the
single-molecule level have been developed due to inherent limita-
tions of sensitivity, stability, and efficiency in their molecular
properties and/or difficulty of operation in the solid state.

To avoid such problems and achieve reversible and efficient
fluorescence photoswitching with non-destructive readout capabil-
ity, we employed photoinduced electron transfer as the photo-
switching mechanism.8,40 The mechanism requires changing the
oxidation/reduction potentials of the photoswitching DE unit.
When the oxidation or reduction potential differences are large
enough to induce electron transfer between the fluorescent unit and
one of the isomers of the DE unit, isomerization of the DE unit
induces the photoswitching of the fluorescence. The electron-
transfer mechanism allows molecular design in such a manner that
the absorption bands of both DE isomers are shorter than the

fluorescence spectrum of the fluorescent unit. The shorter absorp-
tion bands decouple the photochromic reaction from the fluores-
cence detection.

According to this concept, DE derivatives linked with fluorescent
PBI have been synthesized.9-11 Although the cycloreversion reac-
tion along with the energy-transfer quenching was successfully
avoided and efficient reversible fluorescence quenching via an
electron transfer was observed, we failed to demonstrate non-
destructive readout performance because of an unexpected photo-
cyclization through the triplet state.11 To prohibit the triplet route,
we shifted the absorption spectrum of the PBI unit to longer
wavelengths. When the S1 state of the PBI unit is lower than the T1

state of the DE unit, the triplet route is anticipated to be lost. After
several trials, we succeeded in designing a diarylethene-perylene-
bisimide (DE-PBI) dyad (1, Scheme 1), which has non-destructive
readout capability. Here we report on the fluorescence photoswitch-
ing and non-destructive fluorescence readout of 1 in solution as well
as at a single-molecule level.

’RESULTS AND DISCUSSION

Molecular Design. Figure 1 shows the absorption and fluor-
escence spectra of component molecules [open- (2a) and

Scheme 1. Molecular Structures of Dyad 1, Model DE 2, and Model PBI 3
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closed-ring isomers (2b) of the photochromic DE unit and
fluorescentN,N0-bis(ethylpropyl)-1,7-bis[4-(1,1,3,3-tetramethyl-
butyl)phenoxy]perylene-3,4:9,10-tetracarboxylbisimide (3),
Scheme 1] in 1,4-dioxane. The fluorescence spectrum of 3 does
not overlap with the absorption spectra of 2a and 2b. Therefore,
singlet-singlet intramolecular energy transfer from 3 to 2a and
2b is avoided. The absorption maximum of the PBI unit was
observed at 537 nm, which is 15 nm longer than the maximum of
PBI without 4-(tetramethylbutyl)phenoxy substituents.11 The
small red-shift prohibits the triplet route.
In order to explore the feasibility of an intramolecular electron-

transfer photoswitching, energy gaps (ΔG�) for charge separa-
tion in the excited states of 1a and 1b in a given solvent were
estimated by applying the reduction and oxidation potentials of
model compounds 2 and 3 to the Rehm-Weller equation
(detailed parameters are shown in Table 1) (see Supporting
Information (SI)).28 The energy gaps (ΔG�) were calculated to
be 1.23 kcal/mol for the open-ring isomer (1a) and-8.55 kcal/mol
for the closed-ring isomer (1b) in dichloromethane (ε = 8.93).
From the energy values it is probable that electron transfer takes
place only for the closed-ring isomer (1b) in dichloromethane.

Dyad 1 was synthesized by procedures similar to those
reported in a previous paper.10,44-46 Detailed procedures of
the synthesis and compound data are described in the SI.
Fluorescence Photoswitching in Solution. Figure 2a,b

shows the absorption and fluorescence spectral changes upon
irradiation with visible (λ = 445 nm) and UV (365 nm) light in a
binary solution (1,4-dioxane-methanol 50/50) (ε = 17.4) of 1,
respectively. Upon visible (λ = 445 nm) light irradiation, the
absorption band around 360 nm gradually increases. From the
absorption spectrum of 1b isolated by HPLC, the conversion
from 1a to 1b in the photostationary state upon irradiation with
445 nm light was estimated to be 85%. Upon irradiation with UV
(365 nm) light, the absorption spectrum turns back to the initial
one (92%). Reversible fluorescence intensity change was also
observed along with the photochromic reaction. When the
solution reaches the photostationary state under irradiation with
445 nm light, the fluorescence intensity decreases to 14% of the
initial value. The fluorescence intensity recovers upon UV
(365 nm) light irradiation. On the other hand, in pure 1,4-
dioxane (ε = 2.21), no fluorescence photoswitching was ob-
served along with the photocyclization and photocycloreversion
reactions of the DE unit (see SI Figure S2). This solvent
dependence strongly suggests that the fluorescence quenching
is caused by intramolecular electron transfer.
In order to closely elucidate the quenching mechanism, the

