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Abstract: Photochromic reactions of diarylethene derivatives were detected at a single-molecule level by
using a fluorescence technique. Fluorescent photoswitching molecules in which photochromic diarylethene
and fluorescent bis(phenylethynyl)anthracene units are linked through an adamantyl spacer were
synthesized, and switching of fluorescence upon irradiation with UV and visible light was followed in solution
as well as on polymer films at the single-molecule level. Although in solution the fluorescence intensity
gradually changed upon irradiation with UV and visible light, digital on/off switching between two discrete
states was observed at the single-molecule level. The “on”- and “off"-times were dependent on the power
of UV and visible light. When the power of UV and visible light was increased, the average on- and off-
times became short in proportion to the reciprocal power of the light. The response-times were found to
show distribution. The distribution of the on- and off-times is considered to reflect the difference in the
micro-environment as well as conformation of the molecules.

Introduction

Photochromism is defined as a reversible transformation o

a chemical species induced in one or both directions by

absorption of electromagnetic radiation between two forms, A
and B, having different absorption spectrdherefore, the
reaction is represented by the following scheme.

hv
hv' or A

A B

According to this reaction scheme, bulk molecular properties
are expected to switch between two discrete states upon

photoirradiatior?. In other words, the observed properties or data,

such as absorption intensity or refractive index, digitally switch

on and off between the two states. Yet, in bulk systems, where
average behavior is observed, this effect is masked by the
inherent averaging process. The experimental data gradually
change upon photoirradiation, because under normal conditions
there exists a vast number of molecules in the system and only
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the A/B ratio changes upon photoirradiation. Although such

f analogue behavior is so far named “switching”, the performance

is not “switching” in the literal sense of the word.

If we can detect the photochromic reaction at a single-
molecule level, real digital photoswitching is anticipated. Recent
advances in fluorescence microscopy have allowed the detection,
imaging, and spectroscopy of single molecules at room
temperaturé:-2! Although the single-molecule detection tech-
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nigue is successfully applied to characterize the properties of In this study, a new robust fluorescent diarylethene derivative
individual molecules in various micro-environmefts3! the with one methoxy group at the reactive carbon has been
direct observation of the photochromic reaction at the single- synthesized in addition to the previous derivatfavith two
molecule level has not yet been accomplished and single- methoxy groups, and their photoswitching performance was
molecule photocontrol is limite#?-35 For the observation, it  studied in detail in solution (an ensemble system) as well as on
is indispensable to prepare a photochromic molecule, which polymer films at the single-molecule level. At the single-
changes the fluorescence intensity along with the photochromicmolecule level, digital switching between two distinct states was
reaction and has high photostability. Green fluorescence proteinobserved, and the different behavior of the two derivatives
is the only example that exhibits the optically induced switching indicated that the switching of fluorescence is unambiguously
of fluorescence at room temperatdPeThere are no artificial ~ based on the photochromic reaction.

fluorescent photochromic molecules that can be applied to the
single-molecule experiment. It is required to newly design and
synthesize robust fluorescent photochromic or photoswitching  Molecular Design of Fluorescent Photochromic Molecules.
molecules. As the photoswitching unit, diarylethene derivatives The molecules that we synthesized are shown in Scheme 1.
with heterocyclic aryl groups are the most promising candidates Photochromic diarylethene and fluorescent bis(phenylethynyl)-
because of their fatigue resistant photochromic performéhce. anthracene units are covalently linked through a rigid adamantyl
The derivatives can repeat photoinduced coloration/decolorationspacer group. Methoxy substituents are introduced at the reactive
cycles more than Qtimes, and the photocolored isomers are carbons to decrease the cycloreversion quantum $efavo
stable for more than a thousand years at°@%’” When an derivatives having one or two methoxy groups were prepared.
appropriate fluorescent unit is connected to the chromophores,Their photochromic performances are similar to each other
the photochromic reaction can be detected by the fluorescenceexcept the cycloreversion quantum yield. The effectiveness of

Results and Discussion

intensity change even at the single-molecule 1&¥el.
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the methoxy substituents for the observation of the single-
molecule photoswitching will be discussed in detail in the last
part. The bis(phenylethynyl)anthracene unit with methoxy
substituents was employed as the fluorescent unit, because of
its high fluorescence quantum yield, appropriate fluorescence
spectral region, and fairly good fatigue resistant property.

