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Abstract: Photochromic diarylethene polymers (DPs) in which 1,2-bis(2-methylbenzo[b]thiophene-3-yl)hexafluo-
rocyclopentene (BTF6) were covalently grafted onto the polymer main chain as pendant photochromic units were
newly synthesized and their photochromic properties were investigated using steady-state and picosecond time-
resolved spectroscopies. Polysiloxanes substituted with BTF6 molecules were prepared by sol-gel process using a
mixture of tetraethoxysilane (TEOS), a silylated BTF6, and an organically modified silane precursor in the presence
of HCL. The polysiloxane film (DP1) prepared from @-methoxy poly(ethylene glycol) 3-(triethoxysily!) propylcar-
bamate (MPGSC) as the silane precursor showed a much lower glass transition temperature than that (DP2) from
heptadecafluorodecyltrimethoxysilane (HDFTMS). The ring-closure quantum yields of DP1 and DP2 were deter-
mined to be 0.20 and 0.02, respectively. Such a large difference in the quantum yield was attributed to the polymer

matrix environment of the free inner volume.
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Introduction

Photochromism is a photoinduced reversible reaction
between two isomers which have different optical responses.
Among various photochromic molecular systems, diaryl-
ethene derivatives have attracted much attention for their
potential application of photonic devices, such as high-den-
sity optical data storage media and optical switch, since they
exhibit good thermal stability of the isomers and high
fatigue resistance for the photochromic reversibility as well
as their high photochromic efficiencies and sensitivities.'
To date, a number of diarylethene derivatives have been
investigated by several optical methods in solution and solid
phases.”'? These studies have suggested that the open iso-
mer has two types of conformations in its electronic ground
states, such as parallel and antiparallel isomers.®”' It is
generally known that, among the two conformers, only the
antiparallel conformer undergoes the ring-closure reaction.'"

For the purpose of practical application, photochromic
reactions in solid-state are preferentially being investigated.
In recent years, various methods have been employed to
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prepare the photochromic thin films; dispersed type of pho-
tochromic molecules in polymer matrices,”®'? backbone
photochromic polymer consisting of the photochromic
molecular units in the main chain,”* and photochromic
molecular crystals." Although the dispersion of photochro-
mic molecules into polymer matrix is the most convenient
method, it is still difficult to obtain a homogeneous film
which contains a high concentration of photochromic mole-
cules due to aggregation effect among the photochromic
molecules.” In the case of the backbone type, although it
exhibits the high ring-closure quantum yield (0.86), the
ring-opening quantum yield is extremely small (0.0015) due
to the structural stability of the closed isomers in the back-
bone photochromic polymer."* For the photochromic crys-
talline films, there are also fabrication difficulties in the
preparation of thin crystalline films."*

In this study, therefore, we have synthesized new diaryl-
ethene polymers (DPs) in which the photochromic molecules
are covalently grafted onto the polymer backbone as pendant
type (Figure 1(b)), and their photochromic reactions are
investigated by employing the steady-state and picosecond
time-resolved spectroscopies. The pendant type of photo-
chromic molecules which are covalently grafted onto the
polymer backbone are expected to have the following
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Figure 1. (a) Molecular structures of the open and closed isomers
of 1,2-bis(2-methylbenzo[b]thiophene-3-yl)hexafluorocyclopen-
tene (BTF6). (b) Structural formulae of the diarylethene polymers
(DPs).

advantages over other solid-state systems; high concentra-
tion content of photochromic molecules in the polymer
without the aggregation and the formation of concentration
gradient, more uniform morphology expected by smaller
surface roughness of the polymer film than that of the dis-
persed one," higher ring-opening quantum yields than the
backbone type, and relatively easy preparation process
compared with the molecular crystals.

