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Abstract: Robust fluorescent photoswitching molecules, having perylene bisimide as the fluorescent unit
and diarylethene as the switching unit, were prepared, and their photochromic reactions were measured
at the single-molecule level in various polymer matrices. The histograms of the fluorescent on and off
times were found to deviate from normal exponential distribution and showed a peak when the molecules
are embedded in rigid polymer matrices, such as Zeonex or poly(methyl methacrylate) (PMMA). In soft
polymer matrices, such as poly(n-buthyl methacrylate) (PnBMA), exponential distribution was observed
for the on and off times. The abnormal distribution suggests that the quantum yields of the photoreactions
are not constant and the molecules undergo the reactions after absorbing a certain number of photons. A
multilocal minima model was proposed to explain the environmental effect.

Introduction

Recent advances in fluorescence microscopy have allowed
detection, imaging, and spectroscopy of single molecules at

room temperaturé1® The single molecule detection technique
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is useful not only to probe microenvironmet3®26 but also

to characterize the photochemical reactivity of individual

molecule€” The detailed analysis of the reactivity of each

molecule is indispensable to develop ultrahigh-density single-
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Scheme 1 . Fluorescent Photochromic Molecule 1 and 2
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ith hwe r ntiv T rted on the on/off diaital fluor n Figure 1. (a) Absorption and (b) fluorescence spectra in dichloromethane
Although we recently reported on the on/off dig Orescence sojution of 2 (C = 6.6 x 1076 M) upon 313 nm light irradiation: )
switching of single photochromic molecules embedded in a open-ring isomer, (- - - +) photostationary state;{(— — —) closed-ring
polymer film by irradiation with UV and visible light? the Isomer.
analysis of the reaction mechanism was incomplete because of ) ]
lack of photostability of the chromophores used. The number Photochromic molecule, which enables us to follow the pho-
of switching cycles was limited to a few cycles. The histograms tochromic reactions many times without decomposition. As
of the photochemical events shown in the paffemsere candidates of such molecules, we designed and synthesized
constructed by collecting many molecules in different microen- fluorescen.t diarylethene derivatives having perylene bisimide
vironments. It is required to synthesize highly stable photo- & Shown in Scheme 1. .
chromic molecules, which enable us to follow the photo- The perylene bisimide unit was chosen as the fluorescent unit

chromism of the same molecule many timesL00 times) in because of its high fluorescence quantum yield..Q), large
the same microenvironment. molecular extinction coefficient (88 000 Mcm ™ atAmay), and

photostability?* The diarylethenes contain ortsj or two (2a)
methoxy groups at the reactive carbons. The methoxy group
controls the cycloreversion quantum yiéfd.

Recently, we have succeeded to synthesize robust fluorescen
photochromic diarylethene derivativdsand 2 (Scheme 1),

which undergo efficient and stable photochromic reactfns. h .
The molecules have large absorption coefficients, high fluo- Figure 1 shows absorption and fluorescence spectral changes
{of 2 upon irradiation with UV light in dichloromethane.

rescence quantum yields, and photostability. The excellen ¢ x
characteristic properties opened detailed discussions of photouorescence intensity of both compoundsa(d2) decreases

chromic reactions at the single-molecule level. In this study, vyher? the diarylethene unit converts from the open- to the clqsed-

we measured the photochromic reactions in various polymer rng |sor_ners3.° In order to know the fluqrescence quenching

matrices and analyzed the reactivity at the single-molecule level, Mechanisnt? the fluorescence quantum yield bivas measured

We found a novel environmental effect in the photochromic in hexane, 'Foluene, and ethyl a_lcetate solutions. The fluorescence

reactions of the single molecules. guantum yields were determined to be 0.98, 0.96, and 0.97,
respectively, by utilizind\,N'-bis(1-hexylheptyl)perylene-3,4,9,-

Results and Discussion 10-tetracarboxyl bisimide in toluene as a referenbe~ 1.0).

