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Abstract

In this study we synthesized four functionalized BODIPY derivatives (BDP1 to 4) and
investigated their optical properties both in solution and when incorporated into a solid
matriX. Recognizing the versatility of BODIPY derivatives and the increasing interest in
developing new luminescent organic dyes embedded in polymers, the BODIPY
derivatives were dispersed into two types of polymeric matrices: Poly(methyl
methacrylate) (PMMA) and Thermoplastic Polyurethane (TPU), both as films and
microparticles. This resulted in eight new BODIPY-doped polymer films, and eight types
of BODIPY-doped polymeric microparticles for use in aqueous solutions. The integration
of the BODIPY dyes into the polymeric matrices combines the unique properties of the
polymer films, such as porosity, flexibility, and elasticity, with the excellent
photophysical characteristics of the BODIPYs. Importantly, the dispersion minimized
issues such as aggregation-caused quenching (ACQ) commonly observed in solid-state
luminescent materials. The thermometric responses of all polymer films were evaluated
by studying their solid-state emission spectra in the 25-200 °C temperature range. The
reversibility of these temperature-induced changes was also assessed, revealing excellent
recovery of luminescence. These promising results suggest these materials could have
applications as fluorescent thermometric sensors.

Furthermore, we explored the potential of the brominated (BDP3) and chalcogenated
(BDP4) BODIPY derivatives as ammonia sensors. The two derivatives produced yellow
fluorescent products upon interaction with the analyte. Kinetic studies using solid-state
emission spectra of BDP4@TPU and BDP4@PMMA showed significant differences in
reaction rates (minutes for BDPA@TPU and hours in the case of BDP4@PMMA)
attributable to the higher permeability of TPU when compared with PMMA. Detection
and quantification of ammonia concentration was conducted by means of a simple
photographic analysis, measuring the "R" (red) and “G” (green) components of RGB
color parameters; the results from the photographic method correlated well with the
results from fluorimetric spectroscopy studies. The photographic analysis is



straightforward, portable, and does not require expensive equipment. Finally, we
successfully applied polymeric microparticles doped with BODIPY's to detect ammonia
in water, demonstrating their effectiveness without the need for organic solvents. This
highlights their potential for environmental monitoring and other applications requiring
sensitive and selective detection methods.
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1. Introduction

Interest in the development of new luminescent organic dye-doped polymers has been
growing in recent years due to the wide versatility of applications in industries, medicine
and analytical process, and is the target of investigation by many researchers.[1] Research
has been conducted in their use in organic light-emitting diodes (OLED), inkjet printing,
sensors, cellular bioimaging, optical fiber, nanocarriers and in drug delivery,
thermometric applications, and contrast agents in medicine, among other
applications.[2],[3],[4],[5],[6] The vast majority of m-conjugated chromophores exhibit a
high fluorescence emission in dilute solutions. However, when in the solid state, a partial
or total quenching of fluorescence is usually observed.[7] This phenomenon can be



attributed to the aggregation-caused quenching (ACQ), also known as the concentration
quenching effect, caused by the intense intermolecular interaction m---m stacking in
aromatic systems, which favors decay via non-radiative pathways. Factors such as
packing and distance between molecules must be considered to study this
phenomenon.[7],[8],[9] In this way, ACQ is often considered a limiting factor for various
luminescent applications of solid-state organic dyes. One strategy to overcome this
limitation is through the incorporation of dispersed dyes in polymeric films, which allows
improvements in some properties of the chromophore in addition to ensuring its solid-
state fluorescence and reduces non-emissive aggregates.[8] A crucial point to be
considered is dispersion of the dye in the polymeric matrix to prevent aggregation.[10] A
second strategy is to synthesize compounds containing bulky groups or insert highly
twisted structures[11] that favor the formation of specific emissive aggregates,
minimizing the intramolecular rotation and, consequently, the non-radiative relaxation
channel, leading to the fluorescence of the compound in a process known as Aggregation-
Induced Emission (AIE). [7],[10],[6],[12],[9] However, this second strategy depends on
the reactivity of the compounds for structure modifications and it may be more difficult
to predict the m-stacking modes only by analyzing the structure, and intermolecular
interaction for more complex molecules, being necessary a more detailed
investigation.[13],[7]

Currently, temperature-responsive polymers are very important for biological and
biomedical applications, such as temperature sensors, bio-separation, drug transport, and
food packaging.[14],[15] In this context, nanothermometers have been explored in
solution, in solid state and supported in polymeric matrices.[14],[16] In general, the
detection and quantification of temperature variations are detected through the variation
in fluorescence intensity[15]. Several polymeric matrices have been studied, including
poly(N-isopropylacrylamide) (PNIPAAM), poly(N,N-diethylacrylamide) (PDEAAm),
poly(N-vinlycaprolactam) (PVCL), and PMMA.[2],[17],[18],[19].

In addition to being soft and flexible, typical characteristics of polymeric particles
include porosity, biodegradability, the ability to swell, soft interface and interior, and easy
adjustment of shape and size.[20] All these properties make polymeric particles
promising tools in biomedical applications, eg. to be used as carriers for drug/dye
delivery.[6] Organic dyes can be incorporated into these particles through different

methods, either inside or onto the surface; these dye-doped polymer particles can be used
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in biological and medical applications such as cellular bioimaging and theranostics.[6]
Biocompatible and biodegradable matrices can be used in the construction of polymeric
devices[21] and thus can be used as nanocarriers, with the advantage of being eliminated
from the organism after the drug is released. The vast majority of organic dyes have low
solubility in aqueous systems, which often limits their applications in biological systems.
Thus, the combination of the luminescent properties of the fluorophores and the
biocompatibility brought in by the polymeric particles, in addition to ensuring water
solubility, allows their use in aqueous medium, with less probability of degradation in the
cellular medium compared to the use of free dye. Limitations such as lack of resistance
to acid, base, and enzyme attack can be controlled by choosing the appropriate polymeric
matrix, in addition to allowing biocompatibility, and maintaining the properties of the

fluorophore.[20]