relative fluorescence quantum yields of both isomers 1a and 1b
were measured as a function of the dielectric constants of the
solvents. Figure 3 shows the plots of the relative fluorescence
quantum yields (ΦF/ΦFM) of the isomer against the dielectric
constants (ε) at room temperature (SI Table S1 summarizes the
results). Binary mixtures of 1,4-dioxane and methanol were used
to change the solvent dielectric constant. As can be seen from
Figure 3, ΦF/ΦFM of 1a decreases slightly with increasing
dielectric constant. In contrast, ΦF/ΦFM of 1b decreases dra-
matically when the dielectric constant increases above 5. In a
binary polar solution (1,4-dioxane-methanol 40/60, ε = 20.46),
the fluorescence is strongly quenched toΦF/ΦFM < 0.047, while
1b in pure 1,4-dioxane shows fluorescence intensity comparable
to that of 1a. No remarkable change in the absorption and
fluorescence spectra depending on the solvent polarity was
observed (see SI Table S2).
Fluorescence Quenching Dynamics. To directly elucidate

the fluorescence quenching mechanism, time-resolved fluores-
cence and transient absorption spectral measurements were
carried out. Figure 4a,b shows fluorescence decays of 1a in pure
1,4-dioxane and in a 1,4-dioxane-methanol (50/50) binary solu-
tion, respectively. Both decays are well reproduced by single-
exponential decay functions with time constants of 4.9 ( 0.1 ns
in 1,4-dioxane and 3.9( 0.1 ns in the binary solution. These time
constants are similar to those for 3 in both solutions (see SI),

Figure 1. Absorption and fluorescence spectra of each component in
1,4-dioxane. Absorption spectra of the open-ring isomer of diarylethene
unit (black), the closed-ring isomer of diarylethene unit (blue), and the
PBI unit (red), and fluorescence spectrum of the PBI unit (green).

Table 1. Reduction and Oxidation Potentials of Model DE 2
and PBI 3, Spectroscopic Excited-State EnergyE00, Center-to-
Center Distances Rcc between DE Moiety and PBI Moiety,
and Estimated Gibbs Free Energies ΔG�

compd

E00
[eV]

Ered
(2-/2) [V]a

Eox
(3þ/3) [V]b

Rcc
[Å]c

ΔG�
[kcal/mol]

1a 2.25 -1.39 1.04 12.1 1.23

1b 2.25 -0.97 1.04 12.8 -8.55
a See ref 10. b See SI. cCenter-to-center distances Rcc of both isomers
were estimated from the AM1 calculation in MOPAC.

Figure 2. Absorption and fluorescence spectral changes of 1 in a binary
solution (1,4-dioxane-methanol 50/50) upon irradiation with 445 and
365 nm light: open-ring isomer (1a) (solid line), the closed-ring isomer
(1b) (dashed line), and the photostationary state under irradiation with
445 nm light (dotted line).

Figure 3. Relative fluorescence quantum yields as a function of di-
electric constant for 1a (O) and 1b (b).
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indicating that no effective quenching takes place in the excited
PBI unit by the open-ring isomer in either solution. Figure 4c,d
shows the fluorescence decays of 1b in pure 1,4-dioxane and in
the binary solution, respectively. The decay of 1b in pure 1,4-
dioxane is reproduced by single-exponential decay with a time
constant of 4.8 ( 0.1 ns. This time constant is similar to the
fluorescence lifetime of 3 and 1a in 1,4-dioxane, showing that no
effective quenching of the PBI unit by the closed-ring isomer
occurs in pure 1,4-dioxane. On the other hand, the decay in the
binary solution shows rapid decay in the sub-nanosecond time
region, followed by a further decay with a much longer time
constant. The red line in Figure 4d is the curve calculated with a
double-exponential decay function with the faster time constant
of 200 ps and the slower one of 3.9 ns. Pre-exponential factors for
the faster and the slower time constants are respectively 0.93 and
0.07. The fast decay of 200( 10 ps indicates that the PBI unit in
the fluorescent state is effectively quenched by the closed-ring
isomer of the DE unit in the binary solution. On the other hand,
the slower one might be due to the residual trace of 1a in the
solution.
To clarify the mechanism of the quenching directly, we