The constant fluorescence quantum yield irrespective of solvent

Molecular Design of Fluorescent Photochromic Molecules. polarity indicates that the contribution of electron transfer is

In a previous papet we prepared fluorescent photochromic neglicible in the auenching process
diarylethenes having a bis(phenylethynyl)anthracene unit. Al- 919 d gp '

The reversible fluorescence intensity change is ascribed to
though the molecules were successfully used to demonstrate, . o N
L . the intramolecular energy transfer switching as shown in Figure
photoswitching of fluorescence at the single-molecule level, the

: 2. When the diarylethene unit is in the open-ring form, the
fluorescent anthracene unit decomposed after a few cycles before - o
the decomposition of the diarylthene switching unit. For the perylene bisimide unit gives strong fluorescence because the

. - - : . energy state of the diarylethene unit is higher than the fluorescent
detailed analysis of the photochromic reactions at the single- . . .
_ . state. When the diarylethene unit converts to the closed-ring
molecule level, it is required to develop a robust fluorescent

(31) Langhals, HHelv. Chem. Acte2005 88, 1309-1343.
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Rev. 200Q 100, 1685. 4574-4578.
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676-677. 12654,
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Figure 2. Fluorescence energy transfer switching based on photochromic reaction of diarylethene derivatives.

Table 1. Photocyclization (P,—c), Photocycloreversion (®¢—-,) Quantum Yields of 1 and 2, and Fluorescence Properties of Compounds 1, 2,
and N,N-Bis(1-hexylheptyl)perylene-3,4,9,10-tetracarboxyl Bisimide in Dichloromethane

compound D, .2 D, AgmaxdNM on 7/ns
la 0.26 — 489, 525 0.98 4.1
1b — 1.4x 10°3P — <0.001 (4.5£1.5)x 103
2a 0.13 - 489, 526 0.97 3.9
2b — 4.1x 1075¢ - <0.001 d
N,N'-bis(1-hexylheptyl)- — - 490, 526 1.0 4.0

perylene-3,4,9,10-
tetracarboxyl bisimide

aMeasured by irradiation with 343 nm lightMeasured with 592 nm lightMeasured with 622 nm ligheNot determined.

form, the state becomes lower than the fluorescent state and (@100

the fluorescence of the perylene bisimide unit is efficiently

quenched. The fluorescence lifetime measurement confirmed 8

this mechanism. The fluorescence lifetime of the open-ring form g 6o

was measured to be 4.1 ns. The lifetime decreased to less than 2 40

5 ps when the diarylethene unit converts to the closed-ring form, 5

as shown in Table 1. Very efficient intramolecular energy S 2

transfer took place in the molecule. Similar fluorescence 0

switching was also observed for compouad 0 50 100 150 200 250 300
The cyclization/cycloreversion quantum yields dfand Time / sec

2 were also measured and summarized in Table 1. The (®)100

cyclization quantum vyield was determined by comparing the 8ol W

photocyclization rates of samples and furyl-flugide with g

the standard procedufé.la and 2a haye similar cycliz.ation S —

quantum vyields, but the cycloreversion quantum yields are 2 40

markedly different. The cycloreversion quantum yield 24 5

is 1% of that of1b. The decrease in the quantum yield is S20

attributed to the methoxy substituent effect at the reactive 0 Ll .

carbons2 0 50 100 150 200 250 300

. . . Time/ sec
Photochromism at the Single-Molecule Level.Typical

; ; ; ; ; Figure 3. Fluorescence intensity trajectories of gagnd (b)1 embedded
fluorescence intensity trajectories f2a and1a are shown in on Zeonex thin films £100 nm) irradiated with both 488 nm light

Figure 3a and 3b, respectively. The sample for_the single- (fixed power, 100 W/c®) and weak 325 nm light (27Q:W/cr®)
molecule measurement was prepared by spin-coating a toluenaimultaneously. The long lasting on-state from 90 s is ascribed to the
solution of the dye (compount or 2; around 101! M) and fluorescence of perylene bisimide alone after the decomposition of the

polymer (Zeonex, PMMA, PnBMA, and Arton; around 2 wt  diaylethene unit

%) on a quartz cover glass at 4000 rpm. The closed-ring isomers
34) (a) Yokoyama, Y.; Kurita, YJ. Synth. Org. Chem. Jpd991 49, 364— ; ; ; B
G §7)2 (b) IYIeIIar, H. G.; Langan, J.VEJ. Cheﬁn. Soc., Pe?'kin Trans.1281, of the dlarylethene denvatweﬂhﬁ and 2b) were !So@ted by
341-343. HPLC and used as the dye. When the closed-ring isomers are

