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ABSTRACT: Certain derivatives of terarylene are able to undergo
a highly efficient oxidative cycloreversion cascade effect, a ring
opening reaction with quantum yields above unity, resulting in a
colored-to-colorless transition in solution. In the presence of
chloroform, high-energy UV and X-rays can trigger this Fluorescence CASCADE EFFECT — 254 NM Fluorescence
phenomenon, potentially acting as a visual detection system for OFF ON

ionizing radiation. However, chloroform is sensitive to different O .cm rorm @ Fuorescenceon

irradiation wavelengths without distinction, making it difficult to Microcapsule Oopenrorm G O Fiuorescence oF
adapt to a reusable device. Chlorobenzene was chosen as an

. . .. Closed \/j C Open

alternative halogenated solvent, as it offers wavelength selectivity form I L, Form
. . . . \ —— \ /\ \‘7.\/

between photocyclization and cascade effect cycloreversion. Nile o &t o oo

Red was also incorporated into the system with the aim of
improving the sensitivity of the visual detection via fluorescence
photoswitching. Finally, microencapsulation of both terarylene and Nile Red was targeted to obtain both the cascade effect and
photoswitching in a single system. In microcapsules made from a Pickering emulsion, this terarylene—Nile Red system showed high
fatigue resistance to repeated photocyclization and cycloreversion irradiation, giving access to repeated ON/OFF fluorescence
photoswitching. The cascade effect was also successfully demonstrated along with fluorescence recovery, showing the versatility of
the two phenomena in different media.

KEYWORDS: cascade effect, photochromism, fluorescence, oxidative cycloreversion, Pickering emulsion

1. INTRODUCTION

Traditional photomultiplier tubes,’ solid-state photomulti-
pliers,”™* and avalanche photodiodes™® work by exploiting
the cascade effect in which a weak signal such as a single
photon can produce effects involving a large number of
molecules. Pure organic-based detectors operating under the
same principle have been developed where the output response
is observed as a color change.” Organic detectors have also
been explored based on the photochemical -electrocyclic
reaction of diarylethene (DAE) derivatives.” '’ Recently,
these systems have been further expanded using terarylenes
(TA).'""* Their absorbance and electrochemical proper-
ties'>~"* have been widely modified by using thiazole groups,'

extending the 7-conjugation system,'°™'® or adding different
functional groups.'””’

This cascade effect was first observed in 1995 for a DAE
derivative using cyclic voltammetry in acetonitrile to bring
about oxidative cycloreversion that implied at least six ring
openings from a single oxidation source.”’ Similar phenomena
have also been reported in modified DAEs."”'***~** This
phenomenon was later demonstrated for several TA deriva-
tives, which typically display 1000 ring opening reactions after
a single chemical oxidation by tris(p-bromophenyl)ammonium
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hexachloroantimonate (TBPA®*).'> The oxidation trigger was
further achieved with UV light irradiation in chloroform, and
the apparent photochemical quantum yield reached 33
(3300%).>> This reaction involves photochemical charge
transfer—photoexcitation between TA and chloroform with
quantum yields much higher than the typical values for
cycloreversion upon visible light irradiation of the same family
of compounds, mostly less than 0.08.'"'® In general, this
cascade effect occurs starting from the closed form (CF)
isomer in solution. In the presence of an oxidizing trigger, the
radical cation CF®* is generated followed by a spontaneous
ring opening to the radical cation of the open form (OF®*).
This is followed by an exothermic charge transfer with another
CF molecule, generating an additional CF** and continuing
the chain reaction mechanism (Scheme 1).
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Scheme 1. Illustration of the Cascade Effect System in Bulk Solution (Previous Reports) vs in a Microcapsule System (This
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Radiation detection is important in assessing the safety of
the environment and individuals subjected to occupational
exposure in hospitals or in nuclear power plants.”® To avoid
exposure at high doses in these environments, personal
dosimeters have been developed that measure individual
doses either passively, where measurements are done after
use, or actively, where readouts are provided in real time.””~%*
Active dosimeters have also been developed based on organic
color changing where ionizing radiation can cause polymer-
ization or isomerization between two forms of different
colors.**™*” Nonetheless, the risks of long-term exposure at
low doses remain uncertain.”®

