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Abstract In this work two aminobenzazole derivatives
(5-AHBT and 5-AHBI) were dispersed in silica-based
hybrid materials with different surface hydrophobicity,
which were obtained by the sol-gel process using tetra-
ethylorthosilicate as inorganic precursor and dimethyldi-
methoxysilane as organic precursor, with a molar percent
of organic precursor changing from 0 to 50%. The photo-
physics of the obtained doped silica hybrid materials was
investigated by means ultraviolet—visible diffuse reflec-
tance and steady-state fluorescence emission spectroscopy
in the solid state. The materials present absorption maxima
located around 353 and 318 nm when doped with 5-AHBT
and 5-AHBI, respectively. The red shifted absorption
maxima of the 5-AHBT can be explained by the better
electron delocalization allowed by the sulfur atom in
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relation to the nitrogen. The fluorescence emission spectra
are located in the blue-green regions and the high Stokes
shift indicates that the ESIPT mechanism occurs in the
excited state for both dyes. The photophysical behavior of
5-AHBT shows that this dye is more affected by the matrix
polarity due to specific interactions that take place in the
ground state.

Keywords Photoactive matrix - Fluorescence - ESIPT -
Hybrid xerogel materials

1 Introduction

The development of organic—inorganic silica-based hybrid
materials has received growing attention in the last dec-
ades. The possibility of producing new compounds that
combine the properties of the organic and inorganic com-
ponents has become increasingly attractive to material
science research [1, 2]. These materials can present char-
acteristics of the individual components as well as new
unexpected properties, such as the increase in the ratio
between the organic and inorganic precursor’s amount in
the sol-gel synthesis influences the characteristics of the
final materials, such as hydrophobicity [3, 4]. To obtain
these hybrid materials the sol-gel method is satisfactory,
since allows dispersion of the components in nano or
molecular scale, combining their physicochemical proper-
ties or producing new ones [5]. There is considerable
interest in the sol-gel technology in the preparation of
fluorescent materials for application in various systems
such as solar collectors, lasers, sensors and materials for
non-linear optics [6-9]. There has been a growing interest
in the development of new fluorescent materials with good
mechanical properties, thermal and chemical stability.
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Organic—inorganic hybrid materials are considered to be
good candidates to assemble such properties, lending
themselves for applying in displays and lighting devices [6,
7]. Therefore, the characterization of physical and chemical
properties of these hybrid materials doped with fluorescent
dyes assumed a relevant role to determine possible appli-
cations [10-12]. The entrapment of fluorescent organic
dyes into inorganic matrices obtained by sol-gel method
leads to photoactive materials with attractive optical
properties, since the silica xerogel matrix is a good host for
the dyes due to its optical transparency and the possibility
to disperse dyes at molecular level [2, 5, 13]. The ben-
zazole dyes stand out among a large variety of organic
fluorophores, due to a fluorescence emission with large
Stokes shift ascribed to an intramolecular proton-transfer
process (ESIPT) [3, 14] or an intramolecular charge
transfer (ICT) in the excited-state [15—18], which can be
tailored by the local polarity [14, 19]. In non-polar or
aprotic solvents the enol-cis conformer is the most stable
specie in the ground state, which on excitation undergoes
ESIPT to form the keto tautomer, which gives rise to an
emission with large stokes shift (T* emission). In protic or
polar solvents, additional conformers are described and do
not undergo ESIPT and are responsible for the short
wavelength relaxation (N* emission) [14]. The conforma-
tional equilibrium in solution has been observed experi-
mentally through the dual fluorescence emission with an
emission at longer wavelengths ascribed to the excited keto
tautomer, and a blue-shifted one due to conformational
forms which presents a normal relaxation with Stokes shift
lower than 5,834 cm™ ' [20] (Fig. 1).

In this way, this work reports the synthesis and photo-

UV-Vis region and fluorescence emission in the solid-state
of silica-based hybrid materials with different surface
hydrophobicity containing dispersed fluorescent organic
dyes based on aminobenzazoles derivatives as potential
materials for optical sensors.

2 Methods
2.1 Materials

Tetraethylorthosilicate (TEOS) (Reagent Grade 98%),
dimethoxydimethylsilane (DDMS) (85%) and pyrene were
purchased from Aldrich, absolute ethanol (Merck) and
fluoridric acid 40% (Synth), which was used as catalyst in
the sol—gel synthesis, were used as received. The fluores-
cent dyes 2-(5’-amino-2’-hydroxyphenyl)benzothiazole (5-
AHBT) and 2-(5'-amino-2'-hydroxyphenyl)benzimidazole
(5-AHBI) (Fig. 2) were synthesized according to the lit-
erature [14].

2.2 Synthesis of the doped silica hybrid materials

Two fluorescent aminobenzazole derivatives (5-AHBT)
and (5-AHBI) were dispersed in the silica hybrid materials
with different surface hydrophobicity, which were obtained
by the sol-gel method. The samples were prepared using
tetraethylorthosilicate (TEOS) as inorganic precursor and
dimethyldimethoxysilane (DDMS) as organic precursor,
with a molar percent of organic precursor changing from 0
to 50%. The samples were prepared by addition of 5.0 mL
of an ethanolic solution of dyes (5.0 x 107* molL™") to
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Fig. 2 Chemical structure of the fluorescent dyes (5-AHBT) and (5-
AHBI)

temperature. The total quantity of silicon was maintained
constant as 2.2 x 1072 mol in all samples. Afterward, it
was added under stirring 0.1 mL of aqueous HF 40% and
water, according to Table 1.

The solutions were cast in Teflon plates and stored at
ambient conditions for about a month for gelation and
solvent evaporation. The resulting monoliths were com-
minuted. Moreover, for each synthesized sample it was
also prepared a reference sample, without the dyes addi-
tion. The process of doped silica hybrid materials synthesis
is presented in Scheme 1. For each synthesized sample it
was also prepared a silica hybrid material without the dyes
addition. These samples were impregnate with pyrene
fluorescent probe using an ethanolic solution 10~® molL ™"
to evaluate the polarity of the silica hybrid materials.

2.3 Characterization

The UV-Vis diffuse reflectance spectra were measured
with a spectrophotometer Shimadzu UV2450PC using an
ISR-2200 integrating sphere attachment. The experiments
were performed at room temperature and the baseline in the
solid-state was obtained using BaSO, (Wako Pure Chem-
ical Industries, Ltd.). Fluorescence spectra were measured
with a Shimadzu spectrofluorometer RF5301. For these
experiments the obtained materials were treated as powder.
Powdered samples of the silica hybrid materials were
analyzed by transmission FTIR spectroscopy using the KBr

Table 1 Synthesis parameters of the obtained doped materials
MAHBT and MAHBI

Dye Doped materials DDMS (molar %) Water (mL)

5-AHBT MAHBT 0 1.6
MAHBTI10 10 1.5
MAHBT30 30 1.3
MAHBTS50 50 1.2

5-AHBI MAHBI 0 1.6
MAHBI10 10 1.5
MAHBI30 30 1.3
MAHBI50 50 1.2
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Scheme 1 Sol-gel process of the photoactive hybrid materials
preparation

technique. The samples and the KBr were previously dried
at 120 °C. The spectra were obtained in Shimadzu equip-
ment model prestige 21 with 4 cm™' of resolution and 40
scans.

3 Results and discussions
3.1 FTIR and micropolarity analysis

Infrared analysis of the silica hybrid materials (S) is pre-
sented in Fig. 3. For the sample prepared with 0% of
DDMS (S0) it is possible to observe a typical silica spec-
trum with a large band with maximum near 1,090 cm™!
that is attributed to stretching vibration of Si—O bonds and

S0
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Fig. 3 FTIR spectra of the set of silica hybrid materials (S0-S50)
obtained at room temperature
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a band with maximum at 805 cm ™' due to the bending Si—
O-Si bonds [21-23]. For the sample prepared with 10%
DDMS (S10), in addition to the characteristic silica fea-
tures, new bands can be observed, which are related to the
hybrid material formation. The main C-H stretching band
of methyl groups appears at 2,970 cm™' [24], where its
intensity increase with the increasing of the organic content
(from 10 to 50% DDMS). It is worth mentioning that the
band located around 1,270 cm ™! is used to characterize the
Si—CHj group, assigned as methyl deformation [24, 25].
The bands located at 850 and 800 cmfl, which are related
to methyl rocking and Si—C stretching [24, 25] corroborates
with the increase of the DDMS in the hybrid material [24,
25]. The intensity of all the bands related to methyl groups
bonded to silicon increases from S10 to S50. Additionally,
it can be observed a shoulder near 950 cm™!, due to the Si—
O stretching of silanol groups, where its intensity decreases
with the increasing of the organic content.

As already presented in the literature, the increase of the
organic contend into the silica matrix can change the local
polarity of the hybrid material [3]. In order to evaluate the
micropolarity of the obtained silica hybrid materials, pyr-
ene was used as probe [4, 26, 27]. An excitation wave-
length located at 337 nm results in vibronic bands in the
pyrene emission spectrum. The intensity ratio of two bands
(I; and I5, Ae = 372 and 382 nm, respectively) can be
related to the local hydrophobicity of probe surrounding.
The increasing in the I3/, ratio indicates an increasing in
the hydrophobicity [4, 26, 27]. The spectra of the samples
are presented in the Electronic Supplementary Material
(Figure ESM1). It could be observed an increasing in the
I3/I; ratio from SO to S50 (0.63-0.98) indicating an
increasing in the matrix surface hydrophobicity, as
expected.

3.2 DRUYV spectroscopy

Figure 4 presents the normalized diffuse reflectance UV—
Vis absorbance of the obtained doped silica hybrid mate-
rials. The relevant UV-Vis data are summarized in
Table 2. Absorption band maxima located around 353 and
318 nm could be observed for the silica hybrid materials
doped with 5-AHBT and 5-AHBI, respectively. The red
shifted absorption maxima of the 5-AHBT, in despite of the
5-AHBI, can be explained by the better electron delocal-
ization allowed by the sulfur atom in relation to the
nitrogen [14, 28].

In the doped silica hybrid materials using the 5-AHBI it
could not be observed a shift on the absorption maxima
with the increase of the organic content into the silica
matrix. This demonstrates that the electronic structure of
this fluorophore was not significantly perturbed in the
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Fig. 4 DRUV spectra of the doped silica hybrid materials

ground state with the introduction of the DDMS in the
silica hybrid material. The same photophysical behavior
could be observed for this dye in solution, where the
absorption maxima do not shift in increasing the solvent
polarity [14]. However, the silica hybrid materials prepared
with the dye 5-AHBT presented a blue shift for the
absorption maxima with the increasing the matrix polarity.
The blue shift can be attributed to the partial breaking of
the intramolecular hydrogen bond between the hydroxyl
group and the azolic nitrogen as a result of competition
with the intermolecular hydrogen bond formation with the
silanol moieties [19]. Additional hydrogen bonds can occur
between the Si—~OH and the amino groups, which are pre-
sented in the structure, and seems to better stabilize the dye
in the ground state. It is worth mentioning that the elec-
tronic spectra of this dye is quite different from those
obtained in solution of dichloromethane, ethanol and ace-
tonitrile [14], where a red shifted on the absorption maxima
was reported for 5-AHBT increasing the solvent polarity.
Additionally, in solution the dyes 5-AHBT and 5-AHBI
presents an intense absorption bands at 280-310 nm, which
are absent in the solid state and can be associated to a
difference of planarity of the dyes [29]. A non-planar
structure does not allow a more effective electronic delo-
calization among the two m systems (aminophenolic and
benzazolic rings). In this way, the photoactive dyes showed
to present a higher planarity in the silica hybrid material
than in solution. The Stokes shift and the evidence of
ESIPT emission corroborates with this affirmation and will
be discussed in this work. To better compare the solid-state
results, the spectra of the photoactive dyes in solution are
presented in the Electronic Supplementary Material (Fig-
ures ESM2 and ESM3).
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Table 2 Solid-state UV—-Vis absorption and fluorescence emission data of the doped materials

Dye Doped materials Aabs (M) Aem (nNmM) Adgr (nm/cm™")

5-AHBT MAHBT 348 496 148/8,574
MAHBTI10 347 512 165/9,287
MAHBT30 354 531 177/9,416
MAHBTS50 353 533 180/9,567

Dye Doped materials Aabs (M) Jem (M) Algr (nm/cm™Y)

N* T*

5-AHBI MAHBI 317 380 479 162/10,669
MAHBI10 320 375 458 138/9,416
MAHBI30 317 378 465 148/10,040
MAHBI50 316 379 469 153/10,324

3.3 Fluorescence emission spectroscopy

The normalized fluorescence emission spectra of the doped
silica hybrid materials are presented in Fig. 5. The spectra
were obtained using the absorption maxima as the excitation
wavelengths. The relevant data is presented in Table 2. In all
doped silica hybrid materials, the emission spectra of the
5-AHBI present one main band located at around 468 nm,
with a Stokes shift of ca. 115 nm, ascribed to an ESIPT
emission (T* emission) and a small blue-shifted band located
at around 378 nm (normal emission, N*, Stokes shift ca.
60 nm). No significant shift could be observed in the emis-
sion bands varying the silica matrix polarity. This photo-
physical behavior was already observed for these dyes and is
related to a conformational equilibrium in the ground state
[14], where in nonpolar and aprotic environment an enol-cis

—— MAHBT
----- MAHBT10
-------- MAHBT30
-~ MAHBTS50

T —— MAHBI

————— MAHBI10
-------- MAHBI30
--=- MAHBI50

Normalized Fluorescence Emission

o
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Wavelength (nm)

Fig. 5 Fluorescence emission spectra of the doped silica hybrid
materials

conform is the most stable conformer in the ground state.
This conformer on excitation undergoes ESIPT to form the
keto tautomer, which gives rise to an emission with large
Stokes shift. In polar and protic media, other conformers,
which do not undergo ESIPT, are responsible for a normal
emission with shorter wavelength [30-32].

On the other hand, the dye 5-AHBT presents a fluores-
cence emission tailored by the polarity of the hybrid mate-
rial, with a emission maxima varying from 496 to 533 nm
with the increase of the organic contend (% DDMS) in the
silica material (decrease of polarity). Usually, a red shift in
the emission maxima is associated with changes in the
excited state charge distribution as compared to that in the
ground state, related with a intramolecular charge transfer
(ICT) state [33, 34]. In a more polar environment, the species
with charge separation may become the lowest energy state.
In a non-polar solvent the species without charge separation,
the so-called locally excited state, may have the lowest
energy. However, the photophysical behavior observed for
5-ABHT in the silica hybrid material is the opposite, where
the less polar environment seems to better stabilize the dye in
the excited state. The role of the environment polarity is not
only to lower the energy of the excited state due to general
electrostatic interactions, but also to govern which state has
the lowest energy [35].

The observed Stokes shift of 5-AHBT is related to the
ESIPT mechanism in all silica hybrid materials (ca.
135 nm) and the fluorescence emission location, tailored
by the organic content (% DDMS), discard the ICT state in
the excited state for this dye. In this way, the blue shift of
the emission spectra increasing the matrix polarity can also
be attributed to a better stabilization of 5-AHBT in the
ground state (lower Sg), due to specific hydrogen bonds
between the azolic nitrogen, the amino and the hydroxyl
moieties present in this dye. The difference of the photo-
physical behavior of the dye 5-AHBI, almost constant
absorption and emission maxima changing the matrix
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polarity, may reside in an annular tautomerism, which
involves the movement of a proton between two annular
nitrogen atoms [36, 37]. This type of prototropism would
modify the conjugation length of the 5-AHBI, since now
the H of the NH group would be delocalized between the
nitrogens of the benzimidazolic ring, enabling simulta-
neously more than one conjugation path. We identify it as a
manifestation of a resonance-assisted hydrogen bond
(RAHB), which leads to a greater electronic delocalization
in the benzimidazolic ring [38—40].

4 Conclusions

Photoactive hybrid materials were obtained by dispersion of
two fluorescent aminobenzazole dyes in silica matrix with
different surface hydrophobicity, which were prepared by
the sol-gel process using tetraethylorthosilicate and dim-
ethyldimethoxysilane with a molar percent changing from 0
to 50%. The hybrid materials present absorption maxima
located around 353 and 318 nm when doped with 5-AHBT
and 5-AHBI, respectively. The red shifted absorption max-
ima of the 5-AHBT in despite of the 5-AHBI was related to
the better electron delocalization allowed by the sulfur atom
in relation to the nitrogen. The fluorescence emission spectra
of the photoactive matrices are located in the blue-green
regions and the high Stokes shift indicates that the ESIPT
mechanism occurs in the excited state.

The 5-AHBI seems not to be affected by the matrix
polarity, where any significant shift in the absorption or
emission could be detected. The fluorescence emission
location of 5-AHBT tailored by the organic content discard
the ICT state in the excited state. The blue shifted emission
spectra with the increasing of the matrix polarity can be
attributed to a better stabilization of 5-AHBT in the ground
state, due to specific hydrogen bonds between the dye and
the matrix. The difference of the photophysical behavior of
the dye 5-AHBI in despite the 5S-AHBT may reside in an
annular tautomerism, which leads to a greater electronic
delