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Abstract: A host-guest-based fluorescent composite with a large Stokes shift was synthesized by inter-
calating 2,2’-(thiophene-2,5-diyl)bis(benzo[d]oxazol-6-amine) (BBTA) into the nanochannels of zeolite
L (ZL) and sealing the pores with (3-aminopropyl)triethoxysilane (APTES). To confirm the orientation
of the amino groups in BBTA, a single crystal of 2,5-bis(6-nitrobenzo[d]oxazol-2-yl)thiophene (BBTN)
was grown and examined by X-ray crystallography. The evidence of successful intercalation of BBTA
into the nanochannels of ZL was provided by fluorescence spectrometry, gas sorption and fluores-
cence microscopy. BBTA showed a Stokes shift of 6641 cm™! (157 nm) in ethanol and 4611 cm ™!
(93 nm) in toluene. The BBTA-ZL composite (BBTA-ZL-s) showed a Stokes shift of 5677 cm~! (123 nm)
in toluene, and 5450 cm ™! (124 nm) in ethanol. In addition, the degree of loading was determined
and stability against leaching was confirmed. We report the synthesis of this novel composite dye
material with potential applications where free dyes are not applicable and which retains a large
Stokes shift, independent of its chemical environment.

Keywords: Stokes shift; fluorescence; zeolite; nanochannel; host—guest; intercalation

1. Introduction

Composites obtained by the intercalation of chromophores and fluorophores into the
nanochannels of zeolite L (ZL) have generated interest in various fields, including the
development of novel colorants [1], photonic antenna systems [2], or fluorescent labels for
optical imaging [3]. The supramolecular organization caused by the strong confinement of
the guest molecules in the channels of ZL leads to anisotropic properties [4] and systems
capable of efficient energy transfer [5]. The chromophores and fluorophores located in the
ZL channels are shielded by the ZL framework. Consequently, the photophysical properties
of the respective composites are typically independent of the surrounding medium [6].
Furthermore, the guest molecules are protected from chemical attack [1].

For light-harvesting applications such as luminescent solar concentrators [7-9], high
concentrations of fluorophores are required, leading to self-absorption due to a non-negligible
overlap between the absorption and emission spectrum [10]. Similarly, fluorophore-based
probes or labels with a small Stokes shift often feature suboptimal signal-to-noise ratio and
self-quenching. Fluorophores with large Stokes shifts have been emerging as a possible
solution for these issues [11-14]. Based on the fact that ZL crystals can be synthesized in a
large range of sizes and shapes [15-18], the intercalation of dyes with a large Stokes shift
into the channels of ZL opens possibilities to obtain novel large Stokes shift fluorescent
materials with a predetermined particle size, shape, and surface chemistry, as well as with
anisotropic properties.

This work describes the synthesis, intercalation, and characterization of 2,2/-
(thiophene-2,5-diyl)bis(benzo[d]oxazol-6-amine) (BBTA). The synthesis of BBTA start-
ing from 2,5-bis(6-nitrobenzo[d]oxazol-2-yl)thiophene (BBTN) reported by Gao et al. [19]
was optimized. Crystals suitable for X-ray diffraction could be obtained and the config-
uration and conformation of BBTN in the solid state was elucidated.
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2. Materials and Methods
2.1. Chemicals

All experiments were carried out with the following commercially available reagents
and solvents, which were used without further purification: 2,5-bis(benzo[d]oxazol-2-
ylthiophene (BBT, 97%, BOC-Sciences, Shirley, NY, USA), (3-aminopropyl)triethoxysilane
(APTES, 99%, Sigma-Aldrich, Buchs, Switzerland), Chloroform-d (CDCl3, 99.8 %, Apollo,
New York, NY, USA), dichloromethane (DCM, 99.8 %, VWR Chemicals, Schlieren, Switzer-
land), d¢-DMSO (99.8%, Apollo), ethanol (99.95%, VWR Chemicals), ethyl acetate (99.5%,
Honeywell, Charlotte, NC, USA), hydrochloric acid (37%, Sigma-Aldrich), nitric acid (65%,
Roth AG, Solothurn, Switzerland), potassium nitrate (99%, Sigma-Aldrich), sodium hy-
droxide (98%, Sigma-Aldrich), sulphuric acid (98%, Roth AG), stannous chloride dihydrate
(Reag. Ph. Eur., Merck, Rahway, NJ, USA), zeolite L (ZL, HSZ-500, Tosoh Corporation,
Tokyo, Japan).