Recently, some of us investigated other TA derivatives
containing a thiazolyl bridging unit and phenyl thiophene side
arms and showed that the cycloreversion cascade effect could
be induced by UV or X-ray initiation.”> This was achieved by
using a halogenated solvent mixture of 9:1 chloroform:toluene.
Under the ionizing irradiation of UV—B or X-rays, halogenated
solvents such as chloroform facilitate the formation of the
radical CF**.*> This system will remain usable as long as
appropriate measures are taken to ensure the absence of
chloroform during the initial photocyclization of the OF to the
CF and the subsequent photocyclizations after each cascade
effect event. The cascade effect was reported to be highly
sensitive to X-rays, with doses as low as 0.3 mGy, whereas
other previous organic molecules have only reached
sensitivities as low as 50 mGy.”” This makes TA derivatives
exhibiting the cascade effect in solution an excellent target for
further developments.

However, there are still challenges yet to be conquered in
the journey toward developin§ cutting-edge dose-sensing
materials based on this system.”**” As the ionizing radiation
needs to be mediated through photo-oxidizing chemistry,
chloroform has been used as a solvent. However, this proved to
be sensitive to both UVA and UVB without distinction,
reducing the ring closing efficiency of TA with UVA and
enhancing the difficulty of repetitive CEs. Besides, in previous
reports, the cascade amplification was detected only via the
change in color measured through the visible light absorption
of the photochromic molecule.'”'**> Although Yamaguchi and
Irie demonstrated promising radiosensitivity of DAE deriva-
tives via turn-on fluorescence detection, achieving the same for
CE systems remains challenging.”” This motivated us to avoid

57627

complicated molecular design and to focus instead on
multicomponent systems for fluorescence mode radiation
detection. Another issue to be tackled is that these CE systems
require solution-phase intermolecular electron exchange
reactions. This presents an intrinsic difficulty, making them
challenging to handle in either solid or polymer films.
Furthermore, the CE capability strongly depends on solution
mixing, which usually requires mechanical stirring or ultra-
sonication. In the present work, the possibility of microscale
dosimeters was explored via the fabrication of biopolymeric
microcapsules (Scheme 1), which offer the possible advantage
of small-scale embedding of the liquid system in solid
matrices."”*" As the characteristic diffusion length of most
chemical substances is on the order of several tens of um,
mixing conditions become less critical for microcapsules
smaller than 100 ym in diameter. We here assessed several
halogenated solvents to replace chloroform and screened their
wavelength selectivity during both CE fading and normal
coloration of the TA derivatives. Concurrently, a further
increase in sensitivity to enable visual detection was targeted
through pairing of the derivative TAO (Scheme 1), showing
efficient CE fading, with a fluorophore, to observe fluorescence
change. Based on the Forster resonance energy transfer
(FRET) between the fluorophore and TAO in the CF,"*
we here explore fluorescence-based UV sensing in the UVC
range (254 nm) that accompanies CE activity. This is expected
to be more sensitive in comparison to the existing optical
detection methods based on color changes in solution.

2. MATERIALS AND METHODS

Unless otherwise noted, reagents and solvents were purchased from
commercial suppliers and used without further purification. Solvents
used for analysis were spectroscopic grade. Column chromatography
was carried out using silica gel with chloroform as the eluent. 99%
(metal basis) calcium carbonate nanopowder (CA-CB-02M-
NP.200NS) was purchased from American Elements.

2.1. Synthesis of 4,5-Bis(2,4-dimethyl-5-phenylthiophen-3-
yl)-2-phenylthiazole (TAO). TAO was synthesized based on
previous reports,"> which are elaborated in the Supporting
Information under the subsection with the same name.

2.2. Selection of the Halogenated Solvent. Cuvettes
containing TAO (40 uM) in toluene were irradiated (SLUV-4
Handy UV lamp, AS-ONE) at 365 nm for 3 min to induce ring
closing. The halogenated solvent was then added to the toluene

https://doi.org/10.1021/acsami.4c09023
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solution (1:1 v/v), and the system was irradiated at 313 nm using a
QYM-01 Photoreaction Quantum Yield Evaluation System, Shimad-
zu, or at 254 nm using the same SLUV-4 lamp to trigger the cascade
effect. The absorbance of the system was followed over time at 610
nm using the same QYM-01 system. 3-point averaging was done when
necessary to reduce the noise in some data.

