6236 Macromolecules 2005, 38, 6236—6239

Bistable Photoswitching in the Film of
Fluorescent Photochromic Polymer:
Enhanced Fluorescence Emission and Its
High Contrast Switching

Seon-Jeong Lim, Byeong-Kwan An, and
Soo Young Park*

School of Materials Science & Engineering, Seoul National
University, San 56-1 Shillim-dong, Kwanak-gu,
Seoul 151-744, Korea

Received February 28, 2005
Revised Manuscript Received June 5, 2005

Photochromism refers to the photoinduced reversible
transformation of chemical species between two elec-
tronic states characterized by different absorption spec-
tra.l Among various photochromic compounds, 1,2-
bis(thienyl)ethene (BTE) derivatives are gaining ever-
increasing attention in the fields of erasable optical
memory and fast optical switch, owing to their high
thermal stability, excellent photofatigue resistance, high
sensitivity, and characteristic bistability.2 However, the
practical employment of BTEs to the ultrahigh-density
erasable optical memory further demands the capabili-
ties of nondestructive readout as well as high-density
inclusion of active molecular units into solid media. As
for the former issue, reversible photochromic recording
which brings about the photoluminescence (PL) modu-
lation has been one of the several viable methods
investigated so far.? This is attributed to the minimized
photoirradiation for PL excitation as well as the weak
and narrow PL emission inducing negligible photochro-
mic reaction, i.e., erasure of memory, during the readout
cycles. Many recent papers demonstrate that the prin-
ciple of fluorescence readout modulated by the photo-
chromic reaction works efficiently in the fluorescent
BTE-based molecules dissolved in solutions or dilutely
embedded in polymer matrices.? Multifunctional mol-
ecules consisting of integrated fluorescence and BTE
units in a single molecule are normally exploited to
ensure efficient energy transfer between them. Consid-
ering the latter issue of high-density media, on the other
hand, only a limited number of papers have dealt with
the neat amorphous films of fluorescent BTE-based
molecules but with rather unclear and qualitative
discussions.* One difficult challenge for the practical
high-density medium of fluorescent BTE system is the
“concentration quenching problem” of fluorescence emis-
sion which has long been considered to be inherent as
far as the fluorescent molecules are concerned.? For the
device realization, therefore, innovative classes of fluo-
rescent BTE molecules free from this problem are
critically needed, which must provide reversible and
bistable photochromism and good film processability at
the same time.

Recently, unconventional fluorescent molecules which
show gradually enhanced fluorescence emission with
increasing concentration, so-called “aggregation-induced
enhanced emission (AIEE)”, were originally developed
by several groups including us.® AIEE molecules are
virtually nonfluorescent in the isolated molecular state
but strongly fluorescent (typical fluorescence quantum
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yield >0.6) in the bulk phase due to the specific
intermolecular interactions. Therefore, the AIEE fluo-
rophores, if employed, were expected to clear up the
above-mentioned two issues of fluorescent BTE system
at once. In fact, in our previous work, we have synthe-
sized a cyanostilbene-based AIEE fluorophore with
covalently bonded BTE switch, which formed strongly
fluorescent nanoparticles as well as the molecular
aggregates in poly(methyl methacrylate) (PMMA) film
showing reversible and bistable photochromism.” High
contrast (>10) on/off fluorescence switching and eras-
able optical recording was successfully demonstrated in
these relatively high-loaded solid media.”

To further increase the number density of fluorescent
BTE molecules in the polymer film and to impart self-
processability as well, we aimed at the synthesis of
fluorescent photochromic polymer consisting solely of
AIEE and BTE units in this work. This plan of fluores-
cent photochromic polymer synthesis was also encour-
aged by the significant “polymer effects” in enhancing
the photochromic and fluorescent quantum yields as
reported by Stellacci et al.8 and Cho et al.,” respectively.
Inspired by the molecular structures of our previous
AIEE molecules,5» we have designed poly(DCS—BTE)
(see Figure 1 for its chemical structure) as the fluores-
cent photochromic polymer in this work.