la converts tolb upon irradiation with UV (306-350 nm)
light, and1b returns tola upon irradiation with visible ¥ 450
nm) light3%40 The relative energy levels of the component
chromophores are also shown in Scheme 1. The bis(phenyl-
ethynyl)anthracene unit has characteristic absorption and fluo-
rescent bands at 488 and 503 nm, respectitefhe fluores-
cence spectrum well overlaps the absorption spectrum of the
closed-ring form of the diarylethene unit. Therefore, the
fluorescence is efficiently quenched when the diarylethene unit
converts from the open- to the closed-ring forms. On the other
hand, when the diarylethene is in the open-ring form, its energy
level is higher than the level of the bis(phenylethynyl)anthracene
unit and the fluorescence quenching does not take place. The
detailed quantitative data are shown in the following section.

Fluorescence Change in Ensemble Solution upon Pho-
toirradiation. Figure 1a shows the absorption spectral change
of 1ain a toluene solution (an ensemble system) upon irradiation
with 313 nm light. A visible absorption band at around 630 nm
gradually increased and reached a photostationary state. The
absorption band is due to the closed-ring isorhly and the
gradual increase is due to the photocyclization of the diaryl-
ethene unif®4° Figure 1b shows the fluorescence spectral
change along with the photocyclization. The initial fluorescence
quantum vyield ofla was 73%. The fluorescence intensity
gradually decreased in proportion to the conversion fi@no
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1b. At the conversion of 66%, the fluorescence decreased to
34% of the initial intensitylb was almost nonfluorescent. Upon
irradiation with>450 nm light, the fluorescence again gradually
returned to the initial intensity.

The fluorescence lifetimes and the quantum yield$afnd
1b were measured and are shown in Table 1. The lifetime of
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Figure 1. (a) Absorption and (b) fluorescence spectral changes iof
toluene upon irradiation with 313 nm light. The concentratiofh iof toluene
was 1.2x 1075 M.

lawas 4.9 ns, while it decreased to 4.5 psTor The lifetime
as well as the fluorescence quantum yieldlafare similar to
those of the bis(phenylethynyl)anthracene molet¢tilenis result
confirms that the fluorescence is scarcely perturbed by the open-
ring form of the diarylethene unit. On the other hand, the very
short lifetime of1b indicates that the excited-state energy of
the bis(phenylethynyl)anthracene unit is effectively intramo-
lecularly transferred to the closed-ring form of the diarylethene
unit. From the fluorescence lifetimes, the energy-transfer rate
was estimated to be 2.2 10 s,

The photocyclization quantum yield df (0.12) is smaller
than that of the diarylethene molecule (0.52his decrease
is ascribed to two factors. One factor is the overlapping of the
absorption band of the bis(phenylethynyl)anthracene unit at the
UV region (313 nm). Comparison of the absorption coefficients
of the two chromophores, bis(phenylethynyl)anthracene and
diarylethene units, indicates that 47% of the absorptiotiaof
at 313 nm is due to the bis(phenylethynyl)anthracene unit. Only
a half of the absorbed photons Hy can be used for the
photocyclization reaction. Another factor is the excited-state
energy transfer from the diarylethene unit to the bis(phenyl-
ethynyl)anthracene unit through the adamantyl spacer, because
the energy level of the bis(phenylethynyl)anthracene unit is
lower than that of the open-ring form of the diarylethene unit
(Scheme 1). The energy transfer is, however, much lower than
the efficiency from the excited bis(phenylethynyl)anthracene unit
to the closed-ring form of the diarylethene unit. This is ascribed
to the difference in the lifetimes of the two excited states. The
lifetime of the open-ring form of the diarylethene is around 1
ps#3 while the lifetime of the bis(phenylethynyl)anthracene is

(42) Kobatake, S.; Matsumoto, Y.; Irie, M., in preparation.
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Table 1. Photocyclization (®,—c), Photocycloreversion (®¢—,) Quantum Yields of 1 and 2, and Fluorescence Properties of Compounds 1, 2,
and 1,5-Dimethoxy-9,10-bis(phenylethynyl)anthracene in Toluene

compound D, 2 D Agmadnm D 7Ins
la 0.12 503, 539 0.73 4.9
1b <8 x 1075b <0.001 0.0045t 0.0015
2a 0.12 503, 537 0.73 4.9
2b 1.5x 1073¢
1,5-dimethoxy-9,10- 501, 537 0.72 5.0

bis(phenylethynyl)anthracetie

aMeasured by irradiation with 313 nm lightMeasured with 630 nm light Measured with 600 nm light.

