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Fluorescence properties of benzoxazole type dyes entrapped in a

silica matrix by the sol-gel method
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For the first time, the incorporation of 2,5-bis(benzoxazol-2'-yl)-4-methoxyphenol (BM) in a silica matrix by the
sol-gel method has been accomplished, producing transparent and translucent monoliths with fluorescence
properties. The intensity and wavelength range of the fluorescence bands F; (primary structures) and F,
(proton-transferred forms) were extremely sensitive to the presence of solvents and to the dye concentration in
the silica pores. The F, band was observed when the silica pores contained solvent; however, after the solvent
evaporation, the interactions of the dye with the silica host hindered the proton-transfer reaction, eliminating
the F, band and indicating the polar and acidic character of this host. Nevertheless, it was observed that the
proton-transfer could be recovered after insertion of suitable solvents inside the matrix, like water, ethanol or
DME. Changes in the fluorescence spectra due to the use of different dye concentrations were observed when
the monoliths were prepared with ethanol as solvent. During the aging process, the F, band persists at high dye
concentrations, but it disappears for low dye concentrations. The high sensitivity of the proton-transfer reaction
of this dye in a particular environment, where the solvent and the host play important roles, suggests the
possible application of this dye as a photoprobe for this kind of system.

Introduction

2-(Hydroxyphen-2'-yl)benzoxazole and its derivatives have
been studied due to their interesting spectroscopic and
photophysical properties.'™ This kind of molecule shows
fluorescent emission with a large Stokes shift that originates
from an intramolecular proton-transfer reaction in the
electronic excited state (ESIPT).? This phenomenon has
widespread implications in the action of many lasing dyes,
photostabilizers and in biology.’ The basic process of ESIPT is
shown in Fig. 1, where Sy is the fundamental hydrogen bonded
enol form.® The proton-transfer occurs from the lowest excited
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Fig. 1 Schematic diagram representing ESIPT.

DOI: 10.1039/b102566j

singlet state molecule S; to a phototautomer S'; in a
subpicosecond time scale, even in a rigid medium and at
temperatures as low as 4 K.> After the conversion to the
ground state S’ the proton falls back to its original place,
regenerating the fundamental form S,. The difference between
these absorbing and emitting molecular structures originates
the large Stokes shift (near 200 nm).

Within the ensemble of benzoxazole type dyes, one impor-
tant molecule is 2,5-bis(benzoxazol-2'-yl)-4-methoxyphenol
(Fig. 2), due to its great photostability and very high quantum
yield in fluorescence emission. This molecule exhibits dual
luminescence, even in aprotic solvents. The first fluorescence
band F; arises from the primary excited forms, which are
related to a fraction of solvated molecules that is not able to
undergo the proton-transfer reaction. The second band F,
arises from the tautomeric forms, which are the proton-
transferred forms.'*

This molecule presents infrared spectroscopy evidence for
very strong intramolecular H bond formation in the ground
state and it is known that ESIPT occurs effectively along this H
bond.”® In general, the intramolecular reaction is influenced by
specific H bonding solvation, which could create distinct
conformers having different H bonded sites.* Therefore, apolar
solvents do not influence the proton-transfer reaction, while
polar (dimethylformamide, DMF) and mainly protic (ethanol)
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Fig. 2 Formula for the 2,5-bis(benzoxazol-2'-yl)-4-methoxyphenol dye.
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solvents cause hindrance of intramolecular H bonding.
Consequently the substitution of these bonds for intermole-
cular H bonds causes the increase of the intensity of the F;
band and the reduction of the intensity of the F, band. Corréa
observed that the intensity of the F; emission increases with the
increasing of the water content in water—dioxane (apolar)
mixtures.” This behavior enables the use of this kind of
molecule as a photoprobe of solvent polarity, of pore
environment and of molecule matrix interactions in sol-gel
and polymeric materials.'®

Many spectroscopic techniques, such as NMR, FTIR and
Raman, have been used to study the state of the bulk sol-gel
material, however these methods are not able to provide
detailed information about the local conditions around low-
concentration dopants. Hence, methods of monitoring the
microenvironments on the molecular scale that are sensitive to
the low dopant concentrations used in these materials are
needed. Fluorescence spectroscopy offers sensitive methods of
reporting the local environment of the probe molecule.'
Although the fluorescence of benzazole type dyes has been
studied in matrices like polyethylene, polymethyl methacrylate,
and polyvinylchloride, the fluorescence of these dyes in
inorganic media has not yet been studied.**-!!