Among various diarylethene derivatives which were pre-
viously studied, 1,2-bis(2-methylbenzo[b]thiophene-3-yl)
hexafluorocyclopentene (BTF6) was chosen as the photo-
chromic molecule for this study due to its high photochromic
efficiency and well-characterized properties.>”'>'® The ring-
closure quantum yields of BTF6 are reported to be 0.41 and
0.31 in n-hexane solution'® and the dispersed system of poly
(ethylene glycol)-grafted polysiloxane solid matrix,’ respec-
tively. The polymer matrices employed in this study are the
modified polysiloxanes with different side chains which
affect free inner volume of the matrices.

Experimental

Materials. Tetraethoxysilane (TEOS, Tokyo Kasei) and 3-
nitro- @, @, o-trifluorotoluene (Aldrich) were used as received.
Tetrahydrofuran (THF) was distilled over metallic sodium.
Dimethylformamide (DMF) was distilled over anhydrous
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magnesium sulfate under reduced pressure. Poly(ethylene
glycol)monomethylether (PEGM, M,=350, Aldrich) was
dried over molecular sieves before its use. @-Methoxy poly
(ethylene glycol) 3-(triethoxysilyl)propylcarbamate (MPGSC)
was synthesized from (3-isocyanatopropyl)triethoxysilane
(Aldrich) and PEGM using dibutyltin dilaurate (Aldrich) as
a catalyst.” MPGSC was obtained as a transparent liquid
after column chromatography. Heptadecafluorodecyltri-
methoxysilane (HDFTMS) was purchased from Shin-Etsu
Chemical (TSL-8233). Other chemicals were purchased from
Aldrich, Fluka, and TCI. All solvents were purified before
their usage. All synthetic reactions were controlled under
atmosphere of dry argon unless otherwise specified.

Synthesis of 1-(6"-hydroxymethyl-2'-methylbenzo[b]
thiophen-3'-yl)-2-(2"-methylbenzo[b]thiophen-3-yl)hexa-
fluorocyclopentene (compound 1). 1,2-Bis(2-methylbenzo
[b]thiophene-3-yl)hexafluorocyclopentene (BTF6), 1-(6-
acetyl-2 “methylbenzo[b]thiophen-3 ~y1)-2-(2 -methylbenzo
[6]thiophen-3 "-yl)hexafluorocyclopentene (acetyl-BTF6), and
1-(6"-carboxy-2 “methylbenzo[b]thiophen-3-y1)-2-(2 "~methyl-
benzo[b]thiophen-3"-yl)hexafluorocyclopentene (carboxy-
BTF6) were synthesized according to the method previ-
ously reported.'*'® A solution of LiAIH, (0.074 g, 1.96 mmol)
in THF (6 mL) was slowly added to the solution of carboxy-
BTF6 (0.69 g, 1.31 mmol) dissolved in THF (24 mL) under
argon atmosphere. The solution was further stirred for 2 hrs,
and methanol was added into the reaction mixture. The
undissolved precipitates were removed by filtration. Afier
evaporation of solvent in a vacuum, column chromatogra-
phy (n-hexane/ethyl acetate = 1:3) gave the compound 1 as a
pale yellow powder. Yield : 63%; '"H NMR (CDCl,) &: 2.15
(s, 3H), 2.45 (s, 3H), 3.45 (s, 1H), 4.74 (s, 2H), 7.10-7.87
(m, 7H); IR (KBr) : 3364 cm™.

Synthesis of Silylated BTF6 (compound 2). To the mix-
ture containing the compound 1 (105.3 mg, 0.19 mmol), (3-
isocyanatopropyl) triethoxysilane (146 pL, 0.57 mmol) and
triethylamine (53.7 gL, 0.38 mmol) in 3 mL of THF were
slowly added with catalytic amounts of dibutyltin dilaurate.
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The mixture solution was stirred at 72°C under nitrogen
atmosphere for 7 hrs. The solvent was removed at a reduced
pressure and the compound 2 was recrystallized in n-hexane
solution in order to produce pale blue crystals. Yield : 81 %;
'H-NMR (CDCl;) 8: 0.63 (t, 2H), 1.24 (t, 9H), 1.66 (p, 2H),
2.27 (s, 3H), 2.40 (s, 3H), 3.17 (q, 2H), 3.82-3.84 (m, 6H),
4.87 (s, 2H), 5.26 (s, 1H), 7.07-7.25 (m, 3H), 7.40-7.65 (m,
4H); IR (KBr) : 1100, 1714, 2875, 3321 cm™.