0.8 both the bis(phenylethynyl)anthracene unit and the closed-ring
. A=313nm A > 450 nm . form of the diarylethene unit. Interestingly, some of the spots
0.6 # ! (2 and 3) appeared after irradiation with visible light for 5 s,

but others (1 and 4) appeared only after 10 s of irradiation.
Different molecules showed different response-times.

Among 11 bright spots, 7 spots did not show any response
to UV and visible light. These stable spots are considered to be
in a nonphotoactive state. Diarylethenes are well known to take

o
N

o
[

Fluorescence Intensity / a.u.

00 two kinds of conformations, parallel (mirror symmetry) and
T antiparallel C; symmetry), and only the antiparallel conformer
0 2 4 6 871050 100 150200 25030 can undergo the photocyclization reactidnThe parallel
Time / min. conformer is photochemically inactive. In the molecules that
Figure 2. Fluorescence intensity changeslofipon alternate irradiation give stable bright spots, the diarylethene unit is in a parallel
with 313 and>450 nm light in toluene. The concentration bfvas 5 x conformation or less probably in a photoinactive nonflexible

1077 M. . . ) )
antiparallel conformation. The photochemical response can give

4.9 ns. The short lifetime scarcely suppresses the photocycliza—us.information concerning the conformation of the diarylethene

tion reaction, and the long lifetime results in efficient fluores- o ] ) ) )
cence quenching. The photocycloreversion quantum yieldof This |nterp_reta_t|on was confirmed by dls_persmg nonfluores-
was very low, less than 6. The very low quantum yield is a  Cent closed-ring isometb on the Zeonex film. Images eh)

necessary condition to clearly detect the photoswitching per- ©f Figure 3 show the photoresponse of the polymer film.
formance at the single-molecule level. Initially, the film is nonfluorescent, because all molecules are
Figure 2 shows the typical analogue-type photoresponse ofin the nonfluorescent closed-ring forfhUpon irradiation with

1in a toluene solution (an ensemble system). Upon irradiation ViSible (488 nm, 200 Wicr) light for 10 s, 12 molecules
with 313 nm light, the fluorescence intensity gradually decreased P&ca@me bright, as shown in image (f). These bright spots except

in 10 min, while it increased upon irradiation with450 nm one spot (shown by a circle) disappeared upon irradiation with

light. It took abou 5 h for 1b to return tola under the present YV light (325 nm, 0.27 mWicr) for 5 s asshown in image:

experimental conditions. (9). In this system, 11 molecules are in the photoactive
Photoswitching of Fluorescence Based on Photochromism antiparallel conformation. Therefore, the molecules can undergo

at the Single-Molecule Level The photoresponse behavior of reversible photocyclization reactions. The bright spots again

1 dramatically changed at the single-molecule level. Compound @PPeared upon irradiation with visible light. The dark/bright
1 was dispersed on a Zeonex polymer film (thicknest00 cycles could be repeated upon alternate irradiation with visible

nm) by spin-coating a toluene solution containing«210-11 and UV light. The bright spots in image (g) disappeared possibly

M of 1a and the fluorescence change upon photoirradiation du€ t0 photodecomposition.

was followed at the single-molecule level. The polymer film  TO reveal the detailed switching characteristics of the

was placed on the sample stage of a confocal microscope withmolecules, the time trace of single-molectilewas measured

an oil immersion lens (100, N.A. = 1.4) equipped with an under irradiation with both visible (488 nm, 100 W/énand

avalanche photodiode detector (APD). UV (0.027 mW/cn) light, as shown in Figure 4a. Initially, the

Figure 3 shows the images of the single molecules. All bright Molecule was in the nonfluorescent off-state. At 5.6 and 21.0

spots are due to fluorescence from singigemolecules. Upon S the nonfluorescent molecule was abruptly switched to the

UV (325 nm, 0.27 mW) light irradiation for 5 s, some of the ~fluorescent on-state. These digital responses are due to photo-

spots, indicated by circles4, disappeared, as shown in image isomerization fromlb to 1a by the visible light irradiation. At

(b). The lost spots again appeared, as shown in images (c) andt5-7 and 30.1 s, the fluorescence molecule was abruptly

(d), upon continuous irradiation with 488 nm light, which excite SWitched to the nonfluorescent off-state. These digital responses

are due to photoisomerization frota to 1b by UV light

(43) (a) Miyasaka, H.; Nobuto, T.; Itaya, A.; Tamai, N.; Irie, @hem. Phys. irradiation. The fluorescence intensity switched on and off
Lett. 1997 269, 281-285. (b) Tamai, N.; Saika, T.; Shimidzu, T.; Irie, M.
J. Phys. Chem1996 100, 4689-4692. (c) Ern, J.; Bens, A. T.; Martin,

H.-D.; Mukamel, S.; Schmid, D.; Tretiak, S.; Tsiper, E.; Kryschi, X. (44) (a) Uchida, K.; Nakayama, Y.; Irie, MBull. Chem. Soc. Jpril99Q 63,
Lumin.1998 76 & 77, 90—94. (d) Hania, P. R.; Telesca, R.; Lucas, L. N.; 1311-1315. (b) Irie, M.; Miyatake, O.; Uchida, K. Am. Chem. So2992
Pugzlys, A.; van Esch, J.; Feringa, B. L.; Snijders, J. G.; Duppenl. K. 114, 8715-8716.

Phys. Chem. 2002 106, 8498-8507. (e) Okabe, C.; Nakabayashi, T.;  (45) A bright spot in the image (e) is assigned to fizemolecule, which was
Nishi, N.; Fukaminato, T.; Kawai, T.; Irie, M.; Sekiya, H. Phys. Chem. photogenerated during the adjustment of the measuring system from the
A 2003 107, 5384-5390. nonfluorescenilb molecule.

14846 J. AM. CHEM. SOC. = VOL. 126, NO. 45, 2004



Digital Photoswitching of Fluorescence ARTICLES

Figure 3. (a—d) Single-molecule fluorescence imaginglaiembedded on a Zeonex thin polymer film. (a) Before irradiation. (b) After irradiation with UV
light (325 nm, 0.27 mW/cr) for 5 s. After irradiation with visible light (488 nm, 200 W/&for (c) 5 s, and (d) an additional 5 s.«{&) Single-molecule
fluorescence imaging dfb embedded on a Zeonex thin polymer film. (e) Before irradiation. (f) After irradiation with visible light (488 nm, 2003WV/cm
for 10 s. (g) After irradiation with UV light (325 nm, 0.27 mW/@&xfor 5 s. (h) After irradiation with visible light (488 nm, 200 W/épfor 10 s: imaging
size, 10um x 10 um (64 pixelsx 64 pixels); integration time, 100 ms/pixel,tmosphere. The distorted images are due to the low resolution of the

measuring system. The number of pixels is limited to>644.

120 120 120
g [ o () g |©
g 90 g 90} g 90
o o o
N 60 N 60 60
2 (7} 2
c c c
330 5 30} 330
(&) O o
0 — . 0 0
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Time / sec Time / sec Time / sec
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Figure 4. (a—c) Time traces of fluorescence intensity bfembedded on Zeonex thin films irradiated with both strong 488 nm light (fixed power,
100 W/cn?) and weak 325 nm light (variable power).~f Histograms of on-time. The histograms were constructed by collecting on-times&gents

for each molecule. Power of 325 nm light: (a,d) 0.027 mWc(h,e) 0.054 mWi/c (c,f) 0.27 mW/cm. Average on-time: (d) 11 s (73 molecules);
(e) 5.7 s (94 molecules); (f) 1.2 s (80 molecules).

