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ABSTRACT: A diarylethene-fluorene dyad connected by an ester bond (DE-FL) and random and

alternative copolymers with diarylethene and fluorene moieties in their side chains (poly(DE1.-co-FL1,)

and poly(DE1-alt-FL2)) were synthesized, and their fluorescence on/off switching properties were

investigated. All compounds exhibited reversible photochromism and fluorescence on/off switching in a

solution upon alternating irradiation with ultraviolet (UV) and visible light. Although the fluorescence

intensity of DE-FL linearly decreased with increasing photocyclization conversion of the diarylethene,

the fluorescence intensity of poly(DE1.-co-FL1,) at the same molar fraction of diarylethene/fluorene

significantly decreased with photocyclization conversion. Moreover, the fluorescence intensity of the

polymers in the photostationary state was much lower than that of DE-FL. These results indicate that the

fluorescence on/off switching properties of the polymers were improved by introducing diarylethene and

fluorene moieties into their side chains. Moreover, it was revealed that the monomer sequences and the

molar fractions of the diarylethene and fluorene moieties affected the fluorescence on/off switching

properties of the copolymers.



Introduction

Organic fluorescent materials have played an important role in various research fields, such as
optoelectronics,' bioimaging,* and microanalysis.’ In particular, fluorescence-switchable molecules are
widely studied and have potential applications in sensing materials,*”’ bioimaging materials for super-
resolution microscopy,®!? and single-molecule memory materials'!!® because their fluorescence
intensities and/or colors show sensitive changes in response to various external stimuli. Green fluorescent
protein, carbocyanine dye, and photochromic molecules have been used as fluorescence-switchable
materials.!” Recently, the fluorescence on/off switching of various photochromic diarylethenes has been
reported.'®!” Diarylethenes undergo thermally irreversible photoisomerization between a colorless open-
ring form and a colored closed-ring form upon alternating irradiation with ultraviolet (UV) and visible
light; they show excellent performance, with high thermal stabilities, high photocyclization quantum
yields, and high fatigue-resistant properties compared to other photochromic compounds.!®!”
Diarylethenes linked to fluorophores exhibit fluorescence on/off switching upon alternating irradiation
with UV and visible light. When diarylethenes are in their open-ring forms, the fluorophores exhibit
fluorescence. When diarylethenes are converted to their closed-ring forms, the fluorescence is quenched
by an energy transfer from the fluorophore moiety to the diarylethene closed-ring form.?*?! Fluorescence-

switchable diarylethenes exhibit properties, such as high fluorescence on/off contrast and rapid switching

speed, which are desirable for applications in the field of optoelectronics and bioimaging.??



When the photocyclization conversion of diarylethenes linked to fluorophores does not reach 100% at
the photostationary state (PSS), residual fluorescence occurs, which results in low fluorescence on/off
contrast. To improve their fluorescence on/off contrast, molecules bearing one fluorophore and multiple
diarylethenes have been reported. Bis(phenylethynyl)anthracene,?* porphyrin,2* and perylenediimide?
linked to multiple diarylethenes has been investigated for their fluorescence on/off switching properties.
In particular, Zhu and co-workers reported that a perylenemonoimide dyad modified with triple
diarylethenes exhibited a high fluorescence on/off switching speed; its fluorescence on/off contrast is the
highest reported to date.?? Moreover, aggregates such as silica nanoparticles,?® organic nanoparticles,?’
and polymers®®3! have been proposed as alternative approaches to improve fluorescence on/off switching
properties. Recently, M¢tivier and co-workers reported that fluorescent photochromic organic
nanoparticles prepared by a reprecipitation method exhibited bright red emission, complete on/off contrast
with full reversibility, and excellent fatigue resistance.?’

Among them, Akagi and co-workers reported a series of photoresponsive and full-colored fluorescent
conjugated copolymers introduced diarylethene to their side chains,®® and demonstrated white
fluorescence on/off switching by mixing the red, green, and blue fluorescent conjugated polymer
nanoparticles in the appropriate ratio.”” Additionally, super-resolution localization of water-soluble
fluorescence photoswicthable polymers was enabled with sub-40 nm spatial resolution in imaging
subcellular organelles.>® Thus, the fluorescence on/off switchable diarylethene polymers are of great

interest for the applications described above. However, there is few report on the effect of polymer



structures such as a monomer sequence for the fluorescence on/off switching properties, such as the

fluorescence on/off contrast and switching speed, although various systems of polymers containing

diarylethenes and fluorophores have been proposed for the applications described above. By clarifying

this effect, it is expected to lead to the system bearing more efficient fluorescence on/off switching

properties even if the same diarylethene and fluorophore moieties are used.

