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Photoactivatable turn-on fluorescence based
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This paper describes photoactivatable turn-on fluorescence based on the photo-cleavage of the C-Br
bond in 1,2-bis(5-(bromoethyl)benzoxazol-2-yl)ethane (1) in both solution and in a polymeric thin film. It

Received (in Porto Alegre, Brazil was found that 1 exhibited very weak fluorescence in both solution and in a PMMA thin film, upon
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irradiation with 365 nm light, a strong fluorescence was detected. The strong fluorescence attributed to
the photo-product resulted from the photo-induced cleavage of the C-Br bond in 1. Moreover, it was
also found that the photo-cleavage of the C-Br bond in 1 can be performed using a two-photon
induced process, and upon irradiation on a 1-PMMA thin film with a 780 nm femtosecond laser, finely
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Introduction

Photoactivatable organic fluorophores play an important role in
biology' ™ and material science.”” Several strategies have been
reported in the design of photoactivatable organic fluorophores
including photorelease of fluorophores from the photolabile
linkers,® photo-uncaging of “caged” fluorophores,®™® and
photoswitching of fluorophores based on the photoisomerization
reaction.”*'® In these systems, the latent fluorophores are already
in place, which may compromise the photoactivation efficiency
due to the filtering effect.'® Recent advance in the super-resolution
microscopic techniques such as photoactivated localization
microscopy (PALM)" and stochastic optical reconstruction
microscopy (STORM)'® also demands new strategies for designing
photoactivatable fluorophores with turn-on efficiency. Some elegant
examples of photoactivatable fluorophores that exhibit high turn-on
fluorescence and are suitable for superresolution imaging have
been reported.'*?°

In this paper, we report a system in which the fluorophores
are generated in situ through photo-triggered bond-breaking
reaction. Photo-triggered, especially, two-photon-triggered
bond-breaking appears as a promising candidate since it can
provide a powerful tool with spatial and temporal control,
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resolved fluorescence images are obtained.
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Scheme 1 Chemical structure of 1.

resulting in many practical applications such as photolitho-
graphy,> > optical storage®>>° and photorelease.’* > Herein,
1,2-bis(5-(bromomethyl)benzoxazol-2-yl)ethane 1 (Scheme 1),
used as a model compound, is prepared, it is found that 1
undergoes single- or two-photon-induced cleavage of C-Br
bond resulting in fluorophores as photolysis products in both
solution and a polymeric thin film. A strong turn-on fluorescence
is beneficial for applications, such as fluorescence imaging; with
a 780 nm femtosecond laser irradiation on a 1-PMMA thin film,
finely resolved fluorescence images are obtained.

Experimental

General

'H and "*C NMR spectra were recorded at 400 and 100 MHz,
respectively, with TMS as an internal reference. MS spectra were
recorded on a TOC-MS spectrometer. UV absorption spectra
and fluorescence spectra were measured on an absorption
spectrophotometer (Hitachi U-3010) and a fluorescence spectro-
photometer (F-2500), respectively. Fabrication in a 1-PMMA thin
film using a two-photon process was performed on a Ti-sapphire
laser system from Tsunami, Spectra-Physics. The output from
the femtosecond laser (tuned to 780 nm, 100 fs pulse width,
80 MHz repetition rate) was used as two-photon writing source.
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In the fabrication process, a 3D piezostage (P-563.3CD, Physik
Instrument) was used as the scanning device. The laser beam
was tightly focused using a high numerical aperture (NA) objective
lens (100x, NA = 1.4, Olympus), and the scanning speed is
10 um s~ *. Fluorescence imaging was performed on a fluorescence
microscope (Ti-U, CFI Plan Fluor 40X, NA = 0.75, Nikon) equipped
with a Color Cooled Digital Camera (DS-Ril, Nikon). A metal
mercury lamp (C-LHGFI, Nikon) was used as an excitation source
with an excitation filter (340-380 nm) and absorbing filters
(435-485 nm). All the chemicals for the synthesis were purchased
from commercial suppliers, and solvents were purified according
to standard procedures. The reaction was monitored using TLC
silica gel plates (60F-254). Column chromatography was performed
on silica gel (70-230 mesh). PMMA thin films were prepared as
follows: the target compound 1 (1.0 mg) was dissolved in 1.0 ml of
a PMMA-cyclohexanone solution (10%, w/w). A film was
obtained by spin coating on quartz glass with a gradient of
700 rpm (10 s), followed by 1200 rpm (30 s) (20 °C), and dried in
air at room temperature. The concentration of the thin film was
about 2.24 x 10"® mol g~ .