Before proceeding to the polymer synthesis, we tried
to identify the AIEE properties of the 1,4-bis(3-cyano-
4'-methylstyryl)benzene (DCS) unit in comparison to the
structurally related conventional fluorophore, 1,4-bis-
(4'-methylstyryl)benzene (DS). Syntheses of DCS and
DS were carried out according to the reaction routes
shown in Scheme 1, and their structures were fully
characterized by 'H NMR, FT-IR, mass spectroscopy,
and elemental analysis (see Supporting Information for
the synthesis and identification data). Polymeric films
consisting of DCS (0.2—7.0 wt %) or DS (0.2—5.0 wt %)
in PMMA matrix were fabricated by spin-coating, and
their UV—vis absorption and PL emission spectra were
measured. As a measure of PL efficiency, integrated
fluorescence emission in the PL spectra divided by the
absorbance in the UV—vis spectra were calculated and
subsequently normalized as shown in parts a and b of
Figure 2 for DCS and DS, respectively. It is shown in
strong contrast that the normalized PL efficiency of DCS
increases while that of DS decreases with their concen-
tration in PMMA. Evidently, DCS shows a unique ATEE
phenomenon with ultimate fluorescence quantum ef-
ficiency of 0.56 (this value was evaluated with the
nanoparticle suspension of DCS according to the method
reported earlier”), but DS shows significant concentra-
tion quenching with initial fluorescence quantum ef-
ficiency of 0.66 in dilute solution. It is very surprising
and worth noting that these structurally identical
molecules except for the added CN groups in DCS
behave this much differently. Despite these substantial
differences in fluorescence intensity change, the batho-
chromic shift of PL emission as a function of the emitter
concentration is commonly observed as seen in Figure
2a,b. This is attributed to the molecular planarization
and J-type aggregation in the DCS molecules gated by
the specific intermolecular interactions in the solid
state,67-10.11 which is clearly supported by the red-
shifting absorption band of DCS with increasing con-
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Figure 1. Photochromic reactions of DM—BTE and poly(DCS—BTE).

Scheme 1. Synthetic Routes to the Model Compounds and Fluorescent Photochromic Polymers
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centration as shown in the inset of Figure 2a. On the
other hand, invariant absorption spectra of DS suggest
the excimer emission as the main mechanism of red-
shifted PL. Ever increasing PL efficiency of DCS but
only at the cost of serious light scattering was observed
at the >7 wt % of DCS/PMMA, which again justifies
our plan of synthesizing fluorescent photochromic poly-
mer. Because the emission band of DCS in solid state
(Afm = 474-536 nm) suitably overlaps with the
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the inset in Figure 2¢ and see Scheme 1 and Figure 1
for its structure), it is expected that the intramolecular
and/or intermolecular energy transfer between them
may be very effective in their fluorescent photochromic
polymer films.”

Encouraged by these model compound studies, an
AIEE-based fluorescent photochromic polymer poly-
(DCS—BTE) was synthesized by the Knoevenagel
condensation of 1,4-phenylenediacetonitrile (1) and
1,2-bis(2'-methyl-5'-(4"-formylphenyl)thien-3'-yl)perfluoro-
cyclopentene (12) according to the reaction sequences
illustrated in Scheme 1 (see Supporting Information for
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Figure 2. Normalized PL efficiency (M) and the wavelength of PL emission (®) in the spin-coated DCS/PMMA film (a) and
DS/PMMA film (b) as a function of their concentration in PMMA matrix. Inset in (a) shows the bathochromic shift of UV—vis
absorption in DCS/PMMA films with increasing concentration. UV—vis absorption (¢) and PL spectra (d) of the poly(DCS—BTE)
in the open form and at the 290 nm photostationary state (PSS). Inset in (c) shows the UV—vis absorption spectra of 6 wt %
DM-BTE-loaded PMMA film, and inset in (d) shows the photochromic modulation of PL intensity in the poly(DCS—BTE) film.
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Figure 3. Erasable fluorescence imaging on the spin-coated poly(DCS—BTE) film and its nondestructive readout capability.
Writing (a), erasing (b), rewriting (c), and a continuous reading under irradiation with 400 nm light (150 4W ¢m~2) for 30 min (d).
The dark region represents the irradiated area with 290 nm UV light, and the real size of the photomasks is about 1 cm x 2 cm.