In this work, we have focused on developing molecules with efficient fluorescent on/off switching

properties, such as high speed switching and high fluorescence on/off contrast; we proposed the

introduction of diarylethene and fluorene derivatives into the side chains of polymers. First, a

diarylethene-fluorene dyad (DE-FL) connected by an ester bond was synthesized, as shown in Scheme 1.

Next, random and alternative copolymers bearing diarylethene and fluorene derivatives in their side

chains (poly(DE1x-co-FL1y) and poly(DE1-alt-FL2)) were synthesized to investigate the effects of the

molar fractions of diarylethene and fluorene and the monomer sequence of the copolymers on their

fluorescence on/off switching properties.



F F. F
F F uv F ' F CgHize CgHiz
ey astagt
oD gerp O -

DE FL
RF RF
F F F F
F F uv F ' F
CgHiz._CeH17 e N @ N CgHi7._CeHiz
PR I\ ' a - 4 \ B ' 7\
S” HyC S S Q O S Vis. S H,C S S Q O S
0. 0.
o o
DE-FL

(b)

poly(DE1-alt-FL2)

Scheme 1. (a) The molecular structures of diarylethene derivative (DE), fluorene derivative (FL), and
diarylethene-fluorene dyad (DE-FL). (b) Synthesis and photochromic reaction of poly(DE1.-co-FL1,)

and poly(DE1-alt-FL2).



Experimental Section

General. "H NMR spectra were recorded on a Bruker AV-300N spectrometer at 300 MHz. Deuterated
chloroform (CDCIl3) was used as the solvent, and tetramethylsilane (TMS) was used as an internal
standard. Mass spectra were obtained using a Bruker FT-ICR/solariX mass spectrometer. Gel-permeation
chromatography (GPC) was performed using a Tosoh 8000 series GPC system equipped with TSK-gel
columns at 40 °C in tetrahydrofuran (THF) as the eluent. Standard polystyrenes were used as the
calibration standard. Differential scanning calorimetry (DSC) was performed using a Hitachi DSC7000X

I, The glass transition temperature (7,) was determined from an

instrument at a heating rate of 10 °C min~
initial inflection point of temperature dependence on DSC. High-performance liquid chromatography
(HPLC) was conducted using a Hitachi L-7150/L-2400 HPLC system equipped with a Kanto Chemical
Mightysil Si60 column. Recycling preparative HPLC was conducted using a JAI LC-908 equipped with
JAIGEL-1H and 2H columns using chloroform as the eluent. Absorption spectra were measured with a
JASCO V-560 absorption spectrophotometer. Fluorescence spectra were measured with a Hitachi F-2700
fluorescence spectrophotometer.

Materials. 2,2’-Azobisisobutyronitrile (AIBN) was purified by recrystallization from methanol.
Toluene and styrene (St) were purified by distillation. All other reagents were commercially available and
were used without further purification. For preparing 1,2-bis(5-methyl-2-phenylthiazol-4-

yl)perfluorocyclopentene (DE),*>* 2,7-bis(5-phenylthiophen-2-y1)-9,9-dioctylfluorene (FL),>* and 1-(5-

methyl-2-(4-(4-vinylbenzoyloxymethyl)phenyl)thiazol-4-yl)-2-(5-methyl-2-phenylthiazol-4-



yl)perfluorocyclopentene (DE1),** a method described in previous papers was used; as for 2-(5-(4-(4-
vinylbenzoyloxymethyl)phenyl)thiophen-2-yl)-7-(5-phenylthiophen-2-yl)-9,9-dioctylfluorene (FL1), N-
4-(5-(7-(5-phenylthiophen-2-yl)-9,9-dioctylfluoren-2-yl)thiophen-2-yl)phenylmaleimide (FL2), and 1-
(5-methyl-2-(4-(5-(7-(5-phenylthiophen-2-yl)-9,9-dioctylfluoren-2-yl)thiophen-2-
yl)benzoyloxymethyl)phenylthiazol-4-yl)-2-(5-methyl-2-phenylthiazol-4-yl)perfluorocyclopentene (DE-
FL), a description is given in the Supporting Information.

Polymerization. Radical polymerization was conducted in a sealed glass tube under vacuum. Monomer,
AIBN, and toluene were placed in a glass tube. The tube was degassed by several freeze-pump-thaw
cycles and sealed under vacuum. After polymerization for a prescribed time at 60 °C, the resulting
polymers were obtained by precipitation in methanol. The number- and weight-average molecular weights
(Myn and My) of the polymers were determined by GPC calibrated with standard polystyrenes. The
copolymer compositions were determined from the "H NMR spectra of the copolymers.