2.3. Fatigue Resistance Experiments. Irradiation was per-
formed using a Lightningcure 200 W Hg—Xe lamp LC8
(Hamamatsu) with the appropriate interferential filters (Semrock).
A xenon lamp (75 W) was placed at an angle of 90° with respect to
the irradiation beam and served as a probe light. Absorption spectra
were recorded every second with a CCD instrument coupled with a
spectrometer (FERGIE, Princeton Instruments). The solution was
maintained at 20 °C. A toluene solution of TAO (40 uM, 2.5 mL) was
irradiated at 365 nm up to 80% conversion compared to the
photostationary state (PSS). Then, the halogenated solvent was added
to the toluene solution (1:1 v/v) before further irradiation at 254 nm
for 60 s to trigger the cascade effect. The 265/254 nm irradiation
cycle was then repeated.

2.4. Fabrication of Microcapsules. A previously reported
procedure was adapted for fabricating the oil-core microcapsules
(see the SI, Workflow of Microencapsulation, Figure $1).**

2.5. Fluorescence Microscope Experiments. Samples were
prepared by depositing microcapsules in a 10% w/w aqueous solution
of PVA and then sandwiching a few drops between two glass slides.
The edges of the glass slides were sealed with 10% (w/w)
poly(methyl methacrylate) (PMMA) in toluene solution to avoid
leakage of the microcapsules. Both absorption and emission spectra
were measured using an IX71 Olympus inverted fluoresce micro-
scope. The spectrophotometer was a USB4000 (Ocean Photonics),
and the digital CMOS camera was a TC11440-36U (Hamamatsu).

3. RESULTS AND DISCUSSION

3.1. Experiments in Solution. 3.1.1. Comparative Study
of the Cascade Effect Using Different Halogenated Solvents.
TAO belongs to a family of derivatives in which the OF exhibits
absorption in the UV range (typically around 300 nm). During
photocyclization, two absorption maxima are formed, one at
400 nm and another in the visible range at 610 nm, which are
characteristic for the CF’s extended z-electron system (Figure
1a).” In our previous study, photochemical coloration of the
OF TAO was carried out under UV light (365 nm) irradiation
in toluene to maximize the CF conversion ratio at the
photostationary state (PSS). Chloroform was then added in a
second step to trigger CE fading with UV rays or X-rays, where
the oxidizing triggers generate radicals to promote highly
efficient cycloreversion. To reuse TAO for further cycles, all the
solvent needs to be removed before redissolution in pure
toluene and repeating the process.” In fact, if chloroform is
not removed before irradiation in the UV, then, simultaneous
cycloreversion hinders the OF-to-CF change. Therefore, the
use of a halogenated solvent that is more wavelength-selective
appears necessary to gain control over both the photo-
cyclization and cascade effect cycloreversion processes.

Both alkyl and aryl halides were chosen with different chain
lengths for the former. Hence, dichloromethane (DCM), 1-
chlorobutane (1-ClBut), 1-bromopropane (1-BrProp), and
tetrachloroethane (TeCIEt) were selected as the alkyl halide
solvents, while chlorobenzene (ClBenz), bromobenzene
(BrBenz), and o-dichlorobenzene (0-DiClBenz) were selected
as the aryl halide solvents to screen viable substitutes for
chloroform (Figure 1b). As for the ratio of these solvents to
toluene, there must be a sufficient amount of the halogenated
solvent to induce the cascade without increasing the density
too much so as not to hinder microcapsule formation. DCM
was chosen to test the ideal halogenated solvent-to-toluene
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Figure 1. (a) Absorption spectra of TAO in toluene in its OF (gray
line) and PSS (purple line). (b) Absorption time profiles of TAO at
610 nm (related to the CF in PSS) in halogenated solvent:toluene
(1:1, v/v) after 313 nm irradiation for 30 s; [TAO] = 20 uM. (c)
Evolution of CF TAO absorption (4 = 610 nm) in 1:1 ClBenz:toluene
after different irradiation conditions.

ratio due to its similar structure to that of chloroform. A ratio
of 1:1 was determined to be sufficient to induce an efficient
cascade (see the SI, Figure S2), and thus, this ratio was used
for all other halogenated solvents.