Preparation of Photochromic Diarylethene Polymers.
The method of preparing sol-gel glasses by acidic hydroly-
sis of TEOS in cthanol was adopted from the references
with a minor modification.'®* The molar ratio of TEOS and
MPGSC was 4:1. MPGSC (6.31 wt%) and TEOS (7.95
wt%) were added to the solution which contained the fol-
lowing chemicals: 0.15 M HCI (16.3 wt%), ethanol (57.1
wt%), DMF (6.14 wt%), and 3-nitro-a, @, a-trifluorotoluene
(6.14 wt%). The homogeneous mixture was stirred for 1
day at room temperature, and the silylated BTF6 (com-
pound 2, 5 wt%) was added to above mixture. The resultant
mixture was stirred for 2 days at room temperature and then
was further stirred for 1 day at 60°C. The reaction mixture
was cooled to room temperature and concentrated by evapo-
ration under a reduced pressure. Resulting viscous solution
was filtered with a membrane of 0.45 gm pore size attached
to a teflon syringe, and the solution was coated on 1< 1 ¢m?
quartz plate (Helma) by a spin-coater with the spin rate of
1000-2000 rpm. The coated film was cured at 80 °C for 12 hrs
to yield photochromic polysiloxane (DP1). Weight content
of BTF6 unit in the DP1 film was 5 wt%.

DP2 was produced from a mixture containing HDFTMS
(6.31 wt%) and TEOS (7.95 wt%) using the identical proce-
dure described for DP1, and BTF6 content in the DP2 film
was also 5 wt%.

The extent of the curing reaction was determined by IR
spectroscopy following the decay of the intensity of the (Si)
O-H band at 3300 cm™. Although the intensity was much
decreased after 10 hrs, it was not possible to completely
reduce it to zero for both sample (DP1 and DP2) even after
5 days of curing. As the intensity decrease after 12 hrs was

Scheme 11

ocHs
CaHsO—S—0CoH;
CoHs OC;Hs

Fs
cszo—ﬁs?—ocsz + czHﬁo—s!—oczH5 + 4 %
OCZHs J« HN.__O \_/
TEOS @\s N

H
R= /\/“Y‘\/\of”i MPGSC
(o]

R= /\@/f& ; HDFTMS

Compound 2

1) Hydrolysis DP1

2) Condensation DP2

Macromol. Res.. Vol. 13. No. 4. 2005

not significant, the curing time was set to 12 hrs.

Instruments. 'H NMR and "*C NMR spectra were recorded
on a Bruker AM-300 MHz NMR spectrometer. The chemi-
cal shifts were determined by using tetramethylsilane (TMS)
as an internal reference. Mass spectra were obtained with
Shimadzu GC/MS-QP1000 mass spectrometer at 70 eV.
Infrared spectra were obtained from Shimadzu IR-435 spec-
trometer. Surface roughness and thickness of the polymer
films were estimated using an a-step (Tencor). The reac-
tions were monitored by thin-layer chromatography with
0.2 mm silica gel plates (Merck). Column chromatography
was performed on a silica gel (Merck, 230-400 mesh).

Steady-state absorption and fluorescence spectra were
measured with Shimadzu UV-160A spectrophotometer and
Hitachi F-4500 spectrophotometer, respectively. A pulsed
hitrogen laser (337 nm, Laser Photonics) was utilized as an
irradiation source for the photochromic ring-closure. For
photochromic reverse reaction (ring-opening), a 520 nm of
dye laser (Laser Photonics) pumped by nitrogen laser was
used. Neutral density filter was applied to control the irradi-
ation power. A picosecond time correlated single photon
counting method was employed to measure the time-
resolved fluorescence decay curve.?’ The system was con-
sisted of cavity dumped dual-jet dye laser (Coherent, 700
series) which was synchronously pumped by Nd-YAG laser
(Coherent, Antares 76-YAG). The full width at half maxi-
mum of the instrumental response function (IRF) was 58 ps.
The excitation wavelength of 298 nm was applied to all
samples. Fluorescence decay rates were evaluated by an
iterative non-linear least squares deconvolution fitting rou-
tine. Spectroscopic measurements were conducted under
room temperature (20 °C) and ambient conditions.