Photochemical Reaction. The photocyclization and cycloreversion quantum yields were determined
in n-hexane relative to DE, whose quantum yield has been previously determined ((DE] = 1.1 x 10° M
and [DE-FL] = 7.0 x 10°® M).>® Photoirradiation was conducted using a 200 W mercury—xenon lamp
(Moritex MUV-202) or a 300 W xenon lamp (Asahi Spectra MAX-301) as the light source.
Monochromatic light was obtained by passing the light through a monochromator (Jobin Yvon H10 UV).
Photocyclization conversions of DE-FL and the polymers were determined by 'H NMR spectroscopy and

absorption spectroscopic analysis.



Fluorescence Quantum Yield. All measurements performed in solution were conducted with an
optical density of approximately 0.1 at the excitation wavelength in 1-cm path length quartz cells at room
temperature (298 K). All samples in a solution were deaerated by bubbling with argon gas for 5 min before
the measurements. The fluorescence quantum yields (@) were determined from the integrated intensity

in the fluorescence spectrum of a measurement sample relative to that of a reference solution using eq.
1 37

Aref Iref F le
D= D, X—X— X —— X —
f fref A fi Fref le

ref

1)

where A and Arr are the optical densities of the solutions at the excitation wavelength, 7 and Iier are the
excitation light intensities at the excitation wavelength, F' and Frer are the integrated intensities of the
corrected fluorescence spectra, and n and ni.r are the refractive indices of the solvents used for the sample
solution and a standard reference solution, respectively. Coumarin 102 (@¢ = 0.76 in ethanol excited at
390 nm) and Coumarin 153 (@r = 0.54 in ethanol excited at 390 nm) were used as standard references.*
The @rvalue was determined as the average of the values obtained using two standard references, and the
relative experimental error was estimated to be less than 10%.

Fluorescence Lifetime. Fluorescent dynamics of polymers with fluorene and diarylethene units were
measured by means of time-correlated single-photon-counting (TCSPC) method. The experimental setup
of our TCSPC system was described in the previous report.>® Briefly, the output of a Ti:Sapphire laser
(Spectra-Physics, Tsunami, 800 nm, 1.8 W, 70 fs, 80 MHz) was divided into two portions. The small

portion was detected by a photodiode as a starting signal of TCSPC measurements. The remaining major

9



portion was converted into the second harmonics (400 nm) using a type I barium borate (BBO) crystal

and then used for the excitation of the sample. The repetition rate was reduced to 8 MHz by using an

electro-optic modulator (Conoptics, Model 350). The excitation power at the sample position was

typically 16 uW (8 MHz). Polarization of the excitation pulses was set to the magic angle with respect to

that of the fluorescence detection by using a film polarizer and Babinet-Soleil compensator. A

monochromator (Princeton Instruments, Acton SP-2150) was placed before the photomultiplier-tube

(Hamamatsu Photonics, R3809U-50) equipped with combination of a pre-amplifier (Hamamatsu

Photonics, C5594) and a TCSPC module (PicoQuant, PicoHarp 300). Sample solutions were put in 1-cm

quartz cells. Typical response time of the system was ca. 40-ps fwhm, which was determined by the

scattering signal of the colloidal solution.

10



Results and Discussion

Molecular Design. DE and FL were employed as the photochromic and fluorophore units of the

diarylethene-fluorene dyad and copolymers. DE is a diarylethene derivative, and both its open- and

closed-ring forms have high thermal stability. FL. shows blue fluorescence with high @r (&¢ = 0.69).

Because the fluorescence on/off switching in this work is based on the Forster resonance energy transfer

(FRET) from the fluorophore to the diarylethene closed-ring form, an overlap between the absorption

spectrum of the diarylethene closed-ring form and the fluorescence spectrum of the fluorophore is

required to quench the excited energy of the fluorophore with high efficiency. As shown in Figure 1, the

fluorescence spectrum of FL properly overlaps the absorption spectrum of the closed-ring form of DE.

Therefore, the fluorescence of FL is expected to be quenched when DE isomerizes from the open-ring

form to the closed-ring form. Contrastingly, when DE is in the open-ring form, fluorescence quenching

does not occur because the excited state energy level of DE is higher than that of FL.

11
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Figure 1. Normalized absorption spectra of the open-ring form (black line) and the photostationary
solution upon irradiation with 313 nm light (red line) of DE in n-hexane, and normalized absorption

spectrum (green line) and fluorescence spectrum under excitation at 366 nm (blue line) of FL in n-hexane.

In DE-FL, DE is covalently connected with FL through an ester spacer. St and maleimide monomers

connected with FL (FL1 and FL2) were synthesized. Random copolymers bearing DE and FL in their

side chains (poly(DE1x-co-FL1,)) were synthesized by copolymerization of DE1 and FL1 in an arbitrary

ratio, where x and y are the molar fractions of DE1 and FL1 in the copolymer, respectively. In addition,

alternative copolymers (poly(DE1-alt-FL2)) were also synthesized by copolymerization of DE1 and FL2

with the same molar fractions. Because St and N-phenylmaleimide show a charge-transfer complex in the

copolymerization process due to their electron-donating and electron-accepting characters, respectively,

this copolymerization process leads to alternative copolymers with low monomer reactivity ratios (71 <<

12



0.1 and > << 0.1).%° It is expected that the fluorescence on/off switching properties of the polymers will
be superior to those of DE-FL because a large number of fluorophores are quenched by a single closed-
ring diarylethene in the polymer.

