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We synthesized a dual fluorogenic system based on a boron-dipyrromethene (BODIPY) dye coupled with
a paramagnetic 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) nitroxide. Electron exchange facilitates
the non-radiative relaxation of the singlet state of the chromophore, partially quenching the
fluorescence from the BODIPY moiety. Nonetheless, the system can be ‘activated’ in solution or thin
polymer films by ultraviolet (UVA) light in the presence of a free radical initiator. UVA illumination
promotes the decomposition of the initiator, resulting in the release of a carbon-centered free radical.
The dye-TEMPO probe can concomitantly trap the radical or undergo H-abstraction. Both processes
consequently turn on the fluorescence and are reversible in nature. We used this protocol to optically
imprint a fluorescent pattern on a surface. Moreover, we investigated metal-enhanced fluorescence
(MEF) effects by silver nanostructures (AgNP) as a means to improve the performance of our molecular
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nanoparticle-dye systems for applications of
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Introduction

Molecular strategies for writing of data and patterning of func-
tional images on thin polymer films have attracted considerable
attention for the fabrication of new functional materials for
information technology. Such strategies often rely on irrevers-
ible chemical transformations that molecules are subjected to
upon photoexcitation,>* owing to the fact that light irradiation
can be performed rapidly and accurately. In addition, methods
that rely upon photochemical processes to fabricate a pattern
into a material (e.g:, optical lithography)** allow for the creation
of desired patterns with spatial and temporal control. For such
purposes, the ability to write and encode information in the form
of fluorescence can greatly facilitate the implementation of
optical techniques and devices. For example, writing and reading
using fluorescence-controlled molecular systems can be a viable
and relatively inexpensive technology for the fabrication of
displays with well-defined blue, green, and red fluorescence
patterns or practical tools for information storage." In this
context, the identification and development of mechanisms to
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light-activated fluorescence such as multicolour

and a more diverse selection of both excitation sources and emission wavelengths are beneficial.

photoactivate fluorescence - that is, the custom engineering of
organic chromophores with the ability to photochemically switch
from a nonemissive state to a fluorescent one under optical
control®*® - is a key aspect of facilitating the implementation of
methods for ‘writing’ with fluorescence. This strategy relies on
the illumination of a quenched or weakly emissive reactant at an
appropriate wavelength, which induces the formation of a fluo-
rescent product. The latter can be accomplished either by intra-
molecular photochemical transformation of the reactant, or by
initiating an intermolecular process that yields an emissive
product from the nonemissive reactant. In both instances, only
a small, selective population of molecules are allowed to fluo-
resce at a given time (those that have been ‘activated’). In turn,
external control over the ability of chromophores to emit enables
advanced light-based applications, such as sensing and super-
resolution microscopy.”™™ The same principles of photo-
activation of fluorophores can be applied for the development of
lithographic-like features through the precise and rationally
designed generation of functional images. This ingenious
approach ultimately delivers a viable, practical hybridization
between imaging and lithography. To date, various methods for
preparing fluorescent patterns in thin polymer films have been
reported. For the most part, these examples rely on the utilization
of photoacid generators (PAGs).*®2° PAGs are photoactive mole-
cules that can release acids either in solution or at the solid
state;”° upon light irradiation, typically in the ultraviolet
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regime, a fluorogenic species can be encouraged to emit fluo-
rescence by protonation induced by the PAGs. This design not
only allows for photogeneration of a fluorescent pattern wherever
the acid has been formed, but also facilitates the study of the
mechanism and efficiency of photoacid generation, delivering
valuable insights on the spatial distribution of, for example,
chemically amplified polymerization reactions. In principle, the
same approach can be applied with free radical initiators coupled
with nonfluorescent species that are activated by the presence of
radicals.*** In this design, prefluorescent radical probes can be
used synergistically with free radical photoinitiators in the very
same manner as halochromic (acid-sensitive) dyes are used with
photoacid generators. Upon the basis of these considerations, we
have designed a system composed of a switch-on fluorophore
that can be selectively activated by ultraviolet light in the pres-
ence of a radical initiator (Scheme 1) and investigated its spec-
troscopic behaviour in solution and in thin polymeric films.
Moreover, we tested the ability of our system to optically imprint
fluorescence images into synthetic materials. Metal-enhanced
fluorescence (MEF) by silver nanoplates (AgNP) was achieved in
accordance with the principles of radiative decay engi-
neering.>>**™* The presence of AgNP allowed the observation of
a strong fluorescent output with shorter reaction times, lower
irradiance, and increased signal to noise.