Ammonia (NHs) is a gas widely used in industry to produce nitrogen-containing
compounds. It is estimated that the annual production of ammonia is 176 million tonnes,
most of which is obtained through the Haber Bosch process.[22] Ammonia is a colorless
irritating gas with a pungent odor, highly soluble in water.[23] When inhaled, it can lead
to nasal, eye and respiratory tract irritation, leading to pulmonary dysfunction.
Concentrations between 2500 and 4500 ppm can lead to death in 30 minutes;
concentrations above 5000 ppm can be rapidly fatal after a few minutes and lead to rapid
respiratory arrest.[24] Ammonia is also produced through natural sources, as part of the
nitrogen cycle, through processes of organic matter decomposition. It is used in
agricultural, mining processes, in cleaning products, and thus can be very present in
people's daily lives and/or their workplace. Thus, it is important to develop effective

sensors for ammonia, both in its gaseous form and in solution (NHz + H™ & NH4").[23]

4.,4-difluoro-4-bora-3a,4a-diazas-indacene (BODIPY) is a class of chromophores that
exhibit excellent photophysical properties. They are very versatile compounds with easy
functionalization of the nucleus, which generally have high coefficients of molar
absorptivity, high fluorescence quantum vyields, low toxicity, as well as absorption and
emission spectra in the visible light region. Due to these characteristics, BODIPYs are
promising candidates for biological and biomedical applications.[25] However, despite
the high fluorescence quantum yield in diluted solutions, BODIPYs tend to aggregate in

the solid state due to the intermolecular -t stacking, resulting in low ®r values in the

solid state.[26]



Based on our previous work in organic dye-doped polymers[27],[28],[29] and
fluorescent sensors based on BODIPYs[30],[31],[32] and knowing the excellent
properties of these chromophores, in this work, four BODIPYs containing different
functionalizations (polyethylene glycol (PEG) chain, bromide and selenium groups) (Fig.
1) were dispersed in polymeric films of PMMA or TPU (Irogran®), to evaluate their
photophysical and thermometric properties. Furthermore, we explored their potential use
as solid-state ammonia sensors, for possible industrial applications. Due to the color
variations, the parameters “R” (red) and “G” (green) of the RGB coloring pattern were
extracted from the obtained images, using software, and linear correlations with the
NH4OH concentration were obtained. Finally, due to the high hydrophobicity of the
BODIPY derivatives, the compounds were incorporated into polymeric particles and their

properties studied, to explore their ability to detect ammonia in aqueous solution.

2. Experimental section
2.1.Materials

The BODIPY 1,[30] 2,[31] 3,[32] and 4[32] were synthesized through a procedure
described in previous work. Poly(methyl methacrylate, PMMA (MW ~ 350,000, Tg
105°C), ammonium hydroxide (NHs+OH), hydrochloric acid, tetrahydrofuran anhydrous
> 99.9% and chloroform anhydrous > 99.9% were purchased from Sigma-Aldrich.
IROGRAN ® A 92 P 4637: Polyether-based Thermoplastic Polyurethane Irogran® (TPU)
was offered by Huntsman (Germany). The perfluoroalkoxy (PFA) supports (5 cm
diameter) used in the preparation of the polymer films were purchased from Bohlender,
Gmbh, Germany. Milli-Q ultrapure water was used in the experiments. All chemicals

were of analytical grade and used as received, without purification.

The stock solutions of BODIPY's were prepared in THF (ca. 0.5 mmol/L) ina 1 mL
volumetric flask. The absorption and emission spectra of BODIPYs solutions were
conducted at 298 K. Quartz cuvettes (3 mL) were used in these experiments. Solutions of
NH4OH (5.0, 2.5, 1.0, 0.5 mol/L) were prepared by diluting appropriate amounts of the

stock solution in water, using 10 mL volumetric flasks.



2.2.Absorption and emission spectra

Absorption spectra were recorded on a JASCO V-650 spectrophotometer and the
fluorescence emission spectra on a HORIBA JOBIN YVON FluoroMax-4
Spectrofluorometer (PROTEOMASS-BIOSCOPE facility). To obtain the luminescence
emission spectra of polymer films doped with BODIPY's, fiber-optics were connected to
the spectrofluorometer. Temperature-dependent emission studies were conducted using a
hot plate containing a thermocouple. To obtain emission spectra at different temperatures,
in heating and cooling cycles, the polymer films doped with BODIPY's were placed on
the hotplate and, after temperature stabilization, emission spectra using suitable excitation
wavelengths were obtained. The emission spectra of polymeric particles and the
fluorescence quantum vyield of BODIPYs were recorded on a RF-5301PC
spectrofluorophotometer Shimadzu (Institute of Chemistry — University of Sdo Paulo),
using quartz cuvettes. Absorption spectra of polymeric particles were recorded on a Cary
60 UV-Vis Agilent Technologies spectrophotometer (Institute of Chemistry — University

of Séo Paulo).
2.3.Characterization of polymeric particles

The polymeric particles were characterized by Dynamic Light Scattering (DLS), zeta
potential (C), absorption and emission spectra, and analysis by Transmission Electron
Microscopy (TEM). Zeta potential and particle size distribution results for polymer
particles were performed in a Malvern Instruments Zetasizer Nano series (Nano - ZS)
(Institute of Chemistry — University of S&o Paulo), using a scattering angle of 90°, 298 K
and disposable cuvettes. For measurement of zeta potential, a dip cell was used. The stock
solutions of dye-doped polymeric particles (50 uL) were diluted in 1 mL of Milli-Q water

for measurement.