Polymerization. Table 1 shows the polymerization conditions, yields, My, My/Mn, and T, of the studied
polymers. GPC elution curves and 'H NMR spectra of the polymers are shown in Figures S1 and S2,
respectively. The compositions of poly(DE1,.-co-FL1,) were estimated from absorption spectroscopic
analysis. It was hypothesized that the absorption spectra of poly(DE1,-co-FL1,) are consistent with the
summation of a content of poly(DE1) and poly(FL1) in the composition of poly(DE1.-co-FL1,), as
shown in Figure S3. The molar fraction of FL1 in all poly(DE1.-co-FL1,) were determined as shown in
Table 1. Next, the composition of alternating copolymers was calculated from '"H NMR spectroscopic
analysis. The molar fraction of FL2 in poly(DE1-alt-FL2) and poly(St-alt-FL2) was estimated to be 48
and 49%, respectively, by comparing the integral intensities of alkyl, CH>OCO, and aromatic proton peaks.
The composition curve for the copolymerization of FLL1 with DE1 exhibited a linear relationship, as
shown in Figure 2. Therefore, the composition of FL1 in the copolymers was almost the same as that in
the feed. In addition, the yields, My, and Mw/M, of the copolymers were similar. These results indicate
that the introduction of DE and FL to the p-position of St did not affect the polymerization reactivity. The
T, values of poly(DE1) and poly(FL1) were determined to be 102 °C>® and 64 °C by DSC, respectively.
The lower T, of poly(FL1) is ascribed to the two octyl groups. The 7 values of poly(DE1x-co-FL1))

were determined to be 69-96 °C: these values decreased with increasing molar fraction of FL1 in the

13



copolymer. Moreover, the compositions of FL2 in poly(DE1-alt-FL2) and poly(St-alt-FL2) were

determined to be ca. 50 mol%. Thus, copolymers consisting of DE and FL in an arbitrary ratio could be

fabricated.

14



Table 1. Radical polymerization initiated with AIBN (0.020 M) in toluene for 10 h at 60 °C and
characterization of the resulting polymers.

Enty [DE1]  [Sf]  [FL1] [FL2] Yield  as M/, olarfraction

M M M M 1% of FL/mol%" o
b 037 — 0 _ 79 41900 2.4 0 102
2 038  — 0062  — 66 43500 2.8 124 96
3 031  — 012  — 62 43500  2.19 254 90
4 019 — 019  — 41100 277 500 81
5 012  — 025  — 77 42900  2.40 65¢ 74
6 0062 — 031  — 76 41900  2.92 86¢ 71
7 003 — 034  — 77 49700 271 90¢ 69
8 0 — 037 — 64 57200  2.83 100 64
9 0.19  — — 019 8 53400  3.00 48° 78
10 — 019 — 019 79 61100  3.06 49° 60

?Molar fraction of FL1 or FL2 in the polymer.

b Ref. 35.

“ Not determined.

4 Determined by absorption spectroscopic analysis.

¢ Determined by "H NMR spectroscopic analysis

15
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Figure 2. The composition curve for copolymerization of FL1 with DE1 in toluene at 60 °C.

Photochromism. The optical properties of DE-FL and the polymers are summarized in Tables 2 and
3. Figure 3a—c shows the absorption spectral changes of DE-FL in n-hexane, poly(DE14s-co-FL152) in
THF, and poly(DE1-alt-FL2) in THF upon irradiation with 313 nm light. The absorption maximum
wavelengths (Aabs) Were observed at 393, 390, and 390 nm (&= 79900, 78500, and 78200 M ! cm ™) for
DE-FL, poly(DE14s-co-FL1s2), and poly(DE1-alt-FL2), respectively; these correspond to the band for
the fluorene moiety. Upon irradiation with 313 nm light, the colorless solution became red, and new
absorption bands appeared at 524, 534, and 534 nm for DE-FL, poly(DE14s-co-FL152), and poly(DE1-
alt-FL2), respectively. The ¢ values for the closed-ring forms of DE in DE-FL, poly(DE14s-co-FL15s2),

and poly(DE1-alt-FL2) were determined to be 15200, 14300, and 15500 M ! cm™!, respectively. Aabs and

16



¢ of poly(DE1.-co-FL1,) were almost constant regardless of the molar fraction of FL1 in the copolymer.