Results and Discussion

Photochromic conversion quantum yields of DP1 and
DP2 films were determined by UV-Vis absorption spectra at
room temperature. Figure 2 shows the spectral changes
induced by ring-closure reactions of DP1a and DP2a (a and
b denote the open and the closed isomers, respectively).
Irradiation with a light of 337 nm induced a new absorption
band maximized at 520 nm which could be ascribed to the
closed isomers in BTF6 unit. Since both open and closed
isomers of BTF6 units exhibit an absorbance at UV region,
the irradiation of 337 nm causes the photochromic DPs to
be at the photostationary state.*

The insets of Figure 2 indicate the spectral evolutions as a
function of irradiation time. The new band around 520 nm
disappeared upon exposure to a visible light (4 > 450 nm)
due to the photochromic reverse (ring-opening) reaction.
Such characteristics of the absorption bands are similar to
those of BTF6 in n-hexane solution.'®

The photochromic quantum yield is defined as the ratio of
the number of converted molecules to the number of absorbed
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Figure 2. UV-Vis absorption spectra of the open isomers (solid
line) and photostationary states (dot line) of (a) DP1 and (b)
DP2. Temporal evolutions of the absorption spectra with irradia-

tion of 337 nm at every 20 sec are shown as arrow marks in the
insets.

Table 1. Photochromic Ring-Closure and Ring-Opening
Quantum Yields (®,.) of the Diarylethene Polymers

BTF6 Content Thickness Dy
S |
WP () T N
DP1 5 2.1 0.20 0.42
DP2 5 R ) 0.02 0.12

“Trradiation with 337 nm. ®Irradiation with 520 nm.

photons.””* The ring-closure and ring-opening quantum
yields of DPs were determined from the absorbance change
by irradiation of the films with 337 and 520 nm light
sources, respectively.

The ring-closure quantum yields of the DPs in solid film
are shown to be smaller than that of BTF6 in solution phase

(0.41),' which is possibly due to the structural restriction in *

the molecular space for the conformational change of dia-
rylethene molecules. From Table 1, it is noticed that the
ring-closure quantum yield of DP1 (0.20) is one order of
magnitude larger than that of DP2 (0.02) despite of their
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similar structures (see Figure 1(b)). Such a large difference
in the photochromic efficiency reflects that the environment
around the BTF6 units in DP1 is significantly different from
that in DP2, and it influences the photochromic quantum
yield even in solid matrix phase. In our previous report,’ the
photochromic activity of the dispersed BTF6 in polymer
matrix was suggested to be strongly affected by free inner
volume of the polymer matrix itself. Among various physi-
cal parameters of polymer matrix, the glass transition tem-
perature (7,) can be correlated with free inner volume of
polymer matrix.?* The volume of free inner space of poly-
mer matrix may increase with decreasing T,. The T,s of
DP1 and DP2 were determined as -48 and 84°C by DSC,
respectively, and a large difference of the T, values is con-
sidered to be induced by the substituents of the side chains.
Crosslinking density can be another factor to affect the 7,
value. However, due to the identical curing condition for
DP1 and DP2, the crosslinking density is not likely to
induce such a large difference in the T, values between
them.