5934 J. AM. CHEM. SOC. = VOL. 129, NO. 18, 2007
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(a) 60 100 molecules, the average possible switching cycled of
50l in the same microenvironment were estimated to be
around 100.

In the above experiment amorphous polyolefine (Zeoiigx,

% 30 ~ 130°C) was used as the host polymer matrix. To know the
5 effect of environment on the photochromic reaction, two more
8 polymers, which have differefii values, were examined. One
0 ‘ \ , | ‘ is poly(methyl methacrylate) (PMMA) having &y of
0 50 100 150 200 250 300 105°C, and the other is polp(buthylmethacrylate) (PnBMA)
Time / sec having aT, of 21 °C. To reveal the detailed photochemical
() 60 reactivity of individual molecules in these polymer matrices,
the time traces of single moleculb were measured under
o 50 irradiation with both visible (488 nm, 100 W/&nand weak
@ 40 UV (325 nm, 270uW/cn¥) light.
S 30 The fluorescence intensity switching between two discrete
P 20 states was observed in all polymer matrices. Figure 5 shows an
5 example of the on and off histograms observed for a single
S 10 molecule in Zeonex. The on and off states are clearly discrimi-
. . . nated as shown in Figure 5b. Figure 5¢c and 5d show the
0 % 10011”;5})866200 250300 histograms of on and off times, respectively. The on as well as
off histogram showed a peak at a certain on or off time.
(©)60 Although exponential distribution is anticipated from the simple
50 photochemical events, this was not the case. The abnormal
distribution of the histograms was observed in most of the
é 401 molecules ¢£80%), and the shapes were very similar among
g 30 the molecules. Any remarkable difference in the distribution
£ o0l between the early events{Q00 s) and later events (16@00
é o s) was not observed.

The shapes of the histograms are dependent on the polymer
matrices as shown in Figure 6. In Zeonex and PMMA matrices,
the histograms show a peak at a certain on or off time. On the
other hand, in PNBMA, the on- and off-time histograms are
normal exponential shapes as shown in Figure 6b and 6e. In
PnBMA, with Ty being below or nearly equal to the measuring
temperature, the embedded molecules are considered not to be

dispersed in the polymer matrices, the conformation of the strictly fixed and freely rotate in the polymer matrix. The result
molecules is fixed in photoactive antiparallel one, even after Suggests that the abnormal histogram is ascribed to the rigidity
conversion to the open-ring isomers. The antiparallel conforma- Of the polymer matrices. When the polymer matrices have high
tion is a necessary condition for the molecules to undergo the Tg Values and are rigid enough, the molecules showed the
photocyclization reactiof® Both compounds showed one-step abnormal histograms. This was further confirmed by using a
photobleaching as is expected for a single molecule. The averagd®0lymer (modified Arton-amorphous polyolefin) having ex-
detected photon numbers of fluorescence before decompositiorfremely highTg values Ty = 300 °C) as shown in Figure 6¢
were around 5< 10F, which indicates excellent photostability ~a@nd 6f. The difference in the histograms will be discussed in
of these molecules. the following section.