TAO was first dissolved in toluene and irradiated at 365 nm
for 3 min to induce ring closure. The halogenated solvent was
then added, and under stirring, the solution was irradiated at
313 nm for 30 s to trigger the cascade, and the CF absorption
decay was followed by measuring the absorbance at 610 nm.
Although the chloroform system showed the fastest cascade
effect cycloreversion (half-life: 13 min), it was still slightly
slower than in the 9:1 chloroform:toluene system previously
reported (half-life: 11 min).” In addition to chloroform, only
solutions with DCM, ClBenz, and BrBenz were able to convert
TAO from CF to OF in a relatively short amount of time (half-
lives: 31, 56, and 103 min, respectively). CIBenz was chosen as
the best possible solvent due to its lower density than
chloroform, which aids in the fabrication of stable micro-
capsules.
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3.1.2. Wavelength Dependence of the Cascade Effect in
ClBenz:Toluene. The absorption spectra of the CF TAO at the
PSS in the new solvent mixture (1:1 ClBenz:toluene) is similar
to that in pure toluene with no observable shift in the
absorption bands (see the S, Figure S3). However, the half-life
of thermal cycloreversion (3.2 days) is much faster than in
toluene (14 days)."> This has been attributed to the lower
activation energy of the cycloreversion process due to the
higher dielectric constant of ClBenz (&cipen; = 5:62; Eqopuene =
2.38), facilitating the transition from the CF to the OF as the
molecule passes through various electron density rearrange-
ments.*>*

To study the influence of ClBenz, the formation and
evolution of the CF TAO in a 1:1 ClBenz:toluene mixture were
measured using different irradiation wavelengths (Figure 1c):
365 nm for photoc;fclization and 254 nm as the cascade effect
irradiation trigger.4 First, the irradiation of OF TAO at 365 nm
(3.0 mW) enabled the successful generation of the TAO PSS
containing the CF without any observable competing cyclo-
reversion behavior. Further irradiation at 365 nm showed no
absorbance change. On the other hand, irradiation at 254 nm
for 30 s triggered a fast decrease of the CF’s characteristic
absorption band (halflife: 17 min). Thus, in the ClBenz:to-
luene system, the ring closing and cascade-ring opening
reactions can be selectively triggered by 365 nm irradiation and
254 nm irradiation, respectively. To trigger the CE process, UV
light is required to promote the photoinduced redox
reaction.*® This proceeds via charge-transfer (CT) excitation
between the donor and acceptor, which is dependent on both
the energy difference and the dielectric constant of the
medium.”> We thus predicted that UV light at 254 nm would
match the specific CT excitation band between ClBenz and CF
TAO in the mixed solution.

3.1.3. System Reversibility. The ability of the ClBenz:to-
luene system to undergo repeated ring closing and CE fading
cycles without degradation was also evaluated and compared
with that of the chloroform system (Figures 2 and 3). When
exposed to alternating irradiations at 365 nm (ring closing)
and 254 nm (CE fading), the chloroform:toluene system
proved unusable after four cycles due to a noticeable decrease
in the amount of CF TAO generated after irradiation at 365 nm
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Figure 2. TAO in 1:1 chloroform:toluene solution under repeated
irradiation sequences. (a) Alternating irradiations at 365 nm(purple
area) and 254 nm for 60 s (orange area). (b) Repeated irradiations at
365 nm. Subsequent 365 nm irradiations were performed with the
aim of reaching the same initial absorbance. Subsequent 365 nm
irradiations were performed for 60 s each.
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Figure 3. TAO in 1:1 ClBenz:toluene solution under repeated
irradiation sequences. (a) Alternating irradiations at 365 nm (purple
area) and 254 nm for 60 s (orange area). (b) Repeated irradiations at
365 nm. Subsequent 365 nm irradiations were done with the aim of
reaching the same initial absorbance where possible. Subsequent 365
nm irradiations of (b) were performed for 60 s each.

(Figure 2a). Comparing the behavior under air and argon did
not evidence any clear role of O, (see the SI, Figure S4). In
contrast, a stable absorbance value was achieved following four
cycles in the ClBenz:toluene system (Figure 3a), with the rate
of the cascade effect increasing with the number of cycles. This
may be attributed to the presence of a small amount of
remnant OF*" TAO along with solvent-based radicals that
remain even after the cycloreversion of all CF TA0."> This is
further supported by the increasing 365 nm irradiation time
needed to reach the same amount of CF TAO for each cycle. At
the end of each full ring opening after 254 nm irradiation, the
amount of remaining OF*" TAO or solvent-based radicals
increases, triggering the cycloreversion of newly formed CF
TAO at the start of the next cycle, that competes with
photocyclization. Furthermore, the first cycle of Figure 3a
shows a sigmoidal curve, suggesting delayed behavior for the
cascade effect. This was also observed for several other
halogenated solvents used (Figure 1). In a previous report
using 9:1 chloroform:toluene, this behavior was not
observed;*> hence, it is expected that increasing the ratio of
ClBenz to toluene should suppress this delayed effect.

The stability of CF TAO under several rounds of irradiation
(60 s) at 365 nm was followed. In the chloroform:toluene
system, a slight decrease in absorbance after four irradiation
cycles was observed, indicating some detectable cycloreversion
(Figure 2b). Alternatively, in the ClBenz:toluene system under
the same conditions, absorbance increased after each
irradiation, showing that no visible cycloreversion occurs on
the same time scale (Figure 3b). Finally, 254 nm irradiation
was performed on both solvent systems to observe their
cascade behavior. The ClBenz:toluene system showed a slower
CE fading, further supporting the increased stability of the CF
TAO in this environment. We also conclude that under such
conditions, irradiation at 254 nm is selective in triggering the
cascade and provides suitable conditions for the reuse of our
system. Initial assessments also demonstrated the sensitivity of
TAO in ClBenz:toluene to X-ray triggered CE, showing its
potential in X-ray detection (see the SI, Figure SS), with larger
doses resulting in faster CE fading. These results also indicate
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mM, [NR] = 0.05 mM).

the capability of repetitive X-ray detection by TAO in
ClBenz:toluene.

3.2. Experiments in Microcapsules. 3.2.1. Preparation
of Chromophoric Microcapsules. During the fabrication
process, it was observed that the precursor emulsion layer
must be less dense than water to produce microcapsules that
remain stable over a long time scale. Thus, this restricted the
ratio of halogenated solvents that could be used to test the
cascade effect as they generally have densities above 1 g/L.
When looking at the two best chloroform replacements, the
densities of a 1:1 mixture of DCM or ClBenz with toluene are
1.099 and 0.986 g/L, respectively.””~>' ClBenz:toluene was
thus selected as the solvent system, which is simultaneously
compatible to CE fading and stable microcapsule formation.
Indeed, ClBenz:toluene microcapsules proved stable for at
least one month when stored in the refrigerator in a water
suspension, confirming the temporal durability of the micro-
capsule shell.

Microcapsules containing only TAO in pure toluene were
initially synthesized to confirm that photochromism could be
detected within the biopolymer shell. A single microcapsule
containing TAO ([TAO]= 0.5 mM) was observed under an
optical microscope, and its absorption spectra before and after
UV irradiation (365 nm) were measured using a spectrograph
(Figure 4a). The appearance of an absorption band in the
visible range and a visual change of the microcapsules from
colorless to blue after irradiation demonstrate their photo-
chromic properties.

3.2.2. Photoswitchable Fluorescent Microcapsules. The
commercial fluorophore Nile Red (NR) was chosen because of

the favorable spectral overlap between its emission band and
the visible absorption band of CF TAO in both solution (see
the SI, Figure S6) and in pure toluene microcapsules (Figure
4b), to allow efficient fluorescence quenching of NR.>* Upon
sequential irradiation in the UV (310—380 nm) and the visible
range (540—580 nm), an absorption band in the visible range
appeared and disappeared, indicative of the ring-closing
isomerism of TAOQ. This was also accompanied by a decrease
and increase of fluorescence intensity from NR (Figure ),
revealing that fluorescence quenching is correlated with OF/
CF TAO isomerization.

To further explore the relationship between TAO concen-
tration and fluorescence quenching, microcapsules were made
with 0.2 mM NR and different TAO concentrations (1.0, 3.0,
10, and 15 mM), and three samples were tested for each
concentration. Each system was subjected to at least 10 cycles
of ring closing and opening to prove sufficient fatigue
resistance (Figure 6a). During UV irradiation, the extent of
fluorescence quenching increases with TAO concentration,
with almost complete quenching observed at 10 and 15 mM.
During visible light irradiation, the fluorescence recovered to a
minimum value of 80% compared to initial fluorescence for all
samples.

The remaining fluorescence in the OFF (CF) state markedly
decreased in the microcapsules having higher TAO concen-
trations or smaller donor—acceptor distances (Figure 6b).
Here, we also display the calculated ratio in % of the
fluorescence intensity remaining based on the FRET equation
and upon emission reabsorption from CF TAO (see the SI,
Calculation of the Remaining Fluorescence under the
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Assumption of Emission Reabsorption and Table S2). The
product of both calculations represents the process wherein the
fluorophores not quenched by FRET could be quenched
instead by reabsorption. At lower TAO concentrations
(donor—acceptor distance >8 nm), around 80% of the
fluorescence intensity remains, and the FRET has no impact
on the fluorescence quenching. The microcapsules with 1 mM
TAO showed more fluorescence quenching than the calculated
results, which may stem from inhomogeneities within the
microcapsules, forming localized areas with a high number of
CF TAO molecules that quench NR more efficiently despite
their lower concentrations. As the TAO concentration increases
(donor—acceptor distances shorter than S nm), the contribu-
tions of FRET and emission reabsorption to quenching are
similar. In this range, the calculated results roughly reproduce
the observed fluorescence quenching. The minor discrepancy
between the calculated and experimental values may also
originate from the diverse shapes and sizes of the micro-
capsules, as fluorescence quenching experiments were con-
ducted on single capsules. It should also be noted that both the
experiment and calculation clearly denote the importance of
TAO concentration higher than 10 mM to ensure fluorescence
quenching over 90%. Considering the extinction coeflicients of
OF TAO, CF TAO, and NR, it is necessary to use a sufficiently
short optical path length to achieve light penetration for
photoinduced coloration and fading. In other words, no FRET
quenching effect is possible for bulk solution experiments in a
1 cm cuvette of usual concentration (i.e., 1 mM or less).
Efficient photochromic FRET quenching in this manner would
require synthetic chemistry for bichromophore systems.>

57631

Thus, the present microcapsule system is advantageous for the
simultaneous achievement of sufficiently short donor—acceptor
distance and high optical penetration without complicated
synthetic chemistry.

3.2.3. Cascade Effect in Microcapsules. The ability of the
microcapsules to undergo a cascade effect following exposure
to 254 nm irradiation was evaluated. Microcapsules of TAO (
[TAO]= S mM) and NR ([NR] = 0.2 mM) in the 1:1
ClBenz:toluene system were fabricated and initially irradiated
at 365 nm for 30 s to induce ring closing of TAO. This was
followed by irradiation at 254 nm for 20 s to induce the
cascade, and then, the system was kept in the dark. The change
in NR fluorescence intensity together with the changes in TAO
absorbance was measured for 1 h (Figure 7). The first 10 min
showed a fast decay in the absorbance at 610 nm, followed by a
more gradual decay. Furthermore, this absorbance decrease
was accompanied by a mirror fluorescence recovery of NR at
575 nm. This is the first example of the cascade effect being
observed in microcapsules and of fluorophores being used to
track this phenomenon. We further observed repetitive UV-
induced coloration and cascade fading cycles in a microcapsule
of a larger size. Fluorescence photoswitching was also observed
for four cycles, which will be reported elsewhere in relation to
size effects.

4. CONCLUSIONS

An alternative to chloroform as an initiator for the chain-like
oxidative cycloreversion reaction of terarylenes that allows
switchability and microencapsulation has been investigated,
and a microcapsule with fluorescence switching in conjunction
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with the cascade effect was demonstrated for the first time. A
mixed solvent system containing equal volumes of chlor-
obenzene and toluene was found to induce a slower cascade
effect but with better wavelength selectivity. In free solution,
this system allows for both ring closing of the chosen
terarylene derivative at 365 nm and UV-induced cycloreversion
by the cascade effect at 254 nm without the need to add or
remove the halogenated solvent, suggesting the possibility of
reversible cascade-controlled fluorescence switching. When
microencapsulated together with the fluorophore Nile Red, the
photochrome enabled stable ON/OFF fluorescence switching
via a combination of emission reabsorption and FRET
processes in response to light irradiation. The system was
durable for up to 10 cycles without decrease in the switching
properties, and kinetic studies showed that the cascade effect
was accompanied by the recovery of Nile Red emission,
making it the first time that the two phenomena could be
observed in a single system. This system offers an important
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step in the development of organic microcapsule detectors for
high-energy radiation. Further work on this system may focus
on improving the response time as well as X-ray sensitivity in
microcapsules. Nonetheless, its improved properties and
control make it well-suited for applications and could lead to
the production of organic compound-based commercial
devices.
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