Material

The synthetic route for target compound 1 is presented in
Scheme 2 and detailed procedure was as follows: (1) to the
solution of 2-amino-4-methylphenol (10 mmol) in xylene (100 ml)
was added 2-hydroxysuccinic acid (10 mmol) and H;BO; (0.1 mmol).
The solution was refluxed till no water was distilled; the solution was
then cooled down to room temperature. The solvent was
removed by rotary evaporation, and the residue was recrystal-
lized from N,N-dimethylformamide (DMF) to afford 1,2-bis-
(5-methylbenzoxazol-2-yl)ethane in 56% yield. (2) To the solution
of 1,2-bis(5-methylbenzooxazol-2-yl)ethane (10 mmol) in DMF
(50 ml) was added N-bromosuccinimide (22 mmol) and benzoyl
peroxide (0.1 mmol). The mixture was refluxed for 6 h till the
starting material had disappeared (detected by a TLC plate). The
reaction mixture was cooled, and the yellow product was filtered
off, and washed with water and ethanol, respectively. The crude
was purified by recrystallization with EtOH to afford the target
compound 1,2-bis(5-(bromoethyl)benzoxazol-2-yl)ethane (1) in
80% yield. M.p. = 283-286 °C. 'H NMR (DMSO-de): 6 (ppm)
7.82 (s, 2H), 7.76 (d, 2H, J = 8.0 Hz), 7.54 (m, 4H), 4.40 (s, 4H). "*C
NMR (DMSO-de): & (ppm) 156.3, 150.2, 142.2, 134.6, 131.8, 125.7,
116.4, 108.7, 34.5. TOC-MS (m/z): [M'] calcd. For C,5H;,Br,N,0,:
445.9266. Found: 445.9261.
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Scheme 2 Synthesis of the target compound 1.
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The photolysis products 2 and 3 were prepared by photolysis
of the solution of 1 with a 500 W high-pressure mercury lamp
(wavelength < 400 nm, exposure: 39. 5 mW cm 2) in a glass
beaker of 500 ml. The solution of 1 (30 mg) in EtOH or CH;CN
(300 ml) was stirred under light irradiation till no starting
material was detected using a TLC plate (irradiation time 6 h).
After evaporation of the solvent, the product was purified using a
flash column (elute: dichloromethane/methanol = 20:1, v/v) to
afford 2 and 3, respectively.

2. Yield: 40%. 'H NMR (400 MHz, CDCl3): § (ppm) 8.52
(s, 2H), 7.76 (d, 2H, J = 8.0 Hz), 7.54 (m, 4H), 4.63 (s, 4H),
4.46-4.41 (q, 4H), 1.46-1.42 (t, 6H). ">°C NMR (CDCl,): § (ppm)
156.5, 150.8, 143.7, 134.3, 131.8, 126.7, 117.2, 109.3, 74.7, 68.9,
17.5. TOC-MS (m/z): [M'] caled. For C,,H,,N,0,: 378.1580.
Found: 378.1588.

3. Yield: 34%. 'H NMR (400 MHz, CDCl;):  (ppm) 10.05
(s, 2H), 8.13 (s, 2H), 7.68 (m, 4H), 7.65 (d, J = 8.0 Hz, 2H). IR:
v (em™Y): 3074.26, 2926.47, 1687.96 (strong), 1608.23, 1523.28,
1384.18, 1159.07. TOC-MS (m/z): [M'] caled. For Cy3H;(N,O4:
318.0641. Found: 318.0658.

Results and discussion

The optical properties of 1 were measured in EtOH solution
(10 pM) at ambient temperature (25 °C). The absorption spectral
(Fig. 1) showed that the maximum absorption of 1 appeared at
Jmax = 356 M (emayx = 2.54 x 10* M~ em ™). Upon irradiation
with 365 nm light as the excitation wavelength, a weak fluores-
cence which appeared at e, = 422 nm was detected (Fig. 1), and
a very small fluorescence quantum yield of 1 (¢¢= 0.04, in EtOH)
was obtained using quinine sulfate (¢¢ = 0.557, in H,SO,) as the
reference.