The fluorescence switching was performed under irradiation ~ Environmental Effect of the Reactions.The appearance of
with both 488 nm (100 W/cA) and 325 nm (27QW/cn¥) the peak in the histogram suggests that the quantum yield of
light. Although the switching could be repeated more than a the molecule is not constant and increases with an increasing
few cycles for compoun@®a, the cycle was limited to less number of absorbed photons. In other words, the molecule
than 10 times because the cycloreversion quantum yield remembers the number of absorbed photons and undergoes the
of 2b is very small (b, = 4.1 x 1075). On the other hand, reaction after absorbing a certain number of photons. A possible
the cycles around 100 times were observed for compdarié explanation for the abnormal histograms is given by the
The switching is not a physical blinking phenomenon. The multilocal minima model, as shown in Figure 7. The polymer
frequency was reduced upon decreasing the UV power from chains surrounding the diarylethene molecule work as the steric
270 uWicm? to 27 uW/cn? as shown in Figure 4, which  hindrance. The effect of the steric hindrance will be reflected
indicates that the switching is due to the reversible photochromic on the potential energy surface as (i) deepening the potential
reactions. The switching cycles dramatically increased in minima and creating the higher barriers and (ii) creating
comparison with previous molecules. Based on the analysis of additional local minima. These local minima may exist not only
for the ground state but also for the excited states. If the created

100 150 200 250 300
Time / sec

Figure 4. Time traces of fluorescence intensityloémbedded in a Zeonex

thin film irradiated with both 488 nm light (fixed power, 100 W/&nand

325 nm light (variable power): (a) 27@W/cn?, (b) 54 uWicn?, (c) 27

UWI/cm?,

50

(35) (a) Uchida, K.; Nakayama, Y.; Irie, MBull. Chem. Soc. Jpri99Q 63,

1311-1315. (b) Irie, M.; Miyatake, O.; Uchida, K. Am. Chem. So4992
114, 8715-8716.

potential barriers are large enough, the thermally induced motion
to other local minima will be prevented and the optical excitation

J. AM. CHEM. SOC. = VOL. 129, NO. 18, 2007 5935
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threshold

Figure 5. Analysis of single-molecule photochromism in a Zeonex thin film irradiated with both 488 nm light (fixed power, 10@)Vsfwi825 nm light

(270uW/cn?): (a) Time trace of fluorescence intensitylof(b) Histogram of fluorescence photoncounts during bin time (20 ms). The dashed line represented

the threshold value between on and off levels. (c) Histogram of on time. (d) Histogram of off time.
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Figure 6. Histograms of (a-c) on time and () off time in PMMA (a, d), PnBMA (b, e), and Arton (c, f). The histograms were constructed from the time
trace of fluorescence intensity @fin polymer matrices irradiated with both 488 nm light (fixed power, 100 Wjcamd 325 nm light (27@W/cm?).

is required to go to other local minima. After the photoexcitation, nonradiative decay and will be trapped by the local minimum
the open- or closed-ring isomer tries to switch to the closed- or nearby. Thus, it requires many steps for the molecule to undergo
open-ring isomer, but the motion is prevented by a local the reaction from open- (or closed-) to closed- (or open-)
minimum in the excited state. Then, it may experience the isomers.

5936 J. AM. CHEM. SOC. = VOL. 129, NO. 18, 2007
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Figure 8. Number of excitation dependence of the cyclization/cyclorever-
S sion reactions. (a) The yieldy(N) to induce the reaction for thal-th
/\ 0 excitation in then-local minima system. (b) The probabiliBx(N) to induce
the reaction for the first time after thi-th excitation in the n-local
\ minima system. The blue line with squares was for the two local minima,

which are open- and closed-ring isomers. The green line with triangles was
for the three local minima. The red line with circles was for the six local

Figure 7. A schematic diagram of the potential energy surface of minima

diarylethene (a) in the gas phase and (b) in the polymer matrix.

the exponential decay oP,(N). This is normal behavior
observed in PnBMA. The vyield for thB-th excitation is no
longer a constant fon > 2 (see Figure 8a). It starts from zero

It is possible to reproduce the environmental effect from this
model as follows. We assume that there arcal minima
and the probability to go to the next local minimum after the : :
excitation isp.. The probability to stay on the same local @nd monotonically increases to approggtas the number of
minimum after the excitation is & pr. Then, the probability ~ €Xcitations increases. The larger the number of local mimima

P.(N) to induce the reaction for the first time after theth the slower the yield to approagh Figure 8b, which corresponds
excitation can be written as to the experimental histograms for the on/off time, shows a peak

for n = 3. The profiles fom = 3—6 resemble the experimental
NG PP —p)N ™ (N2 n—1) profiles of the on or off times. Another but similar explanation
0 (N<n-—1) (2) is given by a model W|_th a tlme-de_penden_t p(_)tentlal energy
surface. For example, if the potential barrier in the excited-
state decreases whenever the diarylethene absorbs the photon,
we can obtain similar graphs as shown in Figure 8.