Transmission electron microscopy (TEM) experiments were conducted in a TEM
JEOL Jem 2100 (Analytical Center of 1Q-USP). The sample preparation for TEM
consisted of a first stage of hydrophilization of the carbon grid (Support Films, Carbon
Type-B - C/B, 200 mesh Cu — TED PELLA, INC, Lot #260218, 01811) in a PELCO
easiGlow (15 mA for 25 seconds). After this procedure, 4 uL of the PMMA polymeric
particle solution was applied to the surface of the grid, leaving it to rest for 1 minute.
Then, the excess was removed with filter paper and the grid was left to air dry, covered
with aluminum foil for 24 hours. For TPU particles, a wash step was conducted before



the application of the sample to the grid’s surface. This procedure consisted of
centrifuging 500 uL of the aqueous solution containing the particles for 5 min at 7000
rpm (inamySPIN 12™ Mini centrifuge from Thermo Fisher Scientific). After this period,
the supernatant was removed and 500 pL of Milli-Q water was added to the pellet. The
pellet was resuspended using a vortex (Vortex Mixer LGC). The washing step was
performed 3 times. At the end, the colloidal suspension obtained was filtered. After this
procedure, 4 pL of the suspension was applied to the surface of the grid, leaving it to rest
for 1 minute. Then, the excess was removed with filter paper and the grid was left to air
dry, covered with aluminum foil for 24 hours. The particle size was measured with the

aid of the "ImageJ" software.
2.4. High-Resolution Mass Spectrometry (HRMS)

High-Resolution Mass Spectrometry analyses were carried out in the Laboratory for
Biological Mass Spectrometry—Isabel Moura (PROTEOMASS Scientific Society
Facility), using UHR ESI-Qg-TOF IMPACT HD (Bruker-Daltonics, Bremen, Germany).
Compounds were dissolved in 50% (v/v) Acetonitrile containing 0.1% (v/v) aqueous
formic acid to obtain working solutions ranging from 0.1 to 1 pg/mL. Mass spectrometry
analysis was carried out by the direct infusion of the compound solutions into the ESI
source. MS data were acquired in positive polarity over the range of 250 — 2000 m/z.
(Capillary voltage: 4500 V, End plate offset: -500 V, Charging voltage: 2000 V, Corona:
0 nA, Nebulizer gas: 0.3 Bar, Dry Heater: 220 °C, Dry gas: 3.5 L/min). Compass
IsotopePattern software was used to obtain the compounds' theoretical mass values, and

the spectra are available in Support Information.
2.5.Preparation of BODIPYs-doped polymer films

Initially, PMMA (100 mg) was solubilized in 10 mL of CHCIs, under mild heating
(50 °C) and stirring, for 15 minutes to favor the solubilization of the polymer. Then, 1 mL
of BODIPY solution, previously solubilized in chloroform (0.52 mM) was added to the
polymeric solution. The final solution obtained was kept under stirring for 5 minutes,
ensuring total solubilization of the dye and, subsequently, added to a PFA support
(Bohlender, Gmbh, Germany). The support containing polymer solution with BODIPY
was kept under circular agitation in an orbital shaker (EImi DOS-20M) (RPM = 40, orbital
rotation) for 24 hours, covered with perforated aluminum foil, ensuring uniform

evaporation of the solvent.



To prepare TPU films, the polymer (100 mg) was solubilized in 10 mL of THF for 24
hours, under slight agitation, without heating, avoiding the formation of bubbles.
Subsequently, 1 mL of BODIPY solution (0.52 mM), previously solubilized in THF, was
added to the polymeric solution. After 5 minutes of stirring, the polymeric solution
containing BODIPY was added to the PFA support. The support containing polymer
solution with BODIPY was kept under circular agitation on an orbital shaker (RPM = 40)
for 24 hours, covered with perforated aluminum foil, ensuring uniform evaporation of the

solvent. These procedures were carried out for all BODIPY's used in this work.
2.6. Encapsulation of BODIPYs compounds in polymeric particles

Initially, PMMA (25 mg) was solubilized in 2 mL of THF, under heating (50 °C) and
stirring for 15 minutes until complete solubilization of the polymer. Subsequently, the
polymeric solution was added to BODIPY, resulting in a final solution of 1 mM. The
solution was stirred until complete solubilization of the BODIPY (1 minute). After this
period, 600 uL of this solution was added quickly and in one step, to a flask containing
2.4 mL of Milli-Q water under stirring, maintaining 20% of THF in water in the final
mixture. It was left stirring for 5 minutes and, subsequently, a filtering step was
conducted. Finally, the flask was kept at rest and open for 24 hours to ensure evaporation
of all THF and the polymeric particles containing BODIPY encapsulated inside were

obtained.

To prepare TPU-based particles, first, the polymer (100 mg) was solubilized in 10 mL
of THF for 24 hours, under slight agitation, without heating, avoiding the formation of
bubbles. Then, the polymeric solution was added to BODIPY, resulting in a final solution
of 1 mM. The solution was stirred until the solubilization of the BODIPY was complete.
After this period, 600 pL of this solution was added quickly and in one step, to a flask
containing 2.4 mL of Milli-Q water under stirring, maintaining 20% of THF in water in
the final mixture. It was left stirring for 5 minutes and, subsequently, a filtering step was
conducted. Finally, the flask was kept at rest and open for 24 hours to ensure evaporation
of all THF and the polymeric particles containing BODIPY encapsulated inside were

obtained.
2.7. Fluorescence quantum yield

The fluorescence quantum yields of BODIPYs were obtained in THF through the

following Equation 1.



b, = P, (‘:—:) (g—i) (5)2 (Equation 1)

Ny

@ = fluorescence quantum yield; A = the absorbance at excitation wavelength of solution;
E = area under the emission curve, n = refractive index of the solvent. “s” e “r” denotes

sample and standard, respectively.[33]

2.8. Kinetic studies with NHsOH

The kinetic studies with NH4OH were conducted also through photographic images.
First, the polymers BDP4@TPU and BDP4A@PMMA were cut into 1lcmx1lcm squares
and dipped into solutions of NHsOH of different concentrations (0.5 to 5.0 mol/L). Then,
after a specific time, readings were taken using a spectrofluorometer. In parallel, images
of the polymers were obtained under visible light and under UV light, using an iPhone
14® cell phone inside a lighting control box. The images were analyzed using the software
GIMP 2.10.24 and the “R” and “G” values from RGB pattern of color were obtained,
allowing us to quantify the variation in the color of polymers when in the presence of
different concentrations of the analyte after different reaction times. The RGB values
obtained were converted into Yxy values using the website ‘“easyRGB”
(https://www.easyrgb.com/en/) and the CIE chromaticity diagrams were plotted with
Spectra Lux Software v.2.0, Ponto Quéantico Nanodispositivos / RENAMI, 2003, P.A.
Santa-Cruz, F.S. Teles.