The behavior of benzoxazole type dyes in the silica-gel
matrix is not unexpected, but a priori knowledge of this
behavior is difficult due to the very large number of
variables.%° Apart from the pure scientific interest, inorganic
matrices are attractive also as a possible source of new optical
materials, especially for lasing media. Therefore, there is great
interest in the incorporation of these dyes in solid matrices like
silica, which is transparent, mechanically resistant and can be
prepared at room temperature using the sol-gel method."

In this work is reported for the first time the incorporation of
2,5-bis(benzoxazol-2'-yl)-4-methoxyphenol in a silica-gel
matrix, using the sol-gel method with ethanol and DMF
solvents, using different dye concentrations. The effect of the
silica matrix on the fluorescence of this dye was studied in order
to verify the potential use of this kind of molecule as a probe
for sol-gel materials and, furthermore, to develop novel
materials for optics and photonics applications. In a sub-
sequent paper, we will report the fluorescence properties of this
system submitted to high pressure (4.5 GPa).

Experimental

Two dyes of the benzoxazole family were entrapped in the
silica matrix: 2,5-bis(benzoxazol-2'-yl)-4-methoxyphenol (BM),
which exhibits the proton-transfer reaction and, for compar-
ison, 2,5-bis(benzoxazol-2'-yl)-1,4-dimethoxybenzene (BD),
which does not undergo this kind of reaction. The synthesis
and purification of these dyes were carried out according to
procedures detailed elsewhere.'® The silica gel samples were
prepared by hydrolyses and polycondensation of tetraethyl
orthosilicate (TEOS) in water and ethanol solutions under
acidic (HF 40% by wt.) conditions.!*'> The doped silica-gel

Table 1 Synthesis conditions for dyes BM and BD

Dye concentration Solvent
Synthesis (mol dye/mol TEOS) Dye
conditions  (x107%) type  Ethanol/ml DMF/ml
1 13.7 BM 5 3
2 6.2 BM 5 3
3 3.1 BM 5 3
4 13.7 BM 5 —
5 6.2 BM 5 —
6 3.1 BM 5 —
7 6.2 BD 5 —
8 3.1 BD 5 —

monoliths were prepared with different dye concentrations
(mol dye/mol TEOS) and with ethanol and DMF, as described
in Table 1. The organic dyes were previously dissolved in
ethanol. Separate solutions of hydrofluoric acid (0.1 ml) in
distilled water and TEOS (5 ml) in ethanol were prepared and
the acid solution was dropped with stirring (5 minutes) into the
solution of TEOS plus the organic dyes. This mixture (with a
maximum volume of 14 ml) was divided between three small
plastic dishes with diameters of 3.5 cm, which were placed in a
large covered (but not sealed) Petri dish. These solutions were
then left to gelify and to evaporate slowly, in air, at room
temperature. The obtained gel monoliths were of regular
cylindrical form. The dye concentration in the monoliths was
estimated also in weight % (Table 2), considering the initial
weight of the dyes and the final weight of the monoliths,
approximately 60 days after the synthesis. The bulk density was
estimated from the weight and size of the dried gel discs.'

Water adsorption measurements were carried out during the
drying and aging period. The gel monoliths obtained from the
different syntheses were immersed in distilled water at room
temperature and at 50 °C. Every 5 minutes they were removed
from water, dried with wet paper and weighted. This procedure
was repeated until the sample weight became constant. The
relative water adsorption was calculated by the ratio of the
difference between the dry and the wet weight, and the dry
weight.

Fluorescence spectra were obtained in line transmission, in
the range of 400 to 700 nm, excited by a high pressure xenon
lamp (100 W) with a UV filter (~350 nm) and detected by a
CCD system coupled to a monochromator. The first spectrum
of each sample was obtained after 6 days from the synthesis,
and the last spectrum after several months.

Surface area measurements were obtained by the conven-
tional nitrogen adsorption technique on a vacuum system,
using a multipoint BET method.