employed transient absorption spectroscopy with a femtosecond
laser pulse at 530 nm as an excitation source. Time evolution of
transient absorption spectra of 1b in 1,4-dioxane was ascribed to
the deactivation of the S1 state of the PBI unit with a time
constant of ca. 5 ns, which is in agreement with the fluorescence
lifetime in 1,4-dioxane (see SI). This result indicates again that
the S1 state of the PBI unit is not affected by the closed-ring
isomer of the DE unit in pure 1,4-dioxane. On the other hand,
time evolution of transient absorption spectra of 1b in the binary
solution (1,4-dioxane-methanol 50/50) showed rapid decay in
a few hundreds of picoseconds time region (SI). The main time
constants of the time profiles were 30 and 180 ps, the latter of
which is in agreement with the fluorescence decay time constant
of 1b in the binary solution, as shown in Figure 4. The spectra
corresponding to these two time constants, which were obtained
by the analysis of time profiles with different monitoring
wavelengths (SI), are exhibited in Figure 5. The component
corresponding to the decay with 180 ps time constant is safely

attributed to the S1 state of the PBI unit on the basis of the
spectral band shape and the absorption maxima.10 On the other
hand, the spectrum appearing with 180 ps and decaying with
30 ps time constants corresponds to the radical cation of PBI.10

These results clearly lead to the conclusion that the charge
separation reaction between the excited PBI unit and the closed-
ring isomer of DE takes place with a time constant of 180 ps,
followed by charge recombination with a 30 ps time constant.
Non-destructive Fluorescence Readout. Non-destructive

fluorescence readout capability is an indispensable property for
optical memories.8,18,36-42 As mentioned in the Introduction,
previous DE derivatives connected with the fluorescence unit lack
the non-destructive fluorescence readout capability owing to the
quenching by energy transfer3-5 and contribution of the triplet
channel in the photocyclization reaction.10,11On the other hand, the
present dyad 1 gives the non-destructive performance. The small
red-shift of the absorption spectrumof the PBI unit avoids the triplet
channel. The fluorescence intensities at 568 nm of 1a and 1b stay
constant even when the binary solution (1,4-dioxane-methanol
50/50) of 1a and 1b is irradiated with 532 nm laser light (2.5 mW/
cm2) for 2 h, as shown in Figure 6. Absorption spectral changes of
both isomers were not observed even after 2 h. This result indicates
that the absorbed energy of the PBI unit does not induce the
isomerization of the DE unit. Non-destructive readout capability is
achieved in this dyad system.
Fluorescence Photoswitching at the Single-Molecule Le-

vel. Fluorescence photoswitching and non-destructive readout
were also observed at the single-molecule level. Samples were

Figure 4. Fluorescence decays of 1a and 1b in pure 1,4-dioxane (a,c)
and in a 1,4-dioxane-methanol (50/50) binary solution (b,d). Excita-
tion and monitoring wavelengths were 532 and 570 nm, respectively.
Instrumental response function (IRF) was 32 ps. Red lines are results
calculated for the analysis (see text).

Figure 5. Spectra corresponding to 180 (O) and 30 ps (b) time
constants, obtained by analysis of the time profiles of transient absorp-
tion of 1b in a 1,4-dioxane-methanol (50/50) binary solution,
excited with a femtosecond 530 nm laser pulse. The bold solid line is
the SnrS1 absorption spectrum of PBI unit, measured for 1b in pure
1,4-dioxane.

Figure 6. Non-destructive fluorescence readout capability of both
open- and closed-ring isomers. Fluorescence intensities at 568 nm upon
excitation at 532 nm of 1a (O) and 1b (b) were plotted against
irradiation time. Both isomers had the same absorbance at 532 nm
(∼0.1). λex = 532 nm laser light (2.5 mW/cm2).
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prepared by spin-casting a toluene solution of 2 wt % poly-
(methyl acrylate) (PMA, Tg = 9 �C) or 1.2 wt % Zeonex (Tg ≈
130 �C) containing 1b (1.5� 10-11 M) to prepare all molecules
in the photoreactive anti-parallel conformation. When closed-ring
isomers are converted to the open-ring isomers, all molecules are in
the anti-parallel conformation.1,4 PMA, a polar and soft polymer,
was selected as the host matrix in this study to observe the reversible
photoswitching, referring to the recent result reported byW€urthner
and Brouwer’s group.47 Zeonex, an apolar and rigid polymer, was
used to determine the environmental polarity dependence of the
fluorescence photoswitching behavior.
Figure 7a-g shows the wide-field fluorescence microscopy