3. Results and discussion

In our recent work,[30],[32],[31] we have developed and synthesized four novel
BODIPYs derivatives (BDP1-BDP4) (Fig. 1). The BODIPYs nuclei BDP1 and BDP2
were synthesized through adaptation of procedures described in the literature; BDP3 was
obtained from BDP2 in a tetrabromination reaction using NBS in dichloromethane. [32]
The chalcogenated BDP4 was synthesized from BDP3 through a selenylation reaction,
using benzoselenol generated in situ from a NaBH4 / Ph.Se system; this procedure allows
the synthesis of BODIPY derivatives containing selenium groups and bromine in the final
structure.[32] All compounds were previously characterized by NMR *H, *3C, ("’Se for
BDP4), HRMS, melting point, presenting high degree of purity for studies in polymeric
matrices.[30],[32],[31]



Fig. 1 Structures of BODIPYs used in this study.

3.1.Photophysical characterization of BODIPYs

All synthesized BODIPY's (BDP1-BDP4) were also characterized from a photophysical
point of view through absorption, emission and excitation spectra (Fig. S1). Values were

obtained for molar absorption coefficients (g), Full width at half maximum (Fwhmays) and

(Fwhmem), Stokes shift (AA), maximum emission wavelength in solid state (Aem soiia) and

fluorescence quantum yield (®r). Analyzing the absorption spectra, it is possible to
observe the presence of a more intense main band, located around 500 - 600 nm,
corresponding to the So — Sy transition and, at lower wavelengths (400 - 500 nm), there
is a second band of lower intensity, corresponding to higher energy transitions (So— Sn,
n > 2) [34],[35] This spectral profile is characteristic of BODIPY
derivatives.[34],[35],[36],[37] In some cases (Fig. S1A, B, C), the presence of a shoulder
in the main band can be observed, quite clearly in the case of BDP3 (Fig. S1 C). This
shoulder can be attributed to transitions in vibrational levels (0 — 1) and, depending on
the molecule, can be pronounced.[34] For BDP4 the spectral profile is wider due to the
presence of the chalcogen atoms directly attached to the chromophoric nucleus, and this
shoulder is not observed. The emission spectra for all the compounds appear as mirror
images of the absorption spectra, corresponding to the S; — So transition. Excitation
spectra for all compounds were obtained, and showed a similarity with the corresponding
absorption spectra, indicating that the systems are free of fluorescent impurities. Large €
were obtained (45827 — 115353 L.mol™.cm™, for the main band) for all compounds.
Regarding fluorescence emission intensity, fluorescence quantum vyield for all
compounds were obtained (Table 1). Comparing the values obtained for BDP1 and
BDP2, it was noticed that the ®r decreases with the increase of the size of the upper
portion derived from PEG, due to more rotational degrees of freedom favoring decays by
non-radiative processes. However, when chalcogen is inserted into the BODIPY
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structures (BDP4), a fluorescence quenching (®r < 0.01) is observed, due to the presence
of the "SePh" group, as already reported in the literature.[38] It is known that the presence
of these groups in the structure of the compound leads to fluorescence suppression
through mechanisms such as Photoinduced electron Transfer (PeT).[38] It allows Seleno-
BODIPYs, having their low fluorescence background, to be used as fluorescence on/off
sensors for the detection of analytes which interact with SePh groups, such as anions,
biothiols, cations, and nucleophiles, among others. [38],[39],[40],[41]

Table 1. Photophysical data of BODIPYs at 298 K

Compound Absorption data Emission data
Aabs € Fwhmaps Aem Fwhmem AA Aem solid
(M) mortemy (M) (hm)  (m)  (m) ()
BDP1 387 11653 100.34766 A
496 45827 3154985 512 29.80058 16 624 6.3
BDP2 383 20403 107.45315 a
497 64374 31.85047 511 29.65033 14 2.6
BDP3 435 24052 117.83221 b
547 115353 29.58737 562 28.06135 15 17.6
BDP4 458 18726 97.16779
594 68149 54 43659 628 46.47557 34 — <0.01

Absorption in solution (Aaps), molar absorption coefficient (€), full width at half maximum of absorption spectra
(Fwhmaps), emission maximum in solution (Aem), full width at half maximum of emission spectra (Fwhmem),
Stokes shift (AA), emission maximum in the solid state (Aem Solid), fluorescence quantum yield (®¢) in solution.
The solvent used was THF. Conditions: T =298 K; [BODIPY] = 2 umol/L. BDP1 (Aex = 465 hm, Aem = 540
nm, slit 2.5 nm), BDP2 (Aex = 480 nm, Aem = 540 nm, slit 2.5 nm), BDP3 (Aex = 520 nm, Aem = 585 nm, slit 2.5
nm), BDP4 (Aex = 570 nm, slit 5.0 nm, Aem = 635 nm, slit 10.0 nm). ®Fluorescein in NaOH (0.1 mol/L) (® =
92.5 %) as standard, "Rhodamine 6G in ethanol (® = 95.0 %) as standard.[42]

Luminescent properties of the BODIPYs in solid state were studied using emission
spectra. It is known that the luminescent properties of a solid depend on both
intermolecular interactions and aggregation between molecules. It should be noted that
only BDP1 has solid-state fluorescence, and a red color can be observed under UV light
(Fig. S1A). This red-shifted emission obtained through the crystal structure of BDP1 (A
= 624 nm) compared to that in solution (A = 512 nm) can be explained by aggregation-
induced emission (AIE)[10] through the state of J-aggregation, reported in the literature
for other BODIPY derivatives.[43],[44],[45] However, comparing the results in solid
state (Fig. S1), it was verified that the presence of the longer upper chain influences the
solid-state properties of the compound, promoting a quenching in emission of BDP2
compared to BDP1. This could be explained by the increase in steric hindrance and in

rotational degrees of freedom that the PEG chain brings to the molecule. In BDP1, as the
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upper chain is short, this does not hinder the approximation between the molecules
allowing J-aggregation to occur, resulting in emission in the solid state. By increasing
the length of the upper chain, this approximation at a specific angle of the molecules is
hindered, favoring the occurrence of aggregation-induced quenching (ACQ) in BDP2,
leading to an increase in luminescence decay by non-radiative processes. ACQ is
commonly seen in BODIPY's derivatives, resulting in low fluorescence emission in the
solid state. In general, due to their the m-conjugated planar structure and small Stokes
shift, BODIPYs derivatives can present self-absorption phenomena and strong © - ©
stacking interactions, which contribute to the occurrence of solid-state ACQ, contrasting
with their excellent photophysical properties in diluted solutions.[43],[12]