These spectral changes are ascribed to photoisomerization from the open- to the closed-ring forms. Upon

irradiation with visible light (> 500 nm), the solution colors and absorption spectra returned to their initial

states. Thus, DE-FL and the copolymers exhibited reversible photochromic reactions upon alternating

irradiation with UV and visible light. Their photocyclization conversions upon irradiation with 313 nm

light were determined to be approximately 88%.

Table 2. Optical properties of DE, FL, and DE-FL in n-hexane.

Compound Aabs/nm (/M ' cm™") Conv. @, Do Afiu @  Contrast?
/% /nm
DE 524 (14900)° 87 048 0018  — — —
FL4 383 (30100) L 423,(449) 069  —
DE-FL 393 (79900), 524 (15200° 88 025 0016 436,(464) 069 56

 Contrast is defined as initial fluorescence intensity relative to fluorescence intensity at the PSS.

b Ref 32, 33.
¢ Adavs and ¢ for the closed-ring form of DE.
4 Ref 34.

¢ Aabs and & for FL.

17



Table 3. Optical properties of the studied polymers in THF.

Polymer Aabs/mm (&M~ ecm™) Conv. Aflu @ Contrast®
1% /nm

poly(DEIss-co-FL112) 391 (78500)°, 534 (13900)° 87  433,(461)  0.16 133
poly(DEI+s-co-FL12s) 391 (80700)°, 534 (13200)° 87  434,(463)  0.13 106
poly(DE Lss-co-FL1s2) 390 (78500)0, 534 (143000 87 434, (462)  0.15 71
poly(DEL3s-co-FL1ss) 390 (78600), 534 (14600 87 434, (462)  0.20 36
poly(DE114-co-FL1ss) 389 (78000)°, 534 (14600)° 88 434, (463) 037 1
poly(DE110-co-FL1so) 389 (80700)°, 534 (14100)° 88 435,(463)  0.42 5.1
poly(FL1) 388 (78800)" —  436,(463)  0.66 —
poly(DE1-alt-FL2) 391 (78200), 534 (15500)° 88 436, (464)  0.21 76
poly(St-alr-FL2) 390 (79100)° . 436,(463)  0.69 _

 Contrast is defined as initial fluorescence intensity relative to fluorescence intensity at the PSS.
® Jabs and & for the FL1 or FL2 unit in the polymers.

¢ Adabs and ¢ for the closed-ring form of the DE1 unit in the polymers.

18
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Figure 3. Absorption and fluorescence spectra of DE-FL in n-hexane (a,d), poly(DE14s-co-FL152) in
THF (b,e), and poly(DE1-alt-FL2) in THF (c,f) (1.3 x 10°® M for DE or DE1 moiety): open-ring form
(black line) and photostationary solution upon irradiation with 313 nm light (red line). The fluorescence

spectra were recorded upon excitation at 390 nm.

Fluorescence Properties. Figure 3d—f shows the fluorescence spectral changes of DE-FL in n-hexane,
poly(DE1l4s-co-FL1s2) in THF, and poly(DE1-alt-FL2) in THF upon excitation at 390 nm. The
fluorescence maximum wavelengths (Aau) of the blue fluorescence for the fluorene moiety were observed

at 436, 434, and 436 nm, respectively. Aau changed only slightly regardless of the molar fraction of FL1

19



in poly(DE1x-co-FL1y). The @rof DE-FL was determined to be 0.69, which is similar to that of FL. The

@ values for poly(DE1l4s-co-FL1s2) and poly(DE1-alt-FL2) were determined to be 0.15 and 0.21,

respectively; these values are much smaller than those of DE-FL and FL. The @ values for poly(DE1-

co-FL1,) decreased from 0.42 to 0.13 with increasing molar fraction of DE in the copolymer. The low @&

values of poly(DE1x-co-FL1,) and poly(DE1-alt-FL2) are due to the presence of the DE1 unit in the

copolymers—this will be discussed in more detail later.

Fluorescence On/Off Switching. The fluorescence intensity gradually decreased upon irradiation with

313 nm light as shown in Figure 4a. This is ascribed to the energy transfer from the fluorene moiety to

the diarylethene closed-ring form. Upon irradiation with visible light, the fluorescence intensity returned

to its initial one. These results indicate that DE-FL and the copolymers demonstrate fluorescence on/off

switching properties upon alternating irradiation with UV and visible light. Figure 4b shows the relative

fluorescence intensity (F/Fo) related to the photocyclization conversion of the diarylethene. The F/Fo

value of DE-FL linearly decreased with increasing photocyclization conversion of the diarylethene. This

result indicates that the fluorescence of the fluorene moiety in DE-FL was quenched by one diarylethene

moiety in the closed-ring form. However, the residual fluorescence was observed at the PSS, although the

fluorescence intensity of DE-FL decreased upon irradiation with UV light. The residual fluorescence is

ascribed to two factors: one is the fluorescence of DE-FL in the open-ring form at the PSS, while the

other is the fluorescence of DE-FL in the closed-ring form, which did not completely quench the

fluorescence of the fluorene moiety. If the fluorescence of the fluorene moiety is completely quenched by