The magnitude of the turn-on fluorescence was measured by
the photo-induced reaction of 1 in EtOH solution (10 pM) with
365 nm light irradiation. Upon irradiation with 365 nm light,
the fluorescence intensity at 422 nm was increased, as shown in
Fig. 2, the intensity of fluorescence increased with the increase
of irradiation time, and the largest fluorescence intensity was
obtained when the solution of 1 was irradiated for 180 s.
Comparing the intensity of fluorescence before and after irradiation
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Fig. 1 Absorption and fluorescence of 1 (10 pM) in EtOH, Aex = 365 nm.
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Fig. 2 Fluorescence changes of 1 (10 puM, in EtOH) irradiating with 365 nm
light (periods: 0, 30, 60, 90, 120, 150, 180 s), Aex = 365 Nnm.

it was found that a 15.6-fold fluorescence turn-on effect was
obtained.

To investigate the mechanism of the photo-reaction of 1 and
to elucidate the fluorescence properties of the product, the
photolysis of 1 in EtOH is performed. Upon irradiation of
solution of 1 in EtOH under a high pressure Hg lamp with
wavelength filter (4 < 400 nm), more than three new spots were
detected using the TLC plate, and all of them showed strong
blue fluorescence. The main product 2 (Scheme 3) was obtained
by chromatography and its structure was identified using
H NMR spectroscopy and MS spectroscopy (see Experimental
section). The confirmed structure of 2 demonstrated that 1
underwent the cleavage of C-Br bond upon irradiation in
solution. It was found that 2 exhibited a strong emission
appeared at Ae, = 422 nm (Fig. 3), and a large fluorescence
quantum yield (¢¢ = 0.63, in EtOH) was obtained using quinine
sulfate (¢¢ = 0.557, in H,SO,) as the reference. Comparing Fig. 3
with Fig. 1 it was found that both the spectral profile and the
position of peaks are similar, this is because the skeletal
structure of the molecule is not changed when Br in 1 is
replaced by OEt. An enhancement fluorescence of 2 is probably
because of the leave of Br in 1. It is known that the fluorescence
is usually quenched by internal heavy-atoms such as Br and I
due to intersystem crossing.

BrH,C N N CH.Br
oot X
o o)

1

very weak emission

l 365 nm or 780 nm

EtOH,C N N CH,OEt
\©:O‘>—CH=CH'<’03©/ + others

2
strong emission strong emission

Scheme 3 Photolysis of 1 in EtOH with 365 nm light and 780 nm light,
respectively.
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Fig. 3 Absorption and fluorescence of 2 (10 uM) in EtOH, Aex = 365 nm.
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Scheme 4 Photolytic product of 1in CH3CN or toluene with 365 nm light
or 780 nm light, respectively.

A different photolytic product (main product) was obtained
when the photo-induced reaction of 1 in an aprotic solvent such
as CH;CN or toluene. 2,2'-(Ethane-1,2-diyl)bis(benzooazole-5-
carbaldehyde) (3) (Scheme 4) as main product was obtained
when the photochemical reaction of 1 was conducted in CH;CN
or toluene solution with 365 nm irradiation (its characterization
data are presented in Experimental section). It was found that 3
also showed a strong fluorescence in CH3;CN (Fig. 4) with the
maximum emission at 424 nm (a similar result was obtained in
toluene), which is similar to the emission of 2 in EtOH. The
photolytic compound 3 was probably formed via a two-step
reaction mechanism: photolysis of 1 produced free radicals,
followed by oxidation with oxygen in the air. The obtained result
suggested that the photo-induced cleavage of C-Br bond in 1
could also be performed in aprotic solvents, and also resulted in
a strong fluorescent compound as the main product.
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Fig. 4 Fluorescence change of 1 (10 pM, in CHsCN) before (black) and
after (red) irradiation (20 min) with 365 nm light (lex = 365 nm).
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It is worth noting that the turn on fluorescence was also
detected when the solution of 1 was irradiated with 780 nm
femtosecond laser, which implied that the cleavage of C-Br
bond of 1 could also be performed by a two-photon induced
process. Control experiments confirmed that 2 or 3 as main
product together with other photolysis products were detected
using a TLC plate when the solution of 1 in EtOH or CH;CN was
irradiated with a 780 nm femtosecond laser. Further investigation
found that 1 exhibited nonlinear optical properties (NLO), and a
small two-photon absorption cross-section (¢ = 20 GM) in EtOH
was obtained using the 800 nm femtosecond Z-scan technique.**?*