Functionalized compounds with voluminous and heavy atoms such as bromine (BDP3)
and chalcogens (BDP4) show a significant spectral red-shift due to the heavy atom effect,
with increasing AA values.[46] Comparing BDP1 and BDP2, the presence of the PEG-
derived upper chain does not have significant effects on the spectroscopic properties of

the compounds in solution (Fig. 2).
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Fig. 2. A) Normalized absorption and B) emission spectra of compounds BDP1, BDP2, BDP3, and BDP4
in THF. Conditions: T = 298 K; [BODIPY] = 2 umol/L. Conditions: BDP1 (Aex = 465 nm, slit 2.5 nm),
BDP2 (Aex = 480 nm, slit 2.5 nm), BDP3 (Aex = 520 nm, slit 2.5 nm), BDP4 (Aex = 570 nm, slit 5.0 nm).

Organic compounds may exhibit high fluorescence emission in solution but decreased
emission intensity or even total fluorescence quenching may be observed when in solid
state. This may occur due to an intermolecular stacking by n-m interactions in the process
of aggregation-induced quenching (ACQ).[43] Fig. S1 shows that BDP2-BDP4 were
non-emissive in solid state. With future solid-state luminescent applications in mind, we
incorporated all the compounds in polymeric matrices in a homogeneous way. The dye

molecules remained dispersed in the polymeric matrix, avoiding the occurrence of ACQ
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and enabling the emission of the compound incorporated in the polymeric film. The
photophysical characterization of these new dye-doped polymer films with luminescent
properties was performed.

3.2. Luminescent dye-doped polymer thin films

Thermoplastic polymers polyurethane (TPU) and poly(methyl methacrylate) (PMMA)
were used as polymeric matrices to prepare the dye-doped polymer thin films. TPU was
chosen due to its permeability, flexibility, elasticity, stretchability, moldability, and easy
processability, in addition to other mechanical characteristics, which allows the obtaining
of malleable dye-doped polymer.[47],[48] PMMA, a transparent, durable polymer with
relatively low toxicity, is used in a wide range of applications, such as LCD screens,

eyeglass lenses, implants, and solid-state dye laser.[49],[5],[50]

The film casting method[2],[51],[52] was used to incorporate the BODIPYs into the
polymeric matrices to obtain the dye-doped polymer films. The procedure consisted of
the initial dissolution of the polymer in a solvent (THF for TPU and CHCIs for PMMA),
followed by the addition of BODIPY (previously solubilized in THF or CHCI3) to the
polymeric solution. After complete homogenization, the mixture is poured into a circular
mold plate, under circular agitation, to allow a uniform solvent evaporation process. After
drying, the polymer is demolded and is ready for analysis (Scheme 1). The final
concentration obtained after dilution of the BODIPY solution in the polymeric solution
obtained was 47 umol/L. This means that the % w/w of dye in each polymeric film varies
between 0.17% w/w and 0.54% wi/w; these can be considered low values, showing the
excellent ability of the BODIPYs under study to be used as doping agents in these

polymeric matrices.
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Scheme 1. A) Synthesis of dye-doped polymer. B) Images of dye-doped polymer under
visible light (above) and under UV light (below), using polymer matrix TPU and C)
PMMA. Legend: 1) BDP1, 2) BDP2, 3) BDP3, 4) BDPA4.

Images of the PMMA and TPU polymer films for each BODIPY under visible light and
UV light are shown in Scheme 1B, C. As expected, the polymers doped with the
compounds BDP1, BDP2 and BDP3 showed luminescence, as observed in solution, due
to the dispersion of the molecules in the polymer matrix. To our surprise, BDP4, which
did not show fluorescence in a diluted THF solution, when incorporated into the PMMA
or TPU polymeric matrices showed a very intense luminescence with red color. This
effect can be explained because when in solution, the presence of chalcogenated groups
suppresses the fluorescence of the compound through the Photoinduced Electron Transfer
(PeT) process, due to the electron-donating effect of the chalcogen to the BODIPY
core.[53],[54],[55] The PeT process has been observed in other Seleno-BODIPY
derivatives.[56],[39],[40] However, when in a polymeric film, the presence of selenium
heteroatoms in the structure along with the substituent “SePh” aromatic rings probably
induces the formation of aggregates resulting in aggregation-induced emission, producing
an intense luminescence which blocks the PeT process. Examples involving an organic
compound of selenium with aggregation-induced emission have been previously
reported.[57] To the best of our knowledge, this is the first example of a fluorescent
seleno-BODIPY incorporated in polymer films.

The normalized emission spectra were obtained for each BODIPY -doped polymer (Fig.

S2); the emission maximums obtained are shown in Table 2. Analysis of the emission
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spectra of each BODIPY in the two polymeric matrices shows in most cases a red-shift
and a wider spectrum when in the TPU matrix compared to the PMMA matrix. This could
be associated with the nature of each polymer matrix, their intrinsic properties, as well as

the intermolecular interactions that the polymer may have with the dye.

The spectra obtained for BDP1 and BDP2 had very similar emission maxima
(BDP1L@PMMA =516 nm and BDP2@PMMA =516 nm; BDP1@TPU =531 nm; and
BDP2@TPU =529 nm). Thus, as observed in the studies performed in solution, the size
of the upper chain of BODIPY did not show significant effects on the luminescent

properties of BODIPY -doped polymer films (Table 2).