2.2. Synthesis of BBTN and BBTA
The reaction scheme for the synthesis of BBTN and BBTA is shown in Figure 1.
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Figure 1. Reaction scheme for the production of BBTA starting from BBT via BBTN. BBT is first
nitrated with a nitrating acid and then the nitro groups are reduced.

A solution of 2,5-bis(benzo[d]oxazol-2-yl)thiophene (BBT, 10.064 g, 31.61 mmol) in
sulphuric acid 98% (50 mL) was prepared at 0 °C in a round-bottom flask (250 mL), which
was equipped with a thermometer and a magnetic stirring bar. After 10 min the nitrating
acid mixture (nitric acid-sulfuric acid 1:1 v/v, 10 mL) was added dropwise over 35 min. The
solution was always kept below 8 °C. The reaction mixture changed color from light yellow
to dark orange within a few minutes while dosing. The reaction mixture was stirred for 2 h
at 0 °C. After the completion of the reaction (monitored by thin-layer chromatography), the
reaction mixture was poured into ice water (500 mL), which was stirred with a magnetic
stirring bar. A yellow solid precipitated. Ethyl acetate (50 mL) was added to the suspension
and allowed to stir for 5 min. The suspension was filtered with a glass frit and reduced
pressure. The filter residue was dispersed with water (5 x 100 mL) and the product was
dried with a rotary evaporator under reduced pressure at a bath temperature of 45 °C
to constant mass (12 h). No purification was required to yield BBTN (12.31 g, 95%) as a
yellow solid. Rg: 0.5 (cyclohexane/ethyl acetate 1:1); TH-NMR (500 MHz, CDCl3): § = 8.52
(d, ] =2.1Hz, 2H), 8.37 (dd, ] = 8.8, 2.1 Hz, 2H), 8.09 (s, 2H), 7.89 (d, ] = 8.8 Hz, 2H) ppm;
I3C-NMR (125 MHz, CDCl3): 6 = 161.70, 149.83, 147.07, 145.69, 133.58, 132.21, 121.38, 120.19,
107.36 ppm.

BBTN (308 mg, 0.754 mmol) was dissolved in ethanol (6 mL) in a 2-neck round-bottom
flask (25 mL) which was equipped with a magnetic stirring bar at room temperature.
Stannous chloride dihydrate (1.703 g, 7.55 mmol) was added and the reaction mixture was
heated to 85 °C, turning from a yellow to a dark orange solution at a bath temperature of
40 °C. The reaction mixture was refluxed for 2 h at 85 °C, then placed in water (100 mL)
and adjusted to acidic pH with hydrochloric acid 37% (1 mL). A clear orange solution was
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obtained. Subsequently, the solution was adjusted to basic pH with sodium hydroxide
solution 30% (3 mL). A solid precipitated at pH 5, which made the solution difficult to stir
with a magnetic stirring bar. After 3 min the solid dissolved again. At pH 9 a dark red
suspension was obtained. This suspension was filtered through a glass frit and washed
with water (3 x 20 mL) to neutral pH. The product was dried in a vacuum oven at 60 °C
for 4 h, yielding BBTA (216 mg, 82%) as a dark red solid. Rg: 0.16 (cyclohexane/ethyl
acetate 1:1); 'H-NMR (500 MHz, d¢-DMSO): § = 7.90 (s, 2H), 7.48 (d, ] = 8.5 Hz, 2H), 6.87
(d,] =2.1Hz, 2H), 6.74 (dd, ] = 8.5, 2.1 Hz, 2H), 5.64 (s, 4H) ppm. '*C-NMR (125 MHz,
de-DMSO): 6 = 154.65, 152.34, 149.13, 131.99, 131.97, 129.71, 120.27, 113.44, 94.41 ppm.