Results

Table 2 shows the characteristics of the samples obtained from
different synthesis conditions. The samples prepared with
ethanol as a solvent for both dyes (synthesis 4-8) were broken,

Table 2 Characteristics of the samples obtained under different synthesis conditions

Sample weight/g

Synthesis Dye concentration Water adsorption

conditions Dye condition (% by weight) Sample aspect Density/g cm > (%) 30d 60 d
1 agglomerated 0.022 transparent intact 1.00 9.1 5.08 3.20
2 agglomerated 0.013 transparent intact 1.05 1.6 4.86 3.34
3 dispersed 0.007 transparent intact 1.02 2.3 5.35 2.32
4 dispersed 0.069 translucent broken 0.30 66.6 1.49 1.44
5 dispersed 0.032 translucent intact 0.19 74.6 1.46 1.44
6 dispersed 0.017 translucent broken 0.30 76.8 1.41 1.40
7 dispersed 0.032 transparent broken 0.30 69.2 1.45 1.45
8 dispersed 0.017 transparent intact 0.31 68.5 1.46 1.44
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Fig. 3 Normalized fluorescence spectra, in the range of 400 to 700 nm,
for BM dye incorporated into silica under synthesis conditions 1
(13.7x 107? mol dye/mol TEOS, with ethanol and DMF), after
different times of gelation. For comparison, the fluorescence spectra
of the dye in ethanolic and DMF solution are shown.

transparent or translucent, and presented very high water
adsorption, near 70%. These samples also showed constant
weight 30 days after the synthesis and density values near
0.3 gecm >, The average value for the surface area of these
samples was 240+12m? g~ '. The samples prepared with a
mixture of ethanol and DMF were intact (homogeneous and
crack free), transparent, presented regular cylindrical form,
with a diameter of approximately 2cm and thickness of
3.5 mm. These samples showed low water adsorption, below
10%, density near 1.00 g cm >, and their weight continued to
decrease even after 60 days. The average value for the surface
area of these samples was 180+9m?g .

Fig. 3 shows the normalized fluorescence spectra for the gel
discs obtained under synthesis conditions 1 (Table 1) together
with the spectra of the dye in ethanolic and DMF solutions.
Similar spectra were observed for synthesis conditions 2 and 3,
which contained different BM concentrations. As a general
feature, the fluorescence of the dye incorporated in the silica-gel
matrix was in the same wavelength range observed for the dye
in ethanolic solution, with a maximum wavelength at 565 nm
corresponding to F,. There was almost no shift of the
fluorescence band during the period between 8 and 76 days
after the synthesis, however a decrease in the intensity of
approximately 70% was observed for all three syntheses
conditions.

Fig. 4 shows the normalized fluorescence spectra for the gel
discs obtained under synthesis conditions 4 (Table 1). The
spectrum for the monolith which was 6 days old had only one
maximum at 565 nm, which was also observed for the dye in
ethanolic solution. An important change was observed for the
monolith at 27 days old. The F, band presented a shift to
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Fig. 4 Normalized fluorescence spectra, in the range of 400 to 700 nm,
for BM dye incorporated into silica under synthesis conditions 4
(13.7 x 10~ mol dye/mol TEOS, with ethanol), after different times of
gelation. For comparison, the fluorescence spectrum of the dye in
ethanolic solution is shown.
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Fig. 5 Normalized fluorescence spectra, in the range of 400 to 700 nm,
for BM dye incorporated into silica under synthesis conditions 5
(6.2 x 10~ mol dye/mol TEOS, with ethanol), after different times of
gelation. For comparison, the fluorescence spectrum of the dye in
ethanolic solution is shown.

540 nm, i.e. shorter wavelength compared to the dye in ethanol.
Another band appeared at 480 nm, which is related to
fluorescence from the primary structure (F;). The relative
intensity for these two maxima was Is40/l430=1.6 and this
decreased to 1.2 after 69 days. At this point we assumed that
the fluorescence emission became stable.

Fig. 5 shows the normalized fluorescence spectra for the gel
discs obtained under synthesis conditions 5 (Table 1). The
spectrum for the 6 days old monolith was the same as that
observed for the dye in the ethanolic solution. For the 13 days
old monolith there was a hypsochromic shift of the F, band to
545 nm, and after 27 days a high intensity band at 500 nm
appeared, with a shoulder at about 545 nm, that was attributed
to F,. This same spectrum was observed up to 69 days after the
synthesis.