It is considered that the polymer matrix of DP1 provides
enough space, in the rubbery state above the 7,, which is
necessary for the photochromic conversion that requires
rotation of the two benzothiophene rings in BTF6 of DP1.
On the other hand, in the case of DP2, its matrix environ-
ment appears to have not enough free inner volume for the
photochromic conversion in the glassy state below the T, of
84°C, resulting very low ring-closure quantum yield of
0.02. Nakashima et al. also reported the photochromic con-
version efficiencies of 1-(2-methylbenzo[b]thien-3-y1)-2-[5-
(4-butylphenyl)-2,4-dimethylthien-3-yl]|perfluorocyclopen-
tenes covalently grafted onto the networked polysiloxanes
as pendant type.” Since there was no significant difference
in the ring-closure conversion efficiency at the experimental
temperature range of 10-75°C with Nakashima’s polymers,
of which T,s were between 24-58°C, they suggested that

DP2a

DPla
/

Normalized Fluorescence (a.u.)

300 400 500 600 700 800
Wavelength (nm)

Figure 3. Steady-state fluorescence spectra of DP1a and DP2a at
the excitation wavelength of 298 nm.
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their polysiloxanes matrices had enough space for the pho-
tochromic conversion of the diarylethenes even in the glassy
state. However, our results of the high ring-closure quantum
yield of 0.2 for DP1 and very low quantum yield of 0.02 for
DP2 indicate that, even they are similar polysiloxanes
derivatives, they still have the significant free inner volume
difference depending upon the substituents to the polysilox-
anes. The steady-state photochromic conversion efficiencies
of DP1 and DP2 are well correlated to the lifetimes of the
corresponding excited states as described below.

Time-resolved fluorescence decay kinetics of the photo-
chromic DPs were measured at several detection wave-
lengths in the fluorescence spectral ranges (Figure 3).
Figure 4 presents typical fluorescence decay profiles of
DPla and DP2a detected at 400 nm after 298 nm excita-
tion. Although the fluorescence decay profiles were well fit-
ted to the triple-exponential function of Aexp(-t/7)+
Aexp(-t/m)+Azexp(-1/73) as shown in Table 11, the fitted
lifetimes and amplitudes can’t be simply compared for DP1
and DP2.

In general, the photochromic reactions in polymer films
deviate from the first-order-kinetics in the temperature con-

i

P

Fluorescence Intensity (a.u.)

0 300 600 900
Time (ps)

1200

Figure 4. Time-resolved fluorescence decay profiles of DPla
and DP2a at the detection wavelength of 400 nm with the
298 nm excitation. The solid lines along data points are the fitted
lines. IRF denotes the instrumental response function.

Table II. Fluorescence Lifetimes and Relative Fluorescence
Intensities of the Diarylethene Polymers

Samples A(nm) 7 (ps)/4, 5 (ps)/A, 7 (ps)/As <z>(ps)
DP1 400 42/0.79  250/0.19 1024/0.02 101
DP2 400 68/0.69 254/0.26 1271/0.05 176

Triple-exponential function, I(£)=A4,exp(-t/7)) + A,exp(-t/ 1) +Asexp
(-t/%), was assumed for the fluorescence decay. 1(¢), 4, and 7, the
time-dependent fluorescence intensity, the relative amplitude and
the lifetime, respectively. <7> is weighted average lifetime which
is defined as X4;7,/24,. The excitation wavelength for all decays
was 298 nm.
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dition below the T, due to the distribution of the free inner
volume size,® which is the case of DP2. Therefore, the
weighted average lifetimes (<7>) are evaluated just to pro-
vide a qualitative support for the ring-closure efficiencies of
DP1 and DP2. As listed in Table 11, the average lifetime of
DPla (101 ps) is significantly faster than that of DP2a
(176 ps), which can be expected from the higher ring-clo-
sure quantum yield of DP1a than that of DP2a.

Conclusions

We have synthesized new diarylethene polymers in which
the pendent photochromic units are covalently grafted onto
the polymer main chain. The ring-closure quantum yields of
DP1 and DP2 were determined to be 0.20 and 0.02, respec-
tively, and the ring-opening quantum yields were 0.42 for
DP1 and 0.12 for DP2. The results suggest that the photo-
chromic reaction in polymer matrix strongly depends on the
free inner volume of polymer environment which is repre-
sented by T,. The high ring-closure quantum yield of DP1a
is also reflected on the faster fluorescence average lifetime
than the lifetime of DP2a.
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