Table 2. Emission maximum for all polymer doped with BODIPY's

Polymer Aem (NM) Polymer Aem (NM)
BDP1@PMMA 516 BDP1@TPU 531
BDP2@PMMA 516 BDP2@TPU 529
BDP3@PMMA 570 BDP3@TPU 571
BDP4@PMMA 617 BDP4@TPU 648

A comparative analysis of the BODIPY-doped polymer films, varying the dye for each
polymeric film (Fig. S3) in both PMMA and TPU, shows that the BDP3 tetrabrominated
BODIPY presents a bathochromic displacement compared to the spectra of BODIPY's
without functionalization in the nucleus (BDP1 and BDP2), as observed previously in
solution (Fig. 2). It has been reported[46] that the nature of the substituent bound at
positions 3 and 5 of the BODIPY nucleus can have a strong effect on the displacement
of the absorption and emission maxima of the compound in solution. Thus, when
introducing the electron donor groups "SePh" at positions 3 and 5 of the nucleus (BDP4),
a red shift is observed.[58]

Overall, the new dye-doped polymer films showed good luminescent characteristics.
Thus, we proceed to investigate their thermometric properties and thermostability, to

ascertain their potential as possible temperature sensors.

3.3. Thermochromic behavior of the polymer materials

The thermal response of the new BODIPY-doped polymer films was explored
through heating cycles, followed by cooling cycles, and monitored by luminescence
emission spectra. The experiments were conducted for BDP1-BDP4 incorporated into
PMMA and TPU polymeric matrices. BDP1 is here discussed as a representative example

of the behavior of all the BODIPY-doped polymer films; the emission spectra for the
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heating and cooling cycles for BDP2-BDP4 are shown in Fig. S4-S6. Fig. 3 shows the
normalized emission spectra at variable temperatures for BDP1@TPU (Fig 3 A, B) and
BDP1@PMMA (Fig. 3 C, D). A decrease in emission intensity was observed with
increasing temperature, as expected, since higher temperatures favor the occurrence of
non-radiative processes, leading to the almost total extinction of the compound's
luminescence. This can be better visualized in Fig. 3 E (BDP1@TPU) and F
(BDP1@PMMA), which show normalized intensity vs temperature at the maximum
emission wavelength of each compound in the heating and cooling cycles. No significant
changes were observed in the maximum emission wavelength of the compound after the
cycle. Recovery of 74% for BDP1@PMMA and 57% for BDP1@TPU were obtained.
Fig. 4 shows that the heating cycles performed in TPU follow an exponential function
adjustment, while for PMMA the adjustment is predominantly a linear function. In
addition, it was noted that higher temperatures had to be used for PMMA films for
luminescence extinction, compared to TPU films. This may be related to the differences
in thermal conductivity (k) values for the two polymers. PMMA, has a higher k value
(0.21 W/m.K)[59] than TPU (0.15 W/m.K)[60], which could contribute to an increase in
dissipation heat, reducing luminescence decays by thermally activated non-radiative
media, and causing higher energy to be necessary to observe fluorescence extinction. The
TPU matrix is also more flexible, malleable, and porous than the PMMA one. After
heating, TPU has a tendency to stretch elastically, allowing heat to penetrate more quickly
into the TPU films than into the PMMA ones, which could cause a reorganization inside
the film and thus result in a different behavior from that observed in PMMA. Furthermore,
data for the heating stage of PMMA films can be adjusted to two straight lines, suggesting

a 2-step process; the cooling stage occurs in just one step.

After each heating and cooling cycle, recovery values of BODIPY's emission intensity
were obtained for each polymer (Table S1). Good recovery values, equal or greater than
50%, were observed. Despite the elasticity observed in TPU-based films, the linearity
observed in the heating/cooling cycles for PMMA-based films and their high recovery
values, ranging from 78-85% (see Table S1), make the BODIPY-doped PMMA films
more suitable for potential application as molecular thermometers than their TPU

counterparts.
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Fig. 3 Emission spectra of BDP1@TPU under A) heating (33°C to 172°C) and B) cooling
(172°C to 33°C) obtained in different temperatures. Emission spectra of BDP1@PMMA
under C) heating (32°C to 193°C) and D) cooling (193°C to 35°C) obtained in different
temperatures. E) Correlation between normalized intensity of BDP1@TPU and
temperature under heating (A = 531 nm) and cooling (A =524 nm). F) Correlation between
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Fig. 4 A) Correlation between normalized intensity of BDP2@TPU and temperature
under heating (A = 530 nm) and cooling (A = 525 nm). Aex = 480 nm, slit 1.0 nm. B)
Correlation between normalized intensity of BDP2@PMMA and temperature under
heating and cooling (A = 516 nm). Aex = 480 nm, slit 1.0 nm. C) Correlation between
normalized intensity of BDP3@TPU and temperature under heating (A = 575 nm) and
cooling (A = 567 nm). Aex = 520 nm, slit 2.0 nm. D) Correlation between normalized
intensity of BDP3@PMMA and temperature under heating and cooling (A = 570 nm).
Aex =520 nm, slit 2.0 nm. E) Correlation between normalized intensity of BDP4@TPU
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and temperature under heating (A = 648 nm) and cooling (A = 645 nm). Aex = 570 nm, slit
2.5 nm. F) Correlation between normalized intensity of BDP4@PMMA and temperature
under heating (A = 620 nm) and cooling (A = 630 nm). Aex = 570 nm, slit 3.0 nm.

3.4. Polymer films behavior in NH4OH solution

In order to explore potential applications of the new BODIPY-doped TPU polymeric
films, we have tested their sensing capability towards NH4sOH. Samples of each TPU film
were immersed in an NH4OH solution (5.0 mol/L). Emission spectra of the solid
polymers, obtained before and after reaction with NH4sOH, are shown in Fig. S7. For
BDP3@TPU and BDP4@TPU, a reaction was observed, which resulted in the formation
of yellow-fluorescent products (Fig 5); for BODIPY's 1 and 2, no reaction was observed.
BDP4@TPU was chosen to conduct Kinetic studies with different concentrations of
NHsOH. The response of BDP4@TPU to 5 mol/L HCI was also studied; the tests
conducted showed no significant visual response to the strongly acidic media (Fig. S8).

ua! _ l ﬁ L" . ‘ & | Visiblelight
2 7B s

BDP1 BDP1 BDP2 BDP2 BDP3 BDP3 BDP4 BDP4

UV light

+ + + +
NH,OH NH,OH NH,OH NH,OH

Fig 5. Images of BODIPY-doped TPU polymer, developed under visible light (above)
and under UV light (below), before and after reaction with NH4OH (5 mol/L, 1 hour).