Fig. 6 shows the normalized fluorescence spectra of the
transparent gel discs obtained under synthesis conditions 6
(Table 1). The spectrum for the 7 days old monolith had a band
at approximately 550 nm which is slightly hypsochromic
shifted compared to the dye in ethanolic solution (570 nm).
However, the spectra of the monolith obtained after 49 and 240
days show maxima at 480 nm, attributed to primary species Fy,
with a small shoulder at about 545 nm.

Fig. 7 shows the spectrum for the 240 days old monolith
obtained under synthesis conditions 6, however in this case the
monolith was translucent. The spectrum exhibits two bands,
one with a maximum at 540 nm and another band with a
maximum at 480 nm. The relative intensity of these two
maxima was Is4/l450=1.8. For the same monolith a sequence
of heat treatment at 60°C, 100°C and 200 °C showed that
the relative intensity of these two maxima decreased to
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Fig. 6 Normalized fluorescence spectra, in the range of 400 to 700 nm,
for BM dye incorporated into silica under synthesis conditions 6
(3.1 x 103 mol dye/mol TEOS, with ethanol), after different times of

gelation. For comparison, the fluorescence spectrum of the dye in
ethanolic solution is shown.
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Fig. 7 Normalized fluorescence spectra, in the range of 400 to 700 nm,
for a 240 days old sample (synthesis conditions 6), after heat treatment
at different temperatures. For comparison, the fluorescence spectrum
of this sample left in the air is shown.

approximately 1.4, 1.0 and 0.8, respectively. After the last heat
treatment, the monolith was then left in the air for two days
and the relative intensity returned to approximately 1.5.

Fig. 8 shows the normalized fluorescence spectra of the gel
discs obtained under synthesis conditions 7 (Table 1). The
spectrum of this dye in ethanolic solution had only one
maximum at 460 nm, corresponding to normal fluorescence F;.
The spectra for the 7 and 15 days old monoliths had maxima at
approximately 480 nm and 470 nm, respectively, which were
slightly shifted to longer wavelength compared to the dye in
ethanolic solution. However, the spectra of the 21 and 42 days
old monoliths showed a maximum at 455 nm, approximately
the same spectrum observed for ethanolic solution. Similar
behavior was observed for the monolith prepared with lower
dye concentration (synthesis conditions 8).

Discussion

Fluorescent silica monoliths doped with BM dye were obtained
with satisfactory optical and mechanical properties, which
depend on the synthesis conditions (solvent and dye concen-
tration). According to Table 2, intact and transparent mono-
liths were obtained when DMF was used as a solvent. It is well
known that DMF is a drying agent in sol-gel synthesis,
increasing the mechanical resistance and reducing the crack
formation in the monoliths.'> On the other side, the density of
these samples was high, the water adsorption was very low, and
the weight of the monoliths did not become constant even after
60 days, which indicates that the pores were full of solvent,
evaporating slowly during this period. It could be explained by
the high boiling point of DMF (152°C), which makes it
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Fig. 8 Normalized fluorescence spectra, in the range of 400 to 700 nm,
for BD dye incorporated into silica under synthesis conditions 7
(6.2 x 107> mol dye/mol TEOS, with ethanol), after different times of
gelation. For comparison, the fluorescence spectrum of the dye in
ethanolic solution is shown.
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difficult for solvents to evaporate from the silica matrix at room
temperature.

The monoliths prepared only with ethanol as a solvent were
mostly broken, translucent and in some cases, transparent. The
low density (see Table2), high water adsorption, and a
constant weight after 30 days indicated that the solvent
evaporated very rapidly and almost completely, causing cracks
and broken samples.

The high BET values found were expected for this kind of
system. The changes in the surface area measurements were due
to the different solvents used (ethanol and DMF) and not due
to the changes in dye concentrations for all synthesis
conditions. These results were predicted due to the very low
dye concentration in the sol-gel synthesis (Table 1).