images taken on the same area under irradiation with 532 nm as
the fluorescence excitation light source (SI Movie S1). Visible
(440-490 nm) light from a Hg lamp was used as the light source
to induce the photocyclization reaction, and UV (330-380 nm)
light from a Hg lamp was used as the light source to induce the
photocycloreversion reaction. Initially, the PMA film containing
1b shows a dark image under irradiation with only 532 nm laser
light (Figure 7a). At 16.8 s, when UV light is irradiated to the
sample for ca. 5 s, fluorescence bright spots corresponding to
individual 1a molecules appear (Figure 7b). After UV light
irradiation is stopped, the fluorescent state persists under irradia-
tion with 532 nm laser light. At 29.1 s, when visible light is
irradiated onto the sample, the fluorescence bright spots dis-
appear abruptly (Figure 7c). After stopping the visible light
irradiation, the dark state remains until the next irradiation with
UV light. These ON-OFF fluorescence switching behaviors can
be observed several times (Figure 7d-g).
On the other hand, in the rigid apolar Zeonex polymer film

containing 1, no clear fluorescence switching was observed upon
irradiation with visible and UV light (SI Figure S7). The fluores-
cence intensity of an individual molecule embedded in the Zeonex
polymer film is constant upon visible and/or UV light irradiation.

Only one-step irreversible photobleaching was observed, as shown
in SI Figure S7 (see also SI Movie S2). Intramolecular electron-
transfer quenching of fluorescence requires polar environments. As
evidenced in solution experiments, the fluorescence switching takes
place only in polar environments.
Figure 7h shows the fluorescence intensity trajectory of one

molecule, which is indicated by the white circle in Figure 7a-g.
As can be seen in Figure 7h, one-step ON-OFF fluorescence
switching is clearly observed upon visible and UV light irradia-
tion. The fluorescence “OFF” state is initially observed under
irradiation with only 532 nm laser light. The fluorescence “OFF”
state changes to the fluorescence “ON” state in one step upon
UV light irradiation. After stopping UV light irradiation, the
fluorescence “ON” state remains stable during irradiation with
only 532 nm laser light. The fluorescence “ON” state turns back
to the fluorescence “OFF” state when visible light is irradiated
onto the sample. After stopping visible light irradiation, the dark
state remains until the next irradiation with UV light. The
fluorescence switching is safely ascribed to the photochromic
reaction of individual dyad 1. It is worth noting that both
fluorescence “ON” and “OFF” states remain stable during
excitation with 532 nm laser light. The result clearly indicates
that non-destructive fluorescence readout can be achieved even
at the single-molecule level.

’CONCLUSION

A photoswitchable fluorescent DE-PBI dyad 1 was synthe-
sized, and its fluorescence photoswitching and non-destructive
fluorescence readout were studied in solution and at the single-
molecule level. The fluorescence quantum yield of 1b is strongly
dependent on solvent polarity and decreases with increasing
solvent dielectric constant. It is concluded from the time-
resolved fluorescent and transient absorption spectroscopies that

Figure 7. Single-molecule fluorescence photoswitching in a PMA thin film. (a-g) Wide-field fluorescence images of 1 embedded in a PMA thin film.
Conditions: excitation wavelength, 532 nm from a solid laser; UV (330-380 nm) light; visible (440-490 nm) light; N2 atmosphere; exposure time, 300
ms. (h) Time trace of fluorescence intensity of a single molecule of 1, represented as a white circle in panels a-g. Green, violet, and blue bars indicate
irradiation period with 532 nm laser light, UV light, and visible light, respectively.
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the fluorescence is quenched by the intramolecular electron-
transfer process. Non-destructive fluorescence readout upon
excitation with 532 nm laser light is confirmed for both 1a and
1b under excitation with 532 nm laser light in solution as well as
at the single-molecule level. The results indicate that the dyad
system is useful for ultra-high-density optical memories and
super-high-resolution fluorescence imaging.