20



the diarylethene closed-ring form, the slope of F/Fy versus the photocyclization conversion should be
—0.01/% . The slope for DE-FL is —0.0093/% ! (+* = 0.99), which indicates that about 93% of the
fluorescence of the fluorene moiety is quenched by the diarylethene close-ring form. Thus, the strong
residual fluorescence and the linear fluorescence decay versus the photocyclization conversion indicate
that DE-FL does not have efficient fluorescence on/off properties. Moreover, the fluorescence on/off
switching properties of DE-FL in THF was also investigated as shown in Figure S4. The fluorescence
spectra was red-shifted from Agu = 436 nm in n-hexane to Aqu = 474 nm in THF, which is due to the
electron-withdrawing effect of carbonyl group of fluorene moiety. The @ value in THF was determined
to be 0.79. Upon irradiation with UV and visible light, the fluorescence on/off switching was observed in
THF as well as in n-hexane. The slope of the F/Fy versus the photocyclization conversion is —0.0099/% !
(* = 0.99), which is slightly larger than that in n-hexane because the overlap integral between the
absorption spectrum of the diarylethene closed-ring form and the fluorescence spectrum in THF is larger
than that in n-hexane. To investigate the fluorescence on/off switching of DE-FL in more detail, the
Forster distance (Ro) and FRET efficiency (E) were estimated as follows. The Ry values of DE-FL in n-
hexane and THF were determined to be 4.31 and 4.47 nm, respectively, based on the Forster equation.*!
Furthermore, the £ values of DE-FL in n-hexane and THF were calculated to be 99.0 and 99.2%,
respectively, when the distance between diarylethene and fluorene moieties was assumed to be 2.0 nm.*!

These results support that the slope in THF is slightly larger than that in n-hexane.
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Figure 4. (a) Photocyclization conversion and normalized fluorescence intensity excited at 390 nm
relative to irradiation time with 313 nm light (0.24 mW cm?) of DE-FL in n-hexane ( O and @ ),
poly(DE14s-co-FL1s2) in THF ( O and @ ), and poly(DE1-alt-FL2) in THF ( O and @ ). (b) Normalized
fluorescence intensity excited at 390 nm relative to the photocyclization conversion of DE-FL in n-hexane

(@), poly(DE14s-co-FL1s2) in THF ( @ ), and poly(DE1-al+-FL2) in THF ( @ ).

Upon irradiation with 313 nm light (0.24 mW cm?) for 60 s, the fluorescence of poly(DE14s-co-FLs2)
was almost quenched although the fluorescence intensity of DE-FL in n-hexane decreased upon
irradiation for 400 s. The photocyclization reaction speed of DE-FL and poly(DE14s-co-FLs2) versus UV

irradiation time hardly changed. These results indicate that the fluorescence on/off switching of
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poly(DE14s-co-FL152) was speedier than that of DE-FL. The fluorescence on/off contrast is defined as

the value of the initial fluorescence intensity divided by the fluorescence intensity at the PSS. Contrasts

for DE-FL and poly(DE14s-co-FL1s2) were determined to be 5.6 and 71, respectively. The contrast for

poly(DE4s-co-FL15s2) is much larger than that for DE-FL. Thus, the fluorescence on/off switching

property of poly(DE14s-co-FL15s2) is superior to that of DE-FL, although DE and FL in DE-FL and

poly(DE14s-co-FL1s2) have the same molecular structures and the same molar fractions. As shown in

Figure 4b, the F/Fy value of poly(DE14s-co-FL1s2) largely decreased with increasing photocyclization

conversion of the diarylethene. This is because a large number of fluorene moieties are quenched by a

single closed-ring diarylethene in the copolymer. These results indicate that the introduction of DE and

FL into the side chains of the polymers improved their fluorescence on/off switching properties.

Moreover, the fluorescence on/off switching of poly(DE1-alt-FL2) was speedier than that of

poly(DE14s-co-FL1s2) although their photocyclization reaction rates hardly changed. The F/Fy value of

poly(DE1-alt-FL2) significantly decreased with increasing photocyclization conversion of the

diarylethene in comparison with that of poly(DE1l4s-co-FL1s2). The number of fluorene moieties

quenched by a single closed-ring diarylethene of poly(DE14s-co-FL152) and poly(DE1-alt-FL2) is almost

the same. Thus, the monomer sequence of the copolymer greatly affects its fluorescence on/off switching

properties.