between two discrete states based on the photochromic reactiorphotocycloreversion reaction is mainly controlled by the visible
of the diarylethene unit. light. On the other hand, when the unit is in the open-ring form
The on-time was dependent on the power of the UV light. or the molecule is in the on-state, the weak UV light is effective
When the power was increased, the duration of the on-time at inducing the photocyclization reaction. The photocyclization
became short. As can be seen in Figure-dathe on-time guantum yield is around 10%, which means that only 10 photons
decreased in proportion to the power of the UV light. In this are enough to induce the photocyclization reaction or switch
experiment, UV light is irradiated from the beginning. When from the on-state to the off-state. The single-molecule switch
the diarylethene unit is in the closed-ring form or the molecule is very sensitive to UV light.
is in the off-state, UV light scarcely affects the photocyclo- To obtain the details of the digital photoresponsive behavior
reversion reaction, because the UV power is very weak in of individual molecules, we measured the on-time for-300
comparison with the power of visible light (around 19L0rhe molecules by changing the power of the UV light, as shown in
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Figure 5. (a—c) Time traces of fluorescence intensity bembedded in Zeonex thin films irradiated with both strong 488 nm light (variable power) and

weak 325 nm light (fixed power, 0.054 mW/émn(d—f) Histograms of off-time.

The histograms were constructed by collecting off-times-8felvents for

each molecule. Power of 488 nm light: (a,d) 50 W#crtb,e) 100 W/cr?; (c,f) 300 W/cn?. Average off-time: (d) 23 s (81 molecules); (e) 11 s

(57 molecules); (f) 4.0 s (107 molecules).

Figure 4d-f. The average on-time correlated to the reciprocal
power of the UV light. When the power was increased from
0.027 to 0.27 mW/ci the average on-time decreased from 11
to 1.2 s. The distribution of the on-time is considered to reflect
the difference in micro-environments as well as the conformation
of the molecules.

The off-time was also examined by changing the power of
visible (488 nm) light, as shown in Figure 5. The off-time, or

the interval between adjacent on-states, decreased with an
increase in the power. It decreased from 23 to 4.0 s by increasing

the power from 50 to 300 W/ctn

Photoswitching of Fluorescence of a Molecule with One
Methoxy Substituent at the Reaction Site of the Diarylethene
Unit. Figure 6 shows the fluorescence switching of compound

2 dispersed on the Zeonex film, just as the previous experiment

used for compound, at the single-molecule level. The triplet
blinking-like decrease of fluorescerd€é’#¢ is due to the
photochromic reaction from fluorescela to nonfluorescent
2b. This was confirmed by changing the power of the UV light.
When the power was decreased from 0.27 to 0.027 m\A//cm
the frequency of the fluorescence switching dramatically

decreased. The decrease in the frequency indicates that the

switching is not due to the triplet blinking but due to the
photochromic reaction.

The molecule2b has a photocycloreversion quantum yield
of 1.5 x 1073, which is more than 2650 times larger than
that of 1b. The average off-time of the fluorescence for
compound is 220 ms under irradiation with visible light (488
nm, 100 W/cm), while it is around 11 s for compouridunder
irradiation with the same light intensity. The decrease of the
off-time is ascribable to the change of the cycloreversion

(46) Vosch, T.; Hofkens, J.; Cotlet, M.; Ka, F.; Fujiwara, H.; Gronheid, R.;
Van Der Biest, K.; Weil, T.; Herrmann, A.; Migen, K.; Mukamel, S.; Van
der Auweraer, M.; De Schryver, F. @ngew. Chem. Int. EQ2001, 40,
4643-4648.
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Figure 6. Time traces of fluorescence intensity2&émbedded on a Zeonex
thin film irradiated with both strong 488 nm light (fixed power, 100 W&mM
and weak 325 nm light (variable power): (a) 0.27, (b) 0.054, (c) 0.027
mw/cn?.
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quantum yield. In other words, the fluorescence switching is model 360-80, 25D, and 305). A microchannel-plate photomultiplier
unambiguously based on the photochromic reaction. When the(Hamamatsu, MCP R2809U) was used as a detector, which gave an
bleaching quantum yield is larger than2pas observed in instrument response-time constant-e80 ps (fwhm). The emission
normal photochromic compounds, the switching phenomena areavelength of 510 nm was selected by a monochromator. The

hardly detected. The very low photocycloreversion quantum fluorescence decay curves were analyzed by the nonlinear least-squares
yield is a nece.ssary condition to clearly detect the digital iterative convolution method based on a Marquardt algorithm. For the

o . nanosecond resolution measurements, a pulseldd¢r (Hamamatsu

fluorescencg swnch_lng between two discrete states due to thePhotonics, LN-203, 337.1 nm, 600 ps) waspus?(ljaas a(light source, and

photochromic reaction. the emission was detected by a gated streak-scope system (Hamamatsu