’EXPERIMENTAL SECTION

General. General chemicals were purchased from Tokyo Chemical
Industries, Wako Pure Chemicals, or Aldrich Chemical Co. and used
without further purification. Solvents used in photochemical measure-
ments were of spectroscopic grade and were purified by distillation
before use. 1H NMR spectra were recorded on an NMR spectrometer
(Bruker AVANCE 400, 400 MHz). Samples were dissolved in CDCl3
with tetramethylsilane as an internal standard. Mass spectra were
measured with a mass spectrometer (Shimadzu GCMS-QP5050A and
Applied Biosystems, Voyger). Cyclic voltammograms was measured by
using an ALS-600 electrochemical analyzer. Absorption and fluores-
cence spectra were measured with a Hitachi U-3500 absorption spectro-
photometer and a Hitachi F-2500 fluorescence spectrophotometer,
respectively. Fluorescence quantum yields were determined by using
monochromatic 500 nm as the excitation light source, a very dilute
solution, the absorbance of which is less than 0.02 at the excitation
wavelength for all solvents, and N,N0-bis(1-hexylheptyl)perylene-
3,4:9,10-tetracarboxylbisimide (Φf = 0.99, in dichloromethane) as the
reference. Photoirradiation was carried out using an USHIO 500 W
xenon lamp as the light sources. Monochromic light was obtained by
passing the light through amonochromator (Jobin-Yvon) or a band-pass
filter (Δλ1/2 = 15 nm).
Transient Absorption Measurements. For the detection of

dynamic behaviors in the femtosecond to nanosecond time region, a dual
NOPA/OPA laser systemwas used for transient absorptionmeasurements.
The details of the system were described elsewhere.48,49 Briefly, the output
of a femtosecondTi:sapphire laser (Tsunami, Spectra-Physics) pumped by
the second harmonic generation of a continuous-wave Nd3þ:YVO4 laser
(Millennia Pro, Spectra-Physics) was regeneratively amplified with 1
kHz repetition rate (Spitfire, Spectra-Physics). The amplified pulse
(802 nm, 0.9 mJ/pulse energy, 85 fs fwhm, 1 kHz) was divided into
two pulses with the same energy (50%). One of these pulses was guided
into a non-collinear optical parametric amplifier (NOPA) system
(TOPAS-white, Light-Conversion). The NOPA output can cover the
wavelength region between 500 and 1000 nm, with 1-40 mW output
energy and ca. 20 fs fwhm. In the present work, the excitation wavelength
was set to 532 nm. The white light continuum, which was generated by
focusing the fundamental light at 802 nm into a 1 mm CaF2 window,
covers the wavelength region from 350 to 720 nm. Polarization of two
pulses was set at the magic angle for the entire measurement. The signal
and the reference pulses were respectively detected with multichannel
photodiode array systems (PMA-10, Hamamatsu), and the detected
signals were sent to a personal computer for further analysis. In order to
correct the transient absorption spectrum for the dispersion of the probe
light, we measured the optical Kerr effect of CCl4 and determined the
wavelength-dependent arrival times of the femtosecond white light at
the sample position. From the cross-correlation trace between the
NOPA output and the super-continuum at the sample position, the
response pulse duration was ca. 80 fs. A rotating sample cell with an
optical length of 2 mmwas used, and the absorbance of the sample at the
excitation wavelength was set to ∼1.0.
Fluorescence Lifetime Measurements. For the measurement

of the fluorescence time profiles, the time-correlated single-photon
counting (TCSPC) method using a picosecond Nd3þ:YAG laser
(DPM-1000&SBR-5080-FAP, Coherent, 532 nm, fwhm ca. 30 ps) with

8 MHz repetition rate was employed. A photomultiplier tube
(Hamamatsu Photonics, R3809U-50) with an amplifier (Hamamatsu
Photonics C5594) and a counting board (PicoQuanta, PicoHarp 300)
were used for signal detection. A monochromator was placed in front of
the photomultiplier tube. The instrumental response function was
estimated by the fwhm of the scattered light from a colloidal solution
for the excitation light pulse. In the present measurements, it was 32 ps.
For the evaluation of the analyzed result, we used a reduced χ2 value.50,51

Single-Molecule Fluorescence Detection. For single-mole-
cule measurements, molecules were sparsely distributed around 100 nm
thin films of Zeonex and poly(methyl acrylate) (PMA) on clean quartz
glass coverslips by spin-coating one drop of mixed solution of a∼10-11

M the closed-ring isomer (1b) and 1.2 wt % Zeonex or 2 wt % PMA in
toluene at 4000 rpm. Single-molecule fluorescence imaging and fluor-
escence intensity trajectory collection were performed under a nitrogen
atmosphere, using an inverted fluorescence optical microscope (Nikon,
TEi) equipped with a 100� 1.45 NA oil-immersion objective (Nikon),
appropriate filters (Chroma and Semrock) to remove the excitation
light, and a back-illuminated electron-cooled CCD camera (iXon,
Andowr). Circularly polarized 532 nm light from a solid laser (Spectra
Physics, Excelsior 532) was used as the excitation light source.
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