2.3. Synthesis of the BBTA-ZL Composite

BBTA (74 mg) was suspended in DCM (30 mL) in a single-neck round-bottom flask
(100 mL) and ZL (3.71 g) was added. The suspension was treated for 1 h in an ultrasonic
bath at room temperature. DCM was subsequently removed with a rotary evaporator
at a bath temperature of 45 °C and a pressure of 650 mbar. After 15 min, the pressure
was reduced to 60 mbar and maintained for 1 h. A large oval magnetic stirring bar was
added to the round-bottom flask containing the ZL powder impregnated with BBTA. The
impregnated ZL was dried for 1 h under stirring at a pressure of 13 mbar and a bath
temperature of 160 °C. The vacuum was broken with nitrogen and the light orange powder
was stirred for 26 h at 160 °C under static nitrogen atmosphere. The resulting orange
powder was cooled to room temperature. Subsequently, the product was washed by
dispersing the particles in DCM (10 x 10 mL). The particles and DCM (10 mL) were placed
in a Falcon tube (50 mL) and vortexed for 1 min and sonicated for 1 min. The suspension
was centrifuged at 9000 rpm for 10 min. The supernatant solution was decanted, and the
washing process was repeated until the supernatant was colorless. The obtained particles
were dried for 4 h in a vacuum drying oven at 40 °C to constant mass, yielding 3.2 g of
BBTA-ZL as a slightly orange powder. For imaging by fluorescence microscopy, larger ZL
crystals [15] were used.

To avoid the leaching of BBTA, the channels of BBTA-ZL were sealed. BBTA-ZL
(100 mg) was suspended in ethyl acetate (1.5 mL) at room temperature in a GC-headspace
vial. APTES (0.3 mL) was added in under 3 s. The GC-headspace vial was then sealed, and
the reaction was stirred with a magnetic stirring bar for 2 h at room temperature. The oil
bath was set to 80 °C and left at this temperature for 19 h. The suspension was allowed
to cool to room temperature and washed with DCM (7 x 10 mL). For this purpose, the
particles and DCM (10 mL) were placed in a Falcon tube (50 mL) and treated for 1 min
on a vortex mixer and 1 min in the ultrasonic bath. The suspension was centrifuged at
9000 rpm for 10 min. The supernatant solution was decanted off and the washing process
was repeated until the supernatant was colorless. The obtained particles were dried for 4 h
in a vacuum oven at 40 °C to constant mass, yielding 80 mg of dark orange powder. The
sealed BBTA-ZL was designated as BBTA-ZL-s.

2.4. Characterization

The reactions were monitored by thin-layer chromatography (TLC) using Silicycle
silica gel 60 F254 plates (0.2 mm thickness, Merck). NMR spectra were recorded at 500 MHz
(for 'TH-NMR), 125 MHz (for 3C-NMR), in CDCl; or dg-DMSO (Bruker Ascend TM500).
Chemical shifts are reported as J (ppm) downfield from tetramethylsilane (TMS) (J = 0.00)
using residual solvent signal as an internal standard: J singlet 7.26 (‘H), triplet 77.0 (}3C).
Fluorescence spectra were measured with a fluorescence spectrophotometer (Fluorolog-3,
Horiba, Kyoto, Japan). Dark offset was used as correction for the measurement of the
pure dye. An amount of approx. 1 mg of BBTA was dissolved in the respective solvent
(I mL). A volume of 0.2 mL of this solution was diluted with 2.8 mL of pure solvent. To
measure BBTA-ZL composites, 4 mg of the composite in 1 mL of solvent was treated with
an ultrasonic bath for 30 min. From this suspension, 0.25 mL was added to 2.75 mL of
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pure solvent. Fluorescence microscopy was performed with an Olympus BX60 microscope
(Wallisellen, Switzerland).

The nitrogen sorption isotherms were measured at 77 K with a Quantachrome Au-
tosorb iQ MP (Anton-Paar, Baden, Switzerland). All samples were vacuum degassed
at 80 °C for 24 h prior to the sorption measurements. The total pore volume (Viot) was
calculated from the amount of adsorbed nitrogen at a relative pressure of ca. 0.95.