The corresponding quantum yie¥d(N) for the N-th excitation
can be written as

Conclusions.
P(N) _ S
YN =——— Single-molecule photochromic reactions in various polymer
N-1 matrices were measured and analyzed by utilizing robust
1- Pa(i) fluorescent diarylethene derivatives. We found a novel envi-
= ronmental effect in the photochromic reactions of the single-
ne1 molecules. In order to explain the effect, we proposed a multi-
N-1Cn-2Pr local minima model. The multi-local minima model successfully
n-2 (Nzn-1) reproduced the novel effect.
= ; n-1C Pl — py)” . (2) Experimental Section
0 Materials. Detailed synthetic procedures of compoubal
(N<n-1) and 2a were described in the Supporting Information. The
molecules were purified by GPC and HPLC carefully. The
From eq 2, it is easy to show that lim. Yn(N) = pr. Forps = molecular structure was confirmed B NMR, elemental

0.5, we plotY,(N) andPn(N) (Figure 8). Here, we further assume analysis, and mass spectroscopy, and purity was evaluated by
that the number of excitatioN is the normalized number of HPLC. The closed-ring isomerkb and 2b were prepared by
absorbed photons, which is approximately corresponding to theirradiating the cyclohexane or toluene solutions with UV light
on or off time. In Figure 8n = 2 corresponds to the system and purified by HPLC.

where there is no other local minima except the open- and Single-Molecule Detection.Samples for single-molecule
closed-ring isomers. Thus, the quantum yield in Figure 8a shows measurements were prepared by spin-coating 201 M

the constant valups for n = 2. This is reflected in Figure 8b as  toluene solution of the closed-ring isometd @nd2b) isolated
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by HPLC on a quartz cover glass coating with each polymer  Acknowledgment. This work was partly supported by a

film (50—100 nm) at 4000 rpm. Grant-In-Aid for Fundamental Research Program (S) (No.
A single-molecule experiment was carried out at ambient 15105006), Grant-in-Aid for Young Scientist (B) (No. 18750119),
temperature using a confocal microscope (FOF, Leica), Grant-in-Aid for Scientific Research on Priority Areas (432)

equipped with a 109, 1.4 NA objective lens (Leica PL APO  (No. 16072214) from the Ministry of Education, Culture, Sports,
CS, NA 1.4). The sample was excited with circularly polarized Science, and Technology (MEXT) of Japanese Government, and
488 nm light from an argon ion laser (Spectra Physics Stabilite also by CREST, JST.

2017), and the fluorescence was collected and guided through  Note Added after ASAP Publication. After this paper was

the appropriate notch (Kaiser Optical) and long-pass (Chroma) yyplished ASAP April 14, 2007, a typographical error was
filters. A pinhole was placed in the detection path to decrease corrected in the lower index of the summation in the second

the focal depth. The fluorescence passed through a long-pasgart of eq 2. The corrected version was published ASAP April
filter (>~500 nm) was detected by using single-photon-counting 19 2007.

avalanche photodiode (APD) detector (Perkin-Elmer/EG & G,
AQR-14). The fluorescence intensity transients were measured
with a bin time of 20 ms. Very weak UV light (325 nm, 270
uWl/cr?) from a He-Cd laser (KINMON ELECTRIC, IK3151R-

E) was used for the photocyclization reaction. All measurements
were performed under a nitrogen atmosphere. JA069131B

Supporting Information Available: Detailed synthetic pro-
cedures for all compounds and the derivation of the equation
for multilocal minima model. This material is available free of
charge via the Internet at http://pubs.acs.org.
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