Figure 5 shows repeating cycles of the photochromic reactions and fluorescence on/off switching of

poly(DE1-alt-FL2) upon alternating irradiation with UV and visible light, which could be repeated 10
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times without a significant decrease of the absorbance in their closed-ring form and the fluorescence

intensity in their open-ring form.
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Figure 5. Reversible photochromic reactions (a) and fluorescence on/off switching (b) of poly(DE1-alt-
FL2) in THF upon alternating irradiation with 313 nm light for 12 min (0.23 mW cm 2, blue region) (a)

and 60 s (0.22 mW cm 2, blue region) (b) and visible light for 3 min (>500 nm, yellow region).
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Next, the dependence of the fluorescence on/off switching properties on the molar fraction of DE1 and

FL1 in poly(DE1x-co-FL1y) was investigated. Figure S5 shows the absorption and fluorescence spectral

changes of poly(DE1x-co-FL1y) with various molar fractions of FL1. The F/Fy values for poly(DE1.-co-

FL1,) versus the photocyclization conversion are shown in Figure 6. All the copolymers showed

fluorescence on/off switching upon irradiation with UV and visible light. The change in the F/Fo value

relative to the photoisomerization conversion decreased with increasing molar fraction of FL1 in the

copolymer. The fluorescence on/off contrast for poly(DE110-co-FL190) was determined to be 5.1, and

30% of the initial fluorescence was observed as the residual fluorescence even at the PSS. These results

are ascribed to the increase in the number of fluorene moieties outside the area where the diarylethene

closed-ring form in the copolymer can quench their excited energies. On the other hand, the changes in

the F/Fy value versus the photocyclization conversion increased with decreasing molar fraction of FL.1 in

the copolymer. The contrast for poly(DE1ss-co-FL112) with the smallest molar fraction of FL1 in this

work was determined to be 133, and the fluorescence of poly(DE1ss-co-FL112) was almost quenched at

the PSS. Poly(DE1ss-co-FL112) showed the most efficient fluorescence on/off switching properties

among the poly(DE1.-co-FL1,) polymers. These results revealed that the fluorescence on/off switching

properties of poly(DE1.-co-FL1,) improved as the molar fraction of FL1 decreased.
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Figure 6. Normalized fluorescence intensity excited at 390 nm as a function of the photocyclization
conversion of poly(DE1ss-co-FL112) ( @ ), poly(DE175-co-FL125) ( @ ), poly(DE14s-co-FL1s2) ( © ),
poly(DE13s-co-FL16s) (), poly(DE114-co-FL1s6) ( © ), and poly(DE110-co-FL190) ( @ ) in THF (1.3-

1.4 x 107° M for fluorene moiety).

Fluorescence Quantum Yield and Fluorescence Lifetime. As mentioned above, the @r values of
poly(DE1:-co-FL1,) and poly(DE1-alt-FL2) are lower than those of DE-FL and FL. The absorbance
and fluorescence properties of poly(FL1) and poly(St-a/t-FL2) in THF were investigated to reveal the
reason for the decrease of @ (Figure S6). The @r values of poly(FL1) and poly(St-al+-FL2) were
determined to be 0.66 and 0.69, respectively. These values are almost the same as those of DE-FL and
FL. This result reveals that introduction of the fluorene moiety into the side chains of the polymer only
slightly affects its fluorescence properties; it also indicates that the lower @r values of poly(DE1.-co-

FL1,) and poly(DE1-alt-FL2) are not due to intermolecular interactions between the fluorene moieties.
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Next, the intermolecular interactions between the diarylethene open-ring form and the fluorene moiety

were examined. There is a slight overlap between the absorption spectrum of poly(DE1) in the open-ring

form and the fluorescence spectrum of poly(FL1) in THF (Figure S7), which indicates that an energy

transfer from the fluorene moiety to the diarylethene open-ring form can occur. Moreover, it is considered

that the energy transfer is enhanced in the copolymers because the fluorescence of multiple fluorene

moieties is quenched by one diarylethene moiety in the open-ring form. Moreover, because the distance

between diarylethene and fluorene moieties is short, other energy transfer process through the exchange

interaction such as Dexter mechanism may contribute to some extent. As a result, the @ values of

poly(DE1.-co-FL1)) and poly(DE1-alt-FL2) decreased due to the increase in the non-radiative energy

transfer process by the intermolecular interactions between the diarylethene open-ring form and the

fluorene moiety.

In order to further investigate the fluorescence properties of the copolymers, their fluorescence lifetimes

were measured (Figure S8). The results are summarized in Table 4. FL showed 7 of 0.75 ns with a single

component. DE-FL showed 7 of 0.89 ns accompanied with a rise component of 0.20 ns. The component

of ca. 0.8 ns is due to the fluorescence of the fluorene moiety. The rise component of ca. 0.2 ns may be

due to an energy transfer from the diarylethene open-ring form at the excited state to the fluorene moiety.