To grow a single crystal, a saturated solution of BBTN in chloroform (3 mL) was
prepared. The resulting suspension was filtered through cotton wool into an NMR tube
filled with cyclohexane (3 mL). The NMR tube was sealed and stored at room temperature
for 3 weeks. A suitable crystal was selected and measured on a SuperNova, Dual Cu at
home/near, Atlas diffractometer. The crystal was kept at 160.15 K during data collection.
Using Olex2 (version 1.3), the structure was solved with the XT structure solution pro-
gram using Intrinsic Phasing and refined with the XL refinement package using Least
Squares minimalization.

To test the stability against leaching, a supersaturated solution of potassium nitrate
was prepared in a desiccator. For this purpose, 90 g of KNO3; was added to 60 g of water
and placed in a desiccator for 48 h to reach saturation. The relative humidity was checked
using a hygrometer. A relative humidity of 92% [20] was obtained. Approx. 250 mg of
BBTA-ZL or BBTA-ZL-s was added to a flat Petri dish and distributed homogeneously. The
samples were left in the dish for 24 h. The samples were then washed with DCM (10 mL)
until a constant absorbance of the washing solution was achieved.

3. Results and Discussion
3.1. BBTN

The nitration of BBT could be reproduced according to the literature [19]. The exact
constitution of the nitro groups could not be determined from the NMR data (‘H, 13C,
COSY, HMBC). Therefore, a single crystal was grown to determine the structure of BBTN
by X-ray diffraction (Figure 2). The substitution pattern and the overall structure was
confirmed. The nitro groups are in para position to the nitrogen in the oxazole. The absence
of multiple nitration is due to the deactivation of the benzene ring by the nitro group and
its strong negative mesomeric effect. BBTN in the single crystal features a similar spacing
as graphite [21].

Figure 2. X-ray structure of BBTN (left) and the corresponding unit cell (right). Created with VESTA
ver. 3.5.8 based on the cif-file deposited at CCDC with number 2252524.

3.2. BBTA

Starting from BBTN, the nitro groups were reduced. Stannous chloride dihydrate, iron
with acetic acid, and H, /Pd were tested as reducing agents. It was found that iron with
acetic acid, as well as Hy /Pd, led to complete conversion of the reactant after 72 h. No
by-products were formed. In the case of stannous chloride dihydrate, complete conversion
was already observed after 2 h. If the reaction time was increased, by-products formed. It is
noteworthy that BBTA was not detectable on a TLC plate at 254 nm. It only became visible
at 366 nm (Figure S1). The reason for this was that BBTA emitted the same wavelength as
the fluorescent indicator on the TLC plate. On an uncoated TLC plate, BBTA was visible at
254 nm (Figure S2). For this reason, we recommend detection at 366 nm. The comparison
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of the NMR with data reported in the literature [19] showed some inconsistencies. In
the 'H-NMR, large differences in the coupling constants were obtained in some cases.
Furthermore, Gao et al. [19] described eight signals in the 3C-NMR, whereas nine signals
should be obtained, as shown here (the spectra can be found in the Supporting Information).
The Stokes shifts obtained for BBTA in various solvents are summarized in Figure 3.
The emission of BBTA was shifted to longer wavelengths when the polarity of the solvent
was increased from toluene, acetonitrile to DMSO according to Reichardt’s scale [22,23].
However, for ethanol, which exhibits a lower dipole moment than DMSO, a more pro-
nounced Stokes shift was observed. This indicates that the fluorescence of BBTA is influ-
enced by both the polarity and the hydrogen bonding ability of the solvent. These large
shifts in emission to longer wavelengths with increasing polarity and hydrogen bonding
ability of the solvent suggest that BBTA has significant polarity in the excited state, making
it more susceptible to the influence of polar or protic solvents [19,24,25]. Furthermore, the
large Stokes shift suggests a structural change upon excitation [26]. This was confirmed
with state-specific TD-DFT calculations of BBTA, which yielded substantial differences in
the ground and excited state dipole moments [24]. In the fluorescence spectrum, no fine
structure was observed in any of the investigated solvents (shown exemplarily in ethanol,
Figure 4), indicating a molecule that is not completely rigid in the excited state [27].
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Figure 3. Stokes shift in BBTA (66 ug~mL_1) in (a) wavelength and (b) wavenumber in different sol-
vents. The maxima, blue for excitation and red for emission, are highlighted. The Stokes shift is shown
as a gray bar. The exact excitation and emission wavelength maxima are listed in Tables S1 and S2.