Conclusions Photonics, C4334-1, C5094, and C-4792) in the single-photon counting
mode.

_ Fluorescent photoswitching molecules in which photochromlf: Materials. Detailed synthetic procedures of compouridsand2a
diarylethene and fluorescent bis(phenylethynyl)anthracene unitSare described in the Supporting Information. The molecules were
are covalently linked through an adamantyl spacer were carefully purified by GPC and HPLC. The molecular structure was
synthesized, and the fluorescence switching of the diaryletheneconfirmed vialH NMR, elemental analysis, and mass spectroscopy,
derivatives was observed by irradiation with UV and visible and the purity was evaluated by HPLC. The closed-ring isortibrs
light at the single-molecule level. Digital on/off switching and 2b were prepared by irradiating the hexane or toluene solutions
between two discrete states was observed on polymer films atwith UV light and were isolated by HPLC.
the single-molecule level. This provides unequivocal evidence  Single-Molecule DetectionSamples for single-molecule measure-
that the photochromic reaction takes place between two discretements were prepared by spin-coating & 20~** M toluene solution
states. The fluorescent diarylethene derivatives can be potentiallyof 0pen-ring isomersl@and2a) and closed-ring isomerd andzb)
utilized for ultrahigh-density erasable optical data storage isolated by HPLC on a quartz cover glass coating with a Zeonex film

(1 bit per molecule~peta bit/ir?), when novel techniques to (50—100 nm) at 4000 rpm. Zeonex is a kind of amorphous polyolefin

of Nippon Zeon Co. Ltd.
address each molecule by photon are developed. ) )
The single-molecule fluorescence was detected using a confocal

Experimental Section microscope (TCS-NT, Leica) with an oil immersion lens (Leica PL
. . APO CS, NA 1.4) equipped with an avalanche photodiode (APD) in
General. Solvents used in the photochemical measurements were single-photon counting mode (EG&G, SPCM AQR-14) as the detector.

spectroscopic grade and were purified by distillation before use. . - ) )
Steady-state absorption and fluorescence spectra in solution WereAppropnate notch (Kaiser Optical) and long-pass (Chroma) filters were

measured with an absorption spectrophotometer (Hitachi U-3500) and zlaced 'r? t?le detection F;ath o shuppress rema'r?”}? excitation “.ght an_d
a fluorescence spectrophotometer (Hitachi F-3010), respectively. Pho- etec_tt € fluorescence onge_rt an 5_00.nm. The fluorescence intensity
toirradiation was carried out using a 1000 W high-pressure mercury tran_5|e_nts were measured with a bin time of 20 ms or 10 ms. The

lamp or a 500 W xenon lamp as the light source. Monochromic light excitation source was an argon ion laser at 488 nm (Spectra Physics

was obtained by passing the light through a monochromator (Ritsu Stabilite 2017). A He-Cd laser at 325 nm (KINMON ELC.TRIC.’

MV-10N) or a band-pass filterAs, = 15 nm). IK3151R-E) was used f_or Fhe photocycllgatlop. Circular polarized I!ght
The cyclization quantum yield was determined by comparing the was used as th_e excitation and reaptlon light for eq'ually exciting

photocyclization rates of samples and furyl-fulgide with the standard molecules. All single-molecule experiments were carried out under

procedure’ The cycloreversion quantum yield was also measured using nirogen atmosphere.

furyl-fulgide in toluene as a referen¢€The fluorescence quantum yield

(P5) was evaluated utilizing 9,10-bis(phenylethynyl)anthracene as the Acknowlt_edgment. This work was partly supported by a
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