3.5.Time-dependent response of BODIPY in NH4OH solutions

Kinetic studies of the reaction between BDP4@TPU and NHsOH were conducted
using different concentrations of NH4OH (0, 0.1, 0.5, 1.0, 2.5 and 5.0 mol/L). Pieces of
the polymer film in the different solutions, and images of the polymer under visible light
and UV light were taken after 10, 25, 30, 45, 60 and 100 min of reaction (Fig. 6).

Fig. 6 shows an abrupt color change of the polymer from blue to orange (under visible
light) and from red to fluorescent yellow (under UV light), as the concentration of the
analyte and the reaction time increased. For each time, emission spectra of the solid
polymer were also recorded (Fig. S9).
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Fig. 6. Images of BDP4@TPU A) under visible light and B) under UV light after reaction
with different concentrations of NH4OH (0 — 5 mol/L) and reaction time (10 — 100 min).

Analysis of the polymeric films was carried out colorimetrically and fluorometrically.
Software containing an RGB color detector (GIMP 2.10.24) was used to quantify signal
intensity (Fig. 7). The red (R) parameter was chosen due to a greater variation between
the extreme signals (0 to 5 mol/L of NH4OH) under visible light (7A) and the green (G)
parameter used to quantify under UV light (7C). A similar kinetic profile was also
obtained in the solid-state emission spectrum of the polymer (7E). The variation in
polymer coloration can also be clearly observed in the CIE graphs, by the conversion of
R, G and blue (B) into Yxy values. Thus, as the BDP4@TPU submerged in NH4sOH
reacts over time, a change in color from blue to red/orange was observed under visible
light (7B), and from red to yellow under UV light (7D). Moreover, fluorometric analysis
was conducted by obtaining the emission spectra of the solid polymers. The spectra show
the conversion of the emission spectrum of BDP4@TPU, initially centered at 648 nm, to
another peak at 575 nm after reaction with NH4OH solution (Fig S9). Fig. S9 F shows
that after 100 minutes at the highest concentration studied (5.0 mol/L) a degradation could
take place, and the intensity of the emission is partially quenched. These results suggest
that photographic analysis can be a very useful tool for the colorimetric studies of
polymeric films, when compared with the results from fluorimetric analysis performed
with a spectrofluorometer. There is good agreement between the results obtained by the
two techniques (see Fig. 7A and 7E) and both are effective for the quantification of the
studied analyte, NH3 (aqueous NH4OH). However, photographic images is particularly

attractive as an easy, fast and low cost alternative to fluorimetric analysis, requiring only
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a device capable of obtaining photographic images, such as a cellphone. This would allow

analyses to be performed at the sample collection point.
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Fig. 7. A) Correlation between AR values (extracted from Fig. 6A under visible light) and
time for BDPA@TPU after dipping in solutions containing different concentrations of
NH4OH (0 -5 mol/L). B) CIE 1931 chromaticity diagram obtained through photography
analysis from Fig. 6A (visible light) for BDP4@TPU under 1.0 mol/L of NHsOH over
time (0 — 45 min). C) Correlation between AG values (extracted from Fig. 6B (under UV
light) and time for the BDP4@TPU after dipping in solutions containing different
concentrations of NH4OH (0 — 5 mol/L). D) CIE 1931 chromaticity diagram obtained
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through photography analysis from Fig. 6B (under UV light) for BDP4@TPU under 0.5
mol/L of NH4OH over time (0 — 60 min). E) Normalized intensity (A = 575 nm) of
BDP4@TPU in function of time for the reaction with different concentrations of NH4OH.
F) Normalized intensity (A = 545 nm) of BDP4@PMMA in function of time for the
reaction with different concentrations of NH4OH.

A similar experiment was conducted with BDP4-PMMA (Fig. S10-S12). However,
the reaction in PMMA is much slower than in TPU. Fluorimetric studies showed that it
took more than 14 hours for the intensity to achieve a plateau, even at the highest
concentration of NH4OH studied (5 mol/L). This slower response of the PMMA polymer
could be the result of the greater permeability of TPU when compared to PMMA, which
would facilitate analyte entry.

3.6. Luminescent dye-doped polymer microparticles

In order to explore the potential of these materials in biomedical and biological
applications, the BODIPY's were also incorporated into polymeric microparticles in water
(see Scheme 2). First, the polymer was solubilized in THF. For PMMA, the solubilization
procedure was carried out under heating and stirring for 15 minutes; TPU was solubilized
in THF, under stirring, for 24 hours, without heating. The desired BODIPY was then
added to the solution, and the mixture kept under stirring until complete solubilization of
the BODIPY (5 minutes). The mixture was then quickly added to a flask containing water,
under continuous stirring. After stirring, and filtration step, the organic solvent was left
to evaporate for 24 hours, This procedure was applied to all the BODIPY's under study.

rm
Fast addat nto
Lo stirring water Filtration
D ¥ AL L - L » - -
o %, | THF evaporation /
Polymer - —= = - / : : 24h — =
< X P
® / &
) y )
(- ') )
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Polymer « BODIPY § O'W droplets 9 Polymeric particles

Scheme 2. Synthesis of polymeric microparticles of PMMA or TPU doped with
BODIPYs.