The photoactivatable turn-on fluorescence of 1 in the poly-
meric matrix was performed by doping 1 in a PMMA thin film.
1-PMMA thin film showed very weak fluorescence, which
appeared at 418 nm, as compared to in solution, the fluores-
cence of 1 in the PMMA thin film occurred 4 nm blue shift.
Upon irradiation with 365 nm light, the intensity at 418 nm was
increased (Fig. 5), and the largest fluorescence intensity was
obtained after the 1-PMMA thin film was irradiated for 12 min
under 365 nm light (3.7 mW cm ™). As shown in Fig. 5, photon-
induced turn on fluorescence spectral change of 1 in the PMMA
thin film showed a similar profile to that of 1 in solution, which
implied that the C-Br bond of 1 in the PMMA thin film was also
cleaved by photo-induction.

Two-photon induced turn on fluorescence and consequent
fluorescence microscopic imaging were performed on the 1-PMMA
thin film, which was obtained by spin coating a solution of PMMA
(in cyclohexanone) contained 1 on a quartz glass substrate. A
two-photon fabrication pattern was completed by a femtosecond
laser (writing wavelength: 780 nm, 100 fs pulse width, 80 MHz
repetition rate, scanning speed: 10 pm s ') with a different
power. Upon excitation, a finely resolved fluorescent pattern in
which written portions appeared bright while the unwritten
portions that appeared dark was obtained (Fig. 6) under fluores-
cence microscopy (Ti-U, CFI Plan Fluor 40X, N.A. 0.75, Nikon)
with an color cooled digital camera. A metal mercury lamp
was used as the excitation source with a excitation filter
(340-380 nm). As presented in Fig. 6, the laser power used for
writing plays a role in both the size of the pattern lines and
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Fig. 5 Fluorescence change of the 1-PMMA thin film before (black) and
after (red) irradiation with 365 nm light (Zex = 365 nm).
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Fig. 6 Fluorescence imaging on the 1-PMMA with 780 nm femtosecond
laser irradiation at different laser powers (from right to left: 1.18, 1.40, 1.66,
1.98, 2.39, 2.96, 3.60, 4.38, 5.13, 5.52, 5.53 mW).

fluorescence imaging. The width of lines was enhanced with the
increase of laser writing power due to the following fact: two-
photo absorption probability is proportional to the square of
light intensity, therefore, the fabricated line-width is increased
with the increase of laser writing power.*>*® Rough calculations
showed that the width of the line in the 1-PMMA thin film
widened double when the laser writing power was increased
from 1.66 mW to 5.13 mW.

Further investigation showed that the laser writing power
also affects the photo-induced fluorescence of the 1-PMMA thin
film. As presented in Fig. 7, the fluorescence intensity increased
with the increase of laser power till it reached ca. 2.0 mW. Fig. 7
also showed that the fluorescence intensity was slightly
decreased when the laser power is between 3.6-5.5 mW. The
decrease of fluorescence probably resulted from the damage
(photo-degradation) of material (fluorescent molecules) due to

150+
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60+
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0 5 10 15 20 25 30 35 40 45 50 55
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Fig. 7 Two-photon induced fluorescence intensity vs. the laser powers at
780 nm (from right to left: 1.18, 1.40, 1.66, 1.98, 2.39, 2.96, 3.60, 4.38, 5.15,
5.52, 5.53 mW).
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high laser power. To confirm it, larger laser power was used for
fabrication experiment, and it was found that the fluorescence
of lines in the 1-PMMA thin film was significantly decreased
when the laser writing power is more than 6.5 mW, which
suggests that too high laser power will degrade the material and
results in the decrease of fluorescence. Besides, preliminary
experiment showed that the threshold writing power for the
fabrication is ca. 1.40 mW, below the power, it was difficult to
obtain a completed line (see Fig. 6, the first line on the right).
This is probably because the photo-cleavage of C-Br bond in
the 1-PMMA thin film could not be performed when the laser
writing power was too small.

Conclusions

In summary, a new system for photoactivatable turn-on fluorescence
has been developed. It has demonstrated that 1,2-bis(5-(bromoethyl)-
benzoxazol-2yljethane undergoes single- and two-photon-induced
the cleavage of C-Br bond in both solution and polymeric matrix,
resulting in significant enhancement of fluorescence. Photo-
activatable turn-on fluorescence is beneficial for fluorescent images,
with 780 nm femtosecond laser irradiation; finely resolved
fluorescence images on polymeric thin films containing 1,2-bis-
(5-(bromoethyl)benzoxazol-2-yl)ethane are obtained.
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