the synthesis and identification data for the intermedi-
ates, monomers, and polymers). The weight-average
molecular weight (My,) of the poly(DCS—BTE) was ~
13 000 (Mw/M,, = 2.47), indicating that 7—8-mers of
BTE—cyanostilbene repeating units were linked to-
gether. Poly(DCS—BTE) showed glass transition tem-
perature at 188 °C and possessed good solubility in
common organic solvents, such as chloroform, tetrahy-
drofuran, and 1,2-dichloroethane, from which optically
transparent and highly fluorescent polymer films could
be spin-coated easily. On the other hand, poly(DS—BTE)
was much less soluble in organic solvents seriously
limiting its characterization and film fabrication. Only
the low molecular weight oligomer fraction (n = 2—3,
My, = 3705, M /M, = 1.99) of poly(DS—BTE) was
marginally soluble in chloroform; thus, it had to be
dispersed in PMMA matrix in <5 wt % concentration
to afford a transparent polymeric film. Importantly,
strongly fluorescent poly(DCS—BTE) film showed high-
contrast bistable photochromic switching (vide infra),
while weakly fluorescent polymer film containing poly-
(DS—BTE) was not bistable enough because its photo-

stationary state (PSS) consisted mostly of closed BTE
ring under ambient lighting.13.14

Parts c and d of Figure 2 show the UV—vis absorption
and PL spectra, respectively, of the poly(DCS—BTE) in
the open form as well as in the 290 nm PSS. When the
290 nm UV light isolated from xenon arc lamp (Driel
Instruments, 300 W) through a monochromator was
irradiated to the solution or the film of poly(DCS—BTE),
the open-form BTE began to photoisomerize into the
closed form, which was easily monitored by the appear-
ance of new absorption band at the visible regions (Amax
= 626 nm, ®;° = 0.36)."> Modulated by this photo-
chromic ring closure, PL emission intensity from poly-
(DCS—BTE) has significantly diminished as shown in
Figure 2d. In the PSS, integrated PL intensities were
reduced down to the 17% and 10% levels of open-form
isomers in solution and film states, respectively. It is
most likely that such an outstanding fluorescence
quenching in solution at PSS originates from the highly
efficient intramolecular energy transfer within a single
polymer chain, where the fluorescent DCS unit and the
closed-form of BTE photochrome are closely coupled
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with each other. In the film state, additional intermo-
lecular energy transfer must contribute to the further
enhanced fluorescence quenching resulting in the higher
contrast ratio of about 10. When the poly(DCS—BTE)
sample stabilized in the 290 nm PSS were irradiated
with visible light (=550 nm, hand-held lamp, 30 W), the
absorption spectra as well as the PL spectra were
reversibly and completely restored to the initial open-
form states (@;:O = 0.75 x 1072, lex = 575 nm).'® The
inset graph in Figure 2d shows the photochromic
modulation of the fluorescence intensity in the poly-
(DCS—BTE) film.

Such a strongly enhanced fluorescence emission
coupled with high-contrast photochromic switching in
poly(DCS—BTE) film suggests their viable application
to the erasable optical memory. By employing the
patterned illumination through the photomasks, it was
successfully demonstrated that the different images
could be successfully recorded and erased on the poly-
(DCS—BTE) film as shown in Figure 3. As indicated by
Murase et al. in the literature,’® furthermore, all the
recorded images in Figure 3 could be nondestructively
and repeatedly monitored with the different wavelength,
i.e. 400 nm, from the writing and erasing wavelengths
inducing photochromic reactions of poly(DCS—BTE), i.e.
290 and >550 nm, respectively, as well as with the
minimized photoirradiation for the fluorescence excita-
tion.

In conclusion, we have designed and synthesized a
novel class of AIEE-based fluorescent photochromic
polymer, poly(DCS—BTE), whose strong fluorescence in
the neat polymer film could be photoswitched through
the highly efficient bistable photochromism (fluores-
cence switching ratio >10). Erasable fluorescence pho-
toimaging on the spin-coated poly(DCS—BTE) film was
successfully demonstrated.
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