1

Inorm / 1
e o
(=] o

S
=~

S
o

0 L L
300 400 500 600 700
A / nm

Figure 4. Normalized (Inorm) excitation spectrum (blue) and the emission spectrum (orange) of BBTA
(66 ug-mLfl) in ethanol.
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3.3. BBTA-ZL

It first must be shown that BBTA is in fact located in the nanochannels of ZL as
opposed to being adsorbed on the external zeolite surface. Successful intercalation would
lead to an almost identical 3D fluorescence spectrum of BBTA-ZL in solvents of different
polarity because the intercalated BBTA is shielded from the surrounding solvent by the
zeolite framework. The respective spectra are shown in Figure 5.

Toluene Ethanol

500 550
A/ nm

1
1

x

0°
3

2

uoin|os
ulylgad

1

—

500 550 600
A [ nm

T

500 550 60(
A" / nm

17-vigg <—— pareubaiduw

500 550 600
A/ nm

x10°

0
460
8 12
440 10
6 Bz
= e
1% 400
=
0

-~

s-1Z-v199

500 550 600 500 550 60
Aem [ nm A"/ nm

Figure 5. Three-dimensional fluorescence spectra measured in toluene (left column) and in ethanol
(right column). From top to bottom: BBTA in solution (66 ug~mL*1), BBTA on the external surface
of ZL (Impregnated, 333 ug-mL~!), BBTA-ZL (333 pug-mL~!), and BBTA-ZL-s (333 ug-mL~!). The
excitation wavelength is plotted on the y-axis and the emission wavelength is plotted on the x-axis.

As expected, the spectra of BBTA dissolved in toluene and in ethanol are distinctively
different. After the impregnation of the ZL crystals with BBTA, the excitation wavelength
shifted to longer wavelengths. It can be assumed that impregnation leads to the deposition
of BBTA aggregates on the external ZL surface, which are still exposed to the surrounding
solvent. BBTA-ZL obtained after intercalation showed a rather undefined 3D spectrum.
This can be attributed to some leaching of BBTA, which results in the presence of BBTA
in the solution and on the external ZL surface, in addition to the BBTA located in the ZL
nanochannels. To prevent leaching, the nanochannels of ZL were sealed with APTES [2,28].
As a result, the solvatochromic effect observed in the solution was significantly reduced.
This is a first indication of successful intercalation. The general applicability of this concept
was evaluated by preparing and intercalating another molecule with a large Stokes shift.
The results are provided in the Supporting Information.

Considering the structure of BBTA and the acidic conditions in the ZL nanochan-
nels [29], it is surprising that the channel entrances had to be sealed to prevent leaching. It
can be assumed that the amino group of BBTA is protonated in ZL leading to electrostatic
interactions with the negatively charged zeolite framework. A possible explanation is that
the mobility of BBTA was too low during intercalation. It has been previously observed
that slow intrachannel diffusion might lead to an accumulation of the guest species on sites
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close to the channel entrances [30]. BBTA lacks the alkyl substituents that were found to be
crucial for intrachannel mobility [2].

To confirm the above results, the materials were further analyzed by nitrogen sorption
(Figure 6). The incorporation of BBTA molecules within the ZL channels results in a
substantial decrease in the accessible pore volume. Figure 6 illustrates the nitrogen isotherm
of ZL and BBTA-ZL. As predicted, ZL presents a type I(a) isotherm, typically observed for
microporous materials possessing predominantly narrow micropores [31]. The capacity for
nitrogen adsorption is markedly reduced following the intercalation of BBTA. A total pore
volume of 0.153 cm3-g~! was determined for the pristine ZL sample, whereas BBTA-ZL
exhibited a total pore volume of only 0.028 cm®-g~1. This is indicative of the intense spatial
confinement in BBTA-ZL, which, in conjunction with the one-dimensionality of the ZL
channel system, restricts diffusion and thus protects the intercalated BBTA molecules from
chemical attack. The sealing of BBTA-ZL with APTES led to a further reduction in the total
pore volume (Vior = 0.013 crn3-g_1).
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Figure 6. Nitrogen sorption isotherms at 77 K of pristine ZL (blue) and BBTA-ZL (red). The adsorption
isotherms are shown as solid circles and the desorption isotherms as hollow circles. Adsorption and
desorption branches coincide.

Geometrical confinement leads to a defined orientation of the guest molecules in the
ZL channels. In the case of fluorescent molecules, the orientation can be observed by
polarized fluorescence microscopy. For long-stretched molecules, alignment along the
channel axis (c-axis) of the ZL crystals has been observed, whereas smaller molecules
tend to adopt a tilted orientation [4,32]. No angle dependence of the fluorescence can be
observed if the electronic transition dipole moment of the guest molecule is aligned along
the magic angle [4]. Figure 7 shows that in the case of BBTA-ZL, the fluorescence is largely
quenched when the polarizer is set at 90° relative to the c-axis of the ZL crystals. This
indicates that BBTA is preferentially aligned along the channel axis.

/ ~

o] c

Figure 7. Fluorescence microscopy images of BBTA-ZL. The images show two crystals with a length
of ca. 6.5 um. For both crystals, the c-axis corresponds to the longer axis of the crystals. Image (a) was
taken without a polarizer. The double arrows in images (b,c) indicate the direction of the polarizer.
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3.4. BBTA-ZL-s

To increase stability against leaching, sealing of the ZL channels with APTES is advan-
tageous. The resulting sample, designated as BBTA-ZL-s, features a constant Stokes shift
independent of the surrounding solvent (Figure 8). Interestingly, the Stokes shift in BBTA
in ZL is slightly smaller than for BBTA dissolved in ethanol, although the ZL channels
are a highly polar environment [29]. Restrictions in terms of conformational states could
be the reason for the smaller Stokes shift in BBTA in ZL compared to BBTA dissolved in
ethanol [33]. The slightly deviating excitation and emission maxima can be explained by
the different light scattering properties of suspensions of ZL in toluene and ethanol.

4
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Figure 8. Stokes shift in BBTA (66 pg~mL_1) and BBTA-ZL-s (333 ug-mL_l) in (a) wavelength and
(b) wavenumber in toluene and ethanol. The maxima, blue for excitation and red for emission, are
highlighted. The Stokes shift is shown as a gray bar. The exact excitation and emission wavelength
maxima are listed in Tables S3 and S4.

To determine the stability against leaching, the loading of the ZL crystals with BBTA
was calculated by quantifying the amount of BBTA in the washing solutions after the
intercalation step. A mass percentage of 1.39% BBTA (relative to the mass of ZL) was
obtained. BBTA-ZL and BBTA-ZL-s were then exposed to a relative humidity of 92% for
24 h at room temperature. For BBTA-ZL, the loading level decreased to 1.25%. BBTA-ZL-s
showed higher stability against leaching, with the loading level decreasing to 1.35% after
the same time period.

4. Conclusions

BBTA was synthesized, characterized, and intercalated into the nanochannels of ZL.
A Stokes shift is typically considered large if it is greater than 80 nm [19] or 100 nm [34],
respectively. The large Stokes shift in BBTA is preserved after intercalation and sealing of
the ZL channels. The resulting BBTA-ZL-s composite is a particle-shaped fluorophore with
intriguing properties. Its large Stokes shift is essentially independent of the surrounding
medium, as BBTA is shielded by the zeolite framework. Furthermore, due to the alignment
of BBTA in the ZL channels, the composite shows polarized fluorescence. The size and
shape of the composite can be adjusted over a wide range (several nm to tenths of pm and
from disks to needles) by making use of established procedures for the synthesis of ZL
crystals [15-18]. Furthermore, the external surface of the ZL crystals allows for versatile
functionalization with targeting ligands, antibodies, or other biomolecules, for example.
When the nanochannels are sealed, the dye remains within the zeolite, potentially rendering
the resulting particles non-toxic [35]. The sum of these properties opens possibilities for
the use of these composites in applications such as biological imaging [36,37], optical
devices [38], or security printing [39].
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/mal7225669/s1, Figure S1: Left: TLC, from left to right:
different amounts of BBTA. Left, at 254 nm. Right, same TLC but recorded at 366 nm. The solvent
used was EtOAc:cHex (1:1); Figure S2: 3 uL of BBTA solution (1 mg~mL*1) was applied to a TLC
plate with fluorescence indicator (top row) and to a TLC plate without fluorescence indicator
(bottom row). On the TLC plate with fluorescence indicator, BBTA is not visible at 254 nm, because
it emits the same color as the indicator. On an unlabeled TLC plate, BBTA is therefore visible at
254 nm. Both plates were imaged at 366 nm; Figure S3: 'H-NMR of BBTN in CDCl3, Figure S4:
I3C-NMR of BBTN in CDClj; Figure S5: 'H-NMR of BBTA in dg-DMSO; Figure S6: 1*C-NMR of
BBTA in dg-DMSO; Figure S7: Zoom of the 3C-NMR of BBTA in dg-DMSO from 132 to 130.5 ppm;
Figure S8: Stokes shift of 7 (66 pg-mLfl) in (a) wavelength and (b) wavenumber in different
solvents. The maxima, blue for excitation and red for emission, are highlighted. The Stokes shift is
shown as a gray bar. The exact excitation and emission wavelength maxima are listed in Tables
S5 and S6; Figure S9: 3D fluorescence spectra measured in toluene (left column) and in ethanol
(right column). From top to bottom: 7 in solution (66 ug-mL_l), 7 on the external surface of ZL
(Impregnated, 333 pug-mL~'), and 7-ZL-s (333 pg-mL~!). The excitation wavelength is plotted
on the y-axis and the emission wavelength is plotted on the x-axis; Figure S10: Stokes shift of
7 (66 pg-mLfl) and 7-ZL-s (333 ug~mL*1) in (a) wavelength and (b) wavenumber in toluene
and ethanol. The maxima, blue for excitation and red for emission, are highlighted. The Stokes
shift is shown as a gray bar. The exact excitation and emission wavelength maxima are listed
in Tables S7 and S8; Figure S11: 'H-NMR of 5 in CDCls; Figure 512: '3C-NMR of 5 in CDCl3;
Figure S13: 'H-NMR of 7 in dg-DMSO; Figure S14: 3C-NMR of 7 in dg-DMSO; Table S1: Data
for Figure 3a. BBTA in different solvents with the excitation and emission maximum and the
corresponding Stokes shift; Table S2: Data for Figure 3b. BBTA in different solvents with the
excitation and emission maximum and the corresponding Stokes shift; Table S3: Data for Figure 8a.
BBTA and BBTA-ZL-s in different solvents with the excitation and emission maximum and the
corresponding Stokes shift; Table S4: Data for Figure 8b. BBTA and BBTA-ZL-s in different solvents
with the excitation and emission maximum and the corresponding Stokes shift; Table S5: Data
for Figure S8a. Molecule 7 in different solvents with the excitation and emission maximum and
the corresponding Stokes shift; Table S6: Data for Figure S8b. Molecule 7 in different solvents
with the excitation and emission maximum and the corresponding Stokes shift; Table S7: Data for
Figure S10a. 7 and 7-ZL-s in different solvents with the excitation and emission maximum and the
corresponding Stokes shift; Table S8: Data for Figure S10b. 7 and 7-ZL-s in different solvents with
the excitation and emission maximum and the corresponding Stokes shift. Reference [40] is cited
in the Supplementary Materials.
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