The fluorescence properties of the silica monoliths were
significantly affected by the characteristics described above,
mainly regarding the solvents retained in the pores during the
gelation and aging processes, and the dye concentration. The
behavior observed in Fig. 3 could be explained by the fact that
the dye molecules were solvated in ethanol and DMF, where
ethanol could be segregated to near the dye molecules.” As is
well known, DMF is an aprotic and polar solvent and ethanol
is a protic and polar solvent, however their interactions with
the dye molecules are not as strong as they could be to hinder
the proton-transfer reactions and the F, band was maintained.’

According to Fig.4, 5 and 6, the fluorescence spectra
changed drastically with the aging time for all the dye
concentrations studied, when only ethanol was used as the
solvent. For the 6 days old monolith, the dye molecules were
totally solvated in ethanol and it was observed that the
monoliths were completely wet. After 13 days the monoliths
were very opaque and the fluorescence emission was very low.
This temporary opacity during the drying process was due to
different solvent evaporation rates from the open and closed
pores.'® After 27 days, the monoliths became translucent and
the fluorescence emission increased, presenting changes for the
different dye concentrations. In Fig.4 (the highest dye
concentration), both bands, F; and F,, were observed. The
hypsochromic shift observed in the F, band was due to the
interaction between the dye molecules and adsorbed water that
covers the silica surface.” At this time, the ethanol evaporation
was almost complete and the dye molecules started to interact
with the silica matrix. It is well known that this matrix is rich in
isolated OH groups that can form H-bridges with the OH
groups and/or N of the dye molecule.!”!® This interaction
hindered the proton-transfer process and lowered the intensity
of the F, band, creating molecular species that generated the
fluorescence band F;. For long drying periods, the interaction
of the dye molecule with the matrix increased, and the intensity
of both bands, F; and F,, was almost the same for this
concentration. It was observed that the intensity of the F, band
was still observable, indicating that the dye molecules could be
agglomerated or interacting with the residual ethanol or water,
which would enable the proton-transfer reaction to take place.
It has been observed that this kind of dye agglomerates at
concentrations between 10 ~1072 mol 1" ! in CHCl,.* The same
agglomeration could also occur in the pores of the silica matrix,
being responsible for the remaining F, band.

For Fig.5 and 6 (lower dye concentrations), the abrupt
reduction of the intensity of the F, band indicated a strong
interaction of the dye molecule with the matrix, eliminating
almost completely the proton-transfer reactions. The existence
of a main band near 500 nm in Fig. 5 has been attributed to
fluorescence emitted by ionic species created by the protonation
of the nitrogen atoms, which hindered the intramolecular
proton-transfer reaction.” In acidic systems a great reduction in
the intensity of the original bands (F; and F,) and an increasing
of the intensity of a band near 500 nm were observed. In our
case, the dye would be protonated by OH groups of the silica



matrix. In Fig. 6, there is a main band at 480 nm, favouring the
molecular species that generated the F; band.

For synthesis conditions 6 (lowest dye concentration) some
gel discs were opaque, showing different spectra compared to
the transparent ones. This anomalous behavior was studied
and the results are shown in Fig. 7. The existence of the F, band
indicated the presence of some solvent retained in the matrix
pores, like water, which acted on the dye molecules, replacing
the interactions of the molecules with the OH of the silica pores
and recovered partially the proton-transfer reactions. When the
samples were heat treated, the water was gradually eliminated
and the dye molecules interacted with the silica matrix again,
losing the capability to undergo proton-transfer reactions.
When the samples were left in the air, they adsorbed water,
recovering the proton-transfer reactions.

The incorporation of the BD dye, which is known to be
unable to undergo proton-transfer reactions, was performed
and the fluorescence properties were compared to that of the
BM dye. As expected, there is only the F; band in the
fluorescence spectrum of the BD dye. The small shifts observed
can be ascribed to solvent (bathochromic shift) or silica
(hypsochromic shift) interactions with the dye molecule.'® For
this type of dye the fluorescence properties are not significantly
influenced by the silica matrix, as is well known.!>1%2°

It is interesting to point out that the behavior of the
fluorescence properties of the BM dye incorporated in an
inorganic system (silica) observed in this work followed the
approach already discussed in the literature for organic
solvents and polymeric hosts, contributing to the knowledge
of these dyes, widening their potential applications.
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