Experimental
Synthesis

All reagents were purchased from Sigma Aldrich and Fisher
Scientific. Solvents were purchased from ACP Chemicals Inc.
Ultrapure deionized water (MilliQ2, 18.2 MQ) was obtained from
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a Millipore Purification System. Reactions were monitored by
thin layer chromatography using aluminum backed sheets
coated with 200 pm silica (60, F,s,). SiliaFlash® P60, 40-63 mm
(230-400 mesh) silica gel from SiliCycle was used for purifica-
tion of compounds by column chromatography. The synthetic
scheme is illustrated in the ESI.T All synthetic protocols were
performed using standard personal protective equipment (lab
coat, safety glasses and gloves) as well as face masks for addi-
tional protection. Safety Data Sheets were consulted prior the
usage of all chemical precursors. Silver nanoplates were
synthesized according to our previously published protocol.>
The synthesis of the organic probes 1, and 1 afforded milligram
quantities of the probes in spectroscopic grade purity: for the
purpose of this work, no further effort was made to improve the
percentage yield of the synthetic process.

Synthesis of 1,

2,4-Dimethylpyrrole (1 mL, 9.7 mmol) was dissolved in CH,Cl,
(40 mL) into a cleaned 250 mL 2-neck round bottom flask
equipped with a stir bar. The flask was subsequently put under
N, atmosphere and the solution was stirred for 10 minutes. A
colour change from clear to red was observed. Succinyl chloride
(0.28 mL, 2.54 mmol) was added under inert atmosphere
resulting in a colour change from red to green. The solution was
refluxed for 30 minutes, then left to cool to room temperature.
Triethylamine (1.57 mL, 11.24 mmol) was added to the reaction
mixture, which was stirred for 30 minutes. To avoid the possi-
bility of amine degradation due to light exposure, the reaction
flask was kept in the dark. Boron trifluoride diethyl etherate (3.2
mL, 25.92 mmol) was added, and the solution refluxed for 2
hours. Note that BF;-OEt, reacts promptly with water and
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Scheme 1 Structures of the fluorogenic probe 1 and the free radical initiator (2-hydroxy-4’'-(2-hydroxyethoxy)-2-methylpropiophenone,

Irgacure®-2959) used in this work.
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moisture in the air to liberate hydrogen fluoride gas: as such, it
is essential to maintain the reaction under controlled atmo-
sphere and avoid exposure to air. The content was then trans-
ferred to a separatory funnel and washed with 0.1 M HCI (3 x 20
mL) and saturated NaCl (3 x 20 mL). The organic phase was
dried under Na,SO, and filtered, and the solvent evaporated
under reduced pressure. The crude product was then purified
using column chromatography [SiO, : hexanes/EtOAc 4 : 1 (v/v)]
to yield 400 mg (12%) of 1,. "H NMR (400 MHz, CDCl;): 6 6.07
(2H, s), 3.3-3.34 (2H, m), 2.63-2.67 (2H, m), 2.52 (6H, s), 2.44
(6H, s). **C {"H} NMR (CDCl;, 400 MHz): § 176.5, 154.8, 142.8,
140.4, 131.2, 122.1, 35.2, 23.4, 16.4, 14.5. FTIR-ATR: 3310 cm ™!
(vs, O-H); 2960, 2920, 2865 cm ™ * (5, C-H); 1700 cm ™ * (v5, C=0),
1546, 1504 cm ' (v, C=C); 1405 cm " (v, CHj); 1301,
1196 cm ™" (v, C-N); 1060 cm ™" (v, C-0); 947 cm™* (vp,, O-H);
803 cm ™" (vp, C-H).

Synthesis of 1

In a clean 250 mL round bottom flask equipped with a stir bar,
1, (200 mg, 0.62 mmol) was dissolved in 10 mL CH,Cl,. The
flask was placed in an ice bath and wrapped in aluminum foil.
4-Hydroxy-2,2,6,6-tetramethyl-piperidinoxy (106.9 mg, 0.62
mmol), 4-(dimethylamino)pyridine (15.2 mg, 0.12 mmol) and 1-
(3-dimethylaminopropyl)-3-ethylcabodiimide =~ hydrochloride
(190.4 mg, 0.99 mmol) were added to the solution, which was
stirred for 30 minutes at 0 °C. The ice bath was removed, and
the solution was left stirring at room temperature for 72 hours.
The solution was then transferred to a separatory funnel and
washed with deionized water (6 x 10 mL). The organic phase
was dried under Na,SO,, filtered and the solvent was removed
under reduced pressure. The crude was then purified using
column chromatography [SiO, : hexanes/EtOAc 9 : 1 (v/v)]. The
combined fractions were dried to yield 30 mg (10.2%) of 1,
which was stored in the dark. FTIR-ATR: 2975, 2925, 2854 cm ™"
(vs, C-H); 1730 cm ™ (v5, C=0), 1548, 1510 cm " (v, C=C);
1410 cm ™ (v, CH3); 1307, 1228, 1200 cm ™~ * (v, C-N); 1285 cm ™"
(vs, N-0); 1066 cm™" (v;, C-0); 879 ecm™ " (v, C-0); 879,
800 cm ™' (vp, C-H). In addition to the typical N-O (nitroxide)
stretching, successful esterification of 1 with TEMPO is
confirmed by the disappearance of the O-H stretching at
3310 em ™~ and the increase in the stretching frequency of the
carbonyl group from 1700 cm™ " in 1o to 1730 cm ™' in 1.

Materials and methods

NMR spectra were recorded at room temperature with a Bruker
Avance 400 spectrometer. FTIR Diamond ATR spectra were
recorded with a Cary 630 spectrometer by Agilent Technologies.
Steady-state absorption spectra were recorded with an Agilent
Cary 60 UV-visible spectrometer, using quartz cells with a path
length of 1 cm. Steady-state emission spectra were recorded
with an Agilent Cary Eclipse spectrometer with right angle
geometry in aerated solutions. Slit widths and detector voltage
were chosen as 5 nm and 600 V. Mass spectral analysis was
performed with a 7890B GC System equipped with a 5977 mass
selective detector from Agilent Technologies. Illumination at
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365 nm was performed using a laboratory TLC lamp (Minera-
light UVGL 25, 0.4 mW cm™?) for solutions or an in-house
designed illumination setup consisting of light-emitting
diodes (LEDs, LEDEngin LZ4-UV00) connected to a heat sink
and diaphragm-based active cooling system (Nuventix SynJet)
for thin polymer films. A DC power supply provided a current of
700 mA. According to manufacturer specifications these
conditions deliver an average radiant flux of 3.3 W per LED.
Mlumination at 505 nm was performed using Cyan Luxeon
Rebel LEDs mounted onto a 3-Up Endor Star MCPCB (LED-
Supply 07007-PE000-K). Films for spectrometry were prepared
by spin coating (1000 rpm, 45 s) 75 pL of a solution of 1 and 2-
hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone
(Irgacure®-2959, or I-2959) in 10% PMMA/CH;CN on glass
slides (Fisher Scientific) two times. The coated slides were used
immediately. The same protocol was employed to deposit
polymer films on glass slides pre-coated with silver nano-
particles. The percentage increase in fluorescence was calcu-
lated by subtracting the starting value from the final value and
dividing this amount by the absolute starting value, x 100.

Results and discussion
Photochemical and photophysical properties

The absorption spectrum of 1 in CH;CN (Fig. 1) shows a band
attributable to the boron dipyrromethene (BODIPY) fluo-
rophore at A,,s = 497 nm. Nonetheless, the fluorescence of 1
(Fig. 1) is significantly quenched by the presence of 2,2,6,6-tet-
ramethylpiperidine-N-oxyl (TEMPO), which has been covalently
linked to the BODIPY chromophore. Paramagnetic nitroxides
covalently linked to fluorophores are well known to quench the
excited states of the latter.**° In these systems, intramolecular
quenching occurs through electron exchange between the two
units,*>**1%°%%° which causes relaxation of the local singlet state
to the ground state of the fluorophore. Quenching by TEMPO is
also evidenced by comparing the emission spectra of the
BODIPY precursor 1, and 1 (Fig. S1, ESIt). However, radical
trapping by TEMPO leads to the formation of a diamagnetic
product (2 in Scheme 1), thereby disabling the quenching
pathway and resulting in increased fluorescence quantum yield.
Based upon these considerations, activation of the fluorescence
of compound 1 can be used to report on and quantify radical
reaction from the nitroxide counterpart in real time with fluo-
rescence spectroscopy. Indubitably, from a synthetic stand-
point, the chemical coupling of a chromophore to nitroxides
provides a prudent and reliable strategy toward using free
radicals as activators of fluorescence. In the presence of 10
equivalents of the free radical initiator 2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (Irgacure®-2959, or I-
2959, Scheme 1), we observed a fast and dramatic increase of
the emission band at 507 nm (Fig. 1) upon illumination of the
same solution with ultraviolet light. I-2959 can concomitantly
generate a benzoyl and a ketyl radical via photochemically
induced a-cleavage (Scheme 1).°* While the benzoyl radical is
known to quickly oxidize to the corresponding benzoic acid in
aerated solutions, the ketyl radical is a strong reductant and can
be easily intercepted when an appropriate acceptor becomes
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Fig.1 Emission (top, Aex = 470 nm) and absorption (bottom) spectra of