All microparticles were characterized by DLS, zeta potential (Table S2), excitation
and emission spectra (Fig. S13) and transmission electron microscopy (TEM). The Z-
Average of particles doped with BODIPY's ranged from 182.6 nm to 247.6 nm (see Table
S2). The polydispersity index (PDI) shows small particle size dispersion; the very

negative zeta potential values obtained (-35.5 to -25.9 mV) show their good stability.
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In addition, the insertion of BODIPYs into the particles resulted in an increased
particle stability, as shown by the more negative zeta potential values compared to the
controls. TEM images were obtained for BODIPYs encapsulated in TPU or PMMA
polymers (Fig. S17-S20). Fig. 8 presents the results obtained for BDP3 in PMMA
particles (BDP3(uPs)PMMA). Results for BDP4(uPs)PMMA are shown in Fig. S18
and S19. Results from Energy Dispersive Spectroscopy (EDS) show the insertion of
BDP4 within the particles, with the presence of signals corresponding to the presence of
bromine and selenium. TPU particles containing BDP3 and BDP4 were also analyzed
showing that the particles were successfully obtained (Fig. S17 and S20). Knowing the
low solubility of BDP1 to BDP4 in water, this strategy makes it possible to use them in
completely aqueous media without precipitating the dye, facilitating further applications
in biological media or environmental samples. In Fig. S14 it is possible to see the particles
in agueous solutions with the dye incorporated under visible and UV-light. Furthermore,

we also decided to investigate the applicability of BOD4(uPs)TPU for the detection of

ammonia in water.

[_]BDP3(:Ps)PMMA
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L
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Fig. 8. Transmission electron microscopy (TEM) images of BDP3(uPs)PMMA particles and in the right
a histogram of particle size distribution from TEM measurement of BDP3(uPs)PMMA.
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3.7.Polymers particles behavior with NH4sOH solution

Several studies with BDP4(uPs)TPU in water were conducted to detect ammonia in
solution using BODIPY-doped polymeric particles. Firstly, a kinetic study by absorption
was conducted (Fig. 9, Panel A) and it was possible to verify that the reaction was
completed after 3 hours, with the presence of an isosbestic point in the absorption spectra
(Fig. S15). As the BODIPYs are now encapsulated inside the polymer particle, the
reaction time is longer than in polymer films because in particles the reaction speed
depends on the rate of permeability of the analyte to the interior of the particle, while in
the polymer film the BODIPYs were dispersed on the surface of the material. A
calibration curve using different concentrations of NHsOH was obtained (Fig. 9, Panel
B, Fig. S16), showing a linear correlation in the range of 0.00 to 0.75 mol/L of analyte (y
= 1.421x — 0.016, R? = 0.983). The coloration of the aqueous solutions containing the
polymeric particles changed from blue to light orange with the addition of increasing
amounts of ammonia. In this way, it was possible to demonstrate the applicability of the

sensor in aqueous media.
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Fig. 9. A) Time-dependent absorption response of BDP4(uPs)TPU particles in water after addition of
NH,OH (0.59 mol/L). B) Calibration curve between fluorescence (A = 590 nm) of BDP4(uPs)TPU
particles in water, after 3 hours of reaction. Aex = 540, slit 5.0 nm. C) Images of BDP4(uPs)TPU solutions
in water containing different concentrations of NH,OH (0 — 2 mol/L).
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3.8.Reaction mechanism in NH4OH solutions

HRMS analyses were conducted to investigate the reaction that occurred when BDP4
is in the presence of NH4OH solutions. The formation of BDP4-NH2 and BDP4-20H
products was observed. BDP4-NHz: originates from a nucleophilic attack by ammonia
(present in the aqueous solution in equilibrium with ammonium hydroxide) to carbon 3
or 5 of the BODIPY nucleus. This attack leads to the formation of the BDP4-NHs3
intermediate, with the leaving group "SePh" forming benzoselenol (PhSeH) in the
aqueous medium; subsequent hydrogen abstraction results in the formation of compound
BDP4-NH2. Additionally, BDP4 can undergo nucleophilic attack by OH". In this case, a
double substitution of the "SePh" groups was observed, resulting in the formation of
BDP4-20H (Fig. S32 — S39). The isotopic profiles of the final products BDP4-NH: and
BDP4-20H were obtained (Fig. S37, S39). It is noteworthy that Nucleophilic Aromatic
Substitution of one "SePh" group at position 3 or 5 of the BODIPY nucleus, resulting in
the insertion of an OH group, has already been observed in our group for a BODIPY

derivative functionalized with four “SePh” groups.[31]

Furthermore, the absorption spectral profile obtained after the addition of NH4sOH
into the BDP4(uPs)TPU dispersed in water was very similar to that obtained for BDP4
in the presence of NH4OH in THF (Fig. S21) in the absence of polymer. This shows that
the phenomenon observed in the polymer matrix is in fact the reaction of BDP4 with the

ammonia (NHs), as depicted in scheme 3.

o OH
S e 0O OH I NN

+ PhSeH

Phse F F NH,

BDP4-20H BDP4-NH,

Scheme 3: Reaction products obtained when BDP4 is in the presence of ammonia aqueous solution
(NH4OH).
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4. Conclusions

Eight new BODIPY -containing polymer films using TPU or PMMA as matrix were
prepared, and their photophysical properties in the solid state were studied. The
thermometric response of the BODIPY-containing polymers was explored by obtaining
heating and cooling curves. Good luminescence recovery values (equal or greater than
50%) were observed after the heating/cooling cycles, indicating the reversibility of the
process; these responses indicate the potential of these compounds to act as molecular
thermometers. Although the TPU polymers are more malleable and elastic, the linearity
obtained between emission intensity and temperature for PMMA derivatives, together
with the high recovery values, make BODIPY -doped PMMA films better candidates for

thermometric applications when compared to the TPU ones.

Studies of the reactivity of the films with aqueous ammonia solution (NH4OH) were
conducted. The brominated (BDP3) and chalcogenated (BDP4) BODIPY's responded to
the analyte, resulting in yellow-fluorescent products with a blue spectral shift. Kinetic
studies with BDPA@TPU and BDP4@PMMA were conducted, recording emission
spectra and photographic images of the polymers after exposure to different
concentrations of the analyte for different reaction times. The results obtained indicate
that the reaction with ammonia in TPU matrix is much faster (100 minutes to complete)
than with PMMA (more than 14 hours) due to differences in permeability of materials.
The studies performed show that quantification by photographic analysis is a promising
tool for monitoring BODIPY's reaction with ammonia in the polymer matrix. The
photographic analysis method is fast, effective, portable, and cheap, and does not need
sophisticated equipment to quantify the analyte. Finally, all BODIPYs were also
encapsulated in polymeric particles, and BDP4(uPs) TPU was successfully applied in the

detection of ammonia in water without the use of organic solvents.
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