DE-FL at the photostationary state showed the same values as that in the open-ring form, while @&

decreased at the PSS. This means that the energy transfer from the fluorene moiety at the excited state to

the diarylethene closed-ring form is fast enough not to detect the fluorescent lifetime, and that the
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diarylethene closed-ring form efficiently quenches the fluorescence of the fluorene moiety. On the other
hand, the studied polymers showed fluorescence lifetimes with multiple components; 0.10 (59%), 0.43
(31%), 1.1 (7%), and 3.6 ns (2%) for poly(DE14s-co-FL1s2) and 0.091 (61%), 0.44 (27%), 1.2 (10%),
and 3.5 ns (2%) for poly(DE1-alt-FL2) in the open-ring form in THF. Average fluorescence lifetimes
(7ave) were calculated from these values according to zve = X (7% %); they were determined to be 0.34 ns
for poly(DE14s-co-FL1s2) and 0.29 ns for poly(DE1-alt-FL.2). The radiative rate constants (kf) and the
non-radiative rate constants (knr) were calculated from @y according to Zave: kit = @i/ Tave and knr = (1 —
@r)/ tave. The kr values were calculated to be 0.44 x 10° and 0.71 x 10° s™!, and the knr values were
calculated to be 2.5 x 10° and 2.7 x 10° s! for poly(DEl4s-co-FL1s2) and poly(DE1-ait-FL2),
respectively, in the open-ring form in THF. The same method was used to calculate 7ave, kt, and kn: for
poly(FL1) and poly(St-alt-FL2). Two components for 7 in both poly(FL1) and poly(St-alt-FL2) were
observed, which may be ascribed to the difference in the conformation in the polymers. The 71 values of
ca. 0.1 ns for poly(DE14s-co-FL152) and poly(DE1-alt-F1.2) do not exist in poly(FL1) and poly(St-alt-
FL2), which correspond to the energy transfer from the fluorene moiety to the diarylethene open-ring
form. This result supports the presence of the intermolecular interactions between the diarylethene open-
ring form and the fluorene moiety in poly(DE14s-co-FL1s2) and poly(DE1-alt-FL2). As a result, the
apparent knr values for poly(DE14s-co-FL1s2) and poly(DE1-alt-FL2) are much larger than those for

poly(FL1) and poly(St-alt-FL2).
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Table 4. Fluorescence lifetimes, fluorescence quantum yields, and radiative and non-radiative rate constants in
THF.

Compound l (5 3 2 Tave * 7 D ke ki
/ns /ns /ns /ns /ns /ms”' /ns’!
FL® 0.75 — — — — 106 069 092 042
0
DE-FL 0'2%;)7 % 0.89 (83%) — — 070 100 069 098 044

poly(DE lss-co-FL1s2) 0.10 (59%) 0.43 (31%) 1.1 (7%) 3.6 (2%) 034 1.06 0.15 044 2.49

poly(FL1) 032 (16%) 1.1(84%) — — 098 1.16 0.66 0.68 035

poly(DE1-alt-FL2) 0.091 (61%) 0.44 (27%) 1.2 (10%) 3.5 (2%) 029 1.07 021 0.71 2.68

poly(St-alt-FL2) 022 (12%) 1.0 (88%) — — 091 1.14 0.69 076 034

a'[ave = 2 (Ti X %)

b Ref, 34
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CONCLUSION

We synthesized a diarylethene-fluorene dyad connected by an ester bond (DE-FL) and random and

alternative copolymers bearing DE and FL in their side chains (poly(DE1,-co-FL1,) and poly(DE1-alt-

FL2)) to develop materials with highly efficient fluorescence on/off switching properties. Although the

fluorescence intensity of DE-FL linearly decreased with increasing photocyclization conversion of the

diarylethene, the fluorescence intensities of the copolymers significantly decreased with increasing

photocyclization conversion of the diarylethene because the fluorescence of many fluorene moieties was

quenched by one closed-ring diarylethene moiety. In addition, the fluorescence intensity of poly(DE1-

alt-FL2) significantly decreased with increasing photocyclization conversion of the diarylethene in

comparison with that of poly(DE14s-co-FL1s2), which revealed that the monomer sequence affects the

fluorescence on/off switching properties of the copolymers. Moreover, the fluorescence on/off switching

properties, such as the switching speed and contrast, of poly(DEl.-co-FL1,) were improved by

decreasing molar fraction of FL1 in the copolymer. The @& values of the copolymers were smaller than

those of DE-FL and FL. This is ascribed to the energy transfer from the fluorene moiety to the

diarylethene moiety in the open-ring form.
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