a CH3zCN solution of 1 (1 uM, 20 °C) and 1-2959 (10 uM) before and
after ultraviolet irradiation (365 nm, 0—15 min, 0.4 mW cm™2) under air.

available.®** In our system, illumination at 365 nm decom-
poses 1-2959 and encourages the generation of such a radical,
which is then trapped by the nitroxide to activate the emission
of the fluorophore-TEMPO dyad 1. In parallel, disproportion-
ation to form TEMPO-H can also occur (see ESIt), similarly
producing a fluorescent N-hydroxylamine. A bench scale
investigation of the photochemical species produced was con-
ducted by GC-MS analysis of an irradiated solution of I-2959 and
an equimolar amount of 4-hydroxy-TEMPO (Fig. S2 and S31 and
related discussion). Mass spectral analysis demonstrates that
both pathways are likely to occur, suggesting the existence of
a balance between N-hydroxylamine and N-alkoxyamine (both
fluorescent) formation. For convenience, we will refer to both
species as emissive product 2. The absorbance changes
observed in Fig. 1 at wavelengths <350 nm, where the photo-
initiator dominates the spectral profile, are consistent with
those observed during the photoinduced cleavage of I-2959
alone (Fig. S47).

In comparison, UVA irradiation of 1 alone does not produce
a significant enhancement of the fluorescence. In fact, the same
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solution exposed to ultraviolet light but without the photo-
initiator (b in Fig. S51) experiences a negligible increase in
fluorescence intensity (300% vs. 11% increase after 15 min with
and without I-2959, respectively), confirming that the radical
initiator is required to turn on the fluorescence. Importantly,
the absorption band in the visible region is not affected by
ultraviolet illumination (Fig. 1 and a in Fig. S51), demonstrating
that the BODIPY chromophore does not bleach under the
relatively mild irradiation conditions that are nonetheless
sufficient to photochemically cleave I-2959. However, some
photodecomposition is observed after 30 min of UVA irradia-
tion, with the fluorescence intensity decreasing by ca. 10% from
the maximum value (obtained after 15 min of exposure).

In the past, it has been noted that N-alkoxyamines (RC-ONR')
decompose in aerated or oxygenated solutions via homolysis of
the C-O bond,*** and examples of reversible trapping and
release of nitroxides have been reported for chromophore-
TEMPO dyads.*>”*”* Concurrently, the O-H bond in the hydro-
genated derivative of 2 is weak, and nitroxides can easily reform
by treatment of their corresponding hydroxylamines with mild
oxidants (including air and molecular oxygen) even in the
absence of a catalyst.” This behaviour is caused by the low bond
dissociation energies (BDE) of the NO-C bond in TEMPO-
alkoxyamines,*”*® and of the NO-H bond in TEMPO-hydroxyl-
amines.”””*® Under anaerobic conditions, decomposition is fol-
lowed by rapid radical-radical recombination into the
diamagnetic species 2; however, molecular oxygen (if present) is
capable of scavenging carbon-centred radicals to form a peroxyl
radical, meanwhile regenerating the stable radical nitroxide 1.
In this scenario, the resulting peroxyl-radical species is also able
to abstract a hydrogen atom from the dye-TEMPO-hydroxyl-
amine product,” further promoting the regeneration of 1 in the
presence of oxygen.

To investigate the relative stability of the species photo-
generated herein, the aerated solution of 1 and 1-2959 of Fig. 1
irradiated with ultraviolet light was capped to avoid evaporation
of the solvent and stored in the dark. Emission spectra were
then recorded over the course of a week in otherwise identical
conditions. Results (yellow bins in Fig. 2 and S61) show that the
fluorescence intensity post-activation begins to decrease after
only 1 hour, and the original pre-irradiation value is reobtained
after 3 days, suggesting that the photoinduced formation of 2 is
spontaneously reversible. Absorption values remained constant
during the resting period. We exploited the photochemical
reversibility of our reaction to imprint information on
a compact surface (vide infra). Interestingly, the deactivation
process can also be accelerated by exposing the activated fluo-
rescent solution to a 505 nm light-emitting diode (LED,
Fig. S771). Indeed, 30 min of exposure with green light can turn
off the emission to a value comparable to spontaneous, in-the-
dark deactivation after ~24 h (compare the green traces in both
Fig. S6 and S7t). This process is likely due to a combination of
photobleaching and intramolecular transfer of the absorbed
energy from 1 to TEMPO, which sensitizes cleavage of 2 in its N-
alkoxyamine form and oxidation in its N-hydroxylamine form,
respectively, regenerating 1.”%”* Even more remarkably,
a second cycle of UVA irradiation increases the emission of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Evolution of the post-irradiation fluorescence intensity at Aem =
507 nm for a solution stored in the dark under aerated conditions
(yellow bins) or N, atmosphere (purple bins). The solutions were
photoactivated for 30 min (aerated) or 15 min (degassed), respectively.

same solution up to half of the original activation (~150% net
increase, violet trace in Fig. S61). The excess of photoinitiator
favours the reactivation of 1, thus illustrating the potential of
our system to be ‘rewritten’ after an active writing/erasing cycle.

As discussed above, dye-TEMPO alkoxyamines and hydrox-
ylamines decompose at higher rates in aerated or oxygenated
solutions, while they can remain stable for longer times if
oxygen is absent.®**®7*7>7> We thus investigated the photo-
chemical behaviour of 1 under N, atmosphere with two inde-
pendent experiments. First, we repeated the irradiation
experiment of Fig. 1 for a degassed mixture of 1 and I-2959,
where we verified that the maximum increase in the emission
intensity observed upon 15 min of UVA illumination (b in
Fig. S8t) is 305%, in perfect agreement with the results obtained
in aerated solutions. Second, we verified the stability of a fresh
solution of 1 and I-2959 irradiated under air but stored in the
dark under N, atmosphere (purple bins in Fig. 2 and S97).
Results prove that our fluorescent TEMPO-derived photoprod-
ucts can be preserved for a longer period of time under anaer-
obic environment.

The spectroscopic changes shown in Fig. 1 are reproducible
in a 1% poly(methyl methacrylate) (PMMA) solution in CH;CN.
Upon irradiation at 365 nm, the emission spectrum of 1 in the
presence of I-2959 and PMMA (b in Fig. S10t) shows a progres-
sive growth in intensity, consistent with the light-induced
radical trapping and H-abstraction of compound 1 observed
in pure CH;CN. Although at shorter wavelengths (<250 nm) the
absorption spectrum is obscured by the polymer absorption,
the spectral changes of I-2959 at 270 nm are nonetheless
detectable (a in Fig. S10t). Addition of the polymer causes
a substantial increase of the emission intensity of the photo-
generated adducts due to the increased viscosity of the medium
and reduced rotational motion of the free dye;”® overall, the
fluorescence rises by ~550% after only 6 minutes of UVA
exposure (note from Fig. S10} that we observed some bleaching
of the luminescence from 9 to 15 minutes of irradiation, up to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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465% net increase in fluorescence at completion of the experi-
ment). Indeed, the higher fluorescence output obtained in the
presence of the polymer, at lower irradiation time, is a prom-
ising result for the application of this system in fluorescence
patterning on surfaces and thin films.

Photoactivated fluorescence and patterning in thin polymer
films

Information technology strives to move away from paper-based
record-keeping approaches toward sustainable platforms for
cataloging and sharing protected information. However,
current data communication techniques still suffer from severe
shortcomings in resolution, loading capacity, and security (e.g.,
erasing a message, or making it temporarily inaccessible).
Writing data with fluorescence allows for information retrieval
and extraction (‘reading’) simply by illuminating the prewritten
samples with a suitable light-source. With this strategy, stored
information can be secured, and becomes accessible exclusively
under correct illumination conditions.

To this end, we reproduced the photoinduced radical acti-
vation of 1 assisted by I-2959 in a fixed polymer matrix in the
absence of any solvent. The absorption spectrum of a thin
PMMA film (a in Fig. S111) doped with 1 and I-2959 spin coated
on glass slides reveals the absorption of the quenched BODIPY
chromophore at 502 nm, while the corresponding emission
band (b in Fig. S11}) is equally bathochromically shifted (~5
nm) with respect to the freely-diffusing species in solution. The
small red-shift in absorption and emission wavelengths is
consistent with environmental differences around the chro-
mophore, and it is expected for film samples.”® To start, we
prepared the films using the same ratio between the fluorogenic
probe and the photoinitiator adopted for solution experiments
(1 and 10 equivalents of 1 and I-2959, respectively). Following
irradiation at 365 nm of these films for 5 minutes, we observed
an increase in fluorescence intensity of 140% (Fig. S111 and
green bins in Fig. 3), consistent with the photogeneration of free
radicals by I-2959 and subsequent activation of 1. However,
PMMA films containing 1 without the photoinitiator also
experience a change in fluorescence upon irradiation (48%
increase after 5 minutes, Fig. S121 and yellow bins in Fig. 3).
Such behaviour of fluorophore-nitroxide adducts trapped in
polymer films has been observed previously, and it can be
attributed to the well-known hydrogen abstraction by an excited
state of the nitroxide from PMMA, the latter being a better H-
donor substrate than MeCN. Nevertheless, this side reaction
becomes negligible upon increasing the amount of I-2959 to 100
equivalents (blue bins in Fig. 3), so that proximity between 1
and the photogenerated radicals can be ensured even in a rigid,
diffusion-restricted matrix, and fluorescence can be activated to
higher values (285% increase) while keeping the irradiation
time short.

The ability to turn on the fluorescence within a defined
illumination area offers the opportunity to imprint a desired
pattern on a substrate. Irradiation of a PMMA film of 1 and I-
2959 at 365 nm through a 3D printed mask for 3 minutes
encourages the formation of radicals exclusively in the
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Fig. 3 (Top) Emission spectra of a PMMA (10% w/v in MeCN) film

containing 1 (0.5 mM, ¢, = 470 nm) and 1-2959 (50 mM) before and
after ultraviolet irradiation (LED3g5, 0—15 min). (Bottom) Evolution of
the fluorescence intensity at Ae;y = 512 nm under identical ultraviolet
illumination (5 min) of polymer films containing 1 (yellow bins), 1 + 10
eq. of 1-2959 (green bins) and 1 + 100 eq. of 1-2959 (blue bins).

irradiated area, meanwhile producing a fluorescent image (b in
Fig. 4). In contrast, no pattern is formed under the same illu-
mination conditions in the absence of the photoinitiator
(Fig. S137).

Chemical reversibility further improves the flexibility and
usefulness of fluorescent patterning methods. For example,
materials that can store graphical or textual information for
a restricted period of time are very attractive for applications in
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secure communications and controlled information manage-
ment. The reversibility of the ‘turn-on’ system described here
permits self-erasing of the written information by spontaneous
deactivation (Fig. S61) as noticed by the slow, but progressive
fading of the written pattern (c in Fig. 4).

Nanoparticle-enhanced fluorescence

Metal nanoparticles can alter the photophysical properties of
nearby organic fluorophores and enhance their emission
through near-field interactions.>®**-3%4%7¢7 The phenomenon
can be envisioned as an active response of the electronic cloud
of metal surfaces to the oscillating dipole of radiating species in
the nanoparticles’ proximity; in turn, the rates of excitation and
emission of the chromophores and/or their quantum yield can
be modified, and the overall steady-state brightness improved.
This process, known as metal-enhanced fluorescence (MEF),
can be engineered around the relative overlap between
absorption and emission wavelengths of the fluorophore and
the scattering component of the extinction spectrum of the
metal nanoparticle. In earlier work, we studied MEF of a modi-
fied BODIPY fluorophore coupled to triangular silver nano-
plates (AgNP).>® Herein, we adopted the same methodology for
sample preparation to boost the fluorescence output of the
photogenerated species 2. The absorption and emission spectra
of the BODIPY used previously and compound 1 (or 2) are
similar in both shape and wavelength, with 1 being slightly
hypsochromically shifted (~10 nm) due to the lack of the aryl
substituent at the meso position (C8). Thin films for MEF
experiments were prepared as described above, with the
exception that slides were first functionalized with AgNP prior
to spin-coating 1 and I-2959 in PMMA and that the solution was
spin coated only once (to reduce film thickness and enhance
MEF). We adopted our previously reported method?*® to estimate
the thickness of the PMMA layer using specular reflectance. The
latter was used to verify that the PMMA layer is between 59 and
104 nm thick (Fig. S141 and associated discussion). The
absorption spectrum of a thin PMMA film containing 1 and I-
2959 a top AgNP (Fig. S151) shows the broad extinction of AgNP
dominating the visible wavelength regime; nonetheless, the
absorption band for 1 at A,,s = 507 nm is clearly identifiable.
Moreover, emission spectra of the same film (Fig. 5) unequiv-
ocally show the expected fluorescence band of the fluorochrome
at Aem = 512 nm. Exposure of this film sample to ultraviolet light
(Fig. 5) reveals that the photoconversion of I-2959 and the
subsequent radical trapping by 1 can also be performed in the
presence of the nanostructures. With our sample preparation

Fig. 4 Photographs of PMMA films doped with 1 (0.5 mM) and 1-2959 (50 mM) before (a), immediately (b) and 48 hours (c) after exposure at

365 nm for 3 min through a RU-shaped 3D printed mask.
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(Top) Emission spectra of a PMMA (10% w/v in MeCN) single-coated film containing 1 (0.5 mM, A, = 470 nm) and 1-2959 (50 mM) before

and after ultraviolet irradiation (LED3zg5, 0—5 min) in the presence or absence of AGNP. (Bottom) Fluorescence intensity recorded at 512 nm for the

same films.

method, it is reasonable to expect that fluorophores are
distributed throughout the polymer layer and are thus located
at various distances from AgNP, up to a theoretical maximum
nanoparticle-fluorophore distance equal to the film thickness.
Although fluorochromes up to about 200 nm away from AgNP
may experience MEF, fluorescence enhancement at the macro-
scopic (bulk) level can be better appreciated at smaller distances
from the metal surfaces. Indeed, the fluorescence intensity of
films atop AgNP is enhanced with respect to the same experi-
ment conducted in the absence of the metallic nanoparticles.
After 5 minutes of irradiation, we observe an overall net increase
in fluorescence of 460% in the presence of AgNP vs. 195% in the
absence of the nanostructures for single-coated films (Fig. 5).

© 2021 The Author(s). Published by the Royal Society of Chemistry

Notably, the fluorescence output obtained after only 90 seconds
of irradiation in the presence of AgNP is higher than that ach-
ieved after irradiating for 5 min in the absence of nanoparticles,
drastically reducing the necessary irradiation time.

Conclusions

We have designed a switchable molecular system composed of
a fluorogenic BODIPY-TEMPO dyad that can be selectively
activated under mild illumination conditions upon photo-
chemical decomposition of a radical photoinitiator, and inves-
tigated its spectroscopic behaviour in solution and in polymer
films. A fluorescent species is formed upon the concomitant

RSC Adv, 2021, 11, 5163-5171 | 5169


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09565f

Open Access Article. Published on 28 January 2021. Downloaded on 4/21/2026 5:26:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

trapping of a carbon-centred radical by TEMPO or H-
abstraction. Therefore, patterned illumination of a film
sample through a mask offers the opportunity to imprint
a pattern on the photoresponsive substrate that can be conve-
niently read by exciting the fluorescence using a portable UV
lamp. Moreover, the formation of the fluorescent product is
reversible, and the fluorescence can be “switched off” sponta-
neously in the dark causing a progressive fading of the pattern.
This investigation also demonstrated that MEF by AgNP can be
employed to improve the macroscopic performance of emissive
molecular systems, by increasing the steady state fluorescence
intensity output and reducing experimental duration required.
We were pleased to see that, at spectroscopic concentrations,
the presence of excess free radicals did not affect the ability of
AgNP to induce MEF. We foresee that the implementation of
MEF strategies will facilitate the development of enhanced
operating principles for optical writing with relatively low illu-
mination intensities, and lead to practical improvements to the
fields of fluorescence spectroscopy, microscopy, and lithog-
raphy. Within these fields, applications of fluorescence activa-
tion will benefit from the types of advances discussed herein,
such as milder conditions, shorter reaction times and a more
diverse selection of both excitation sources and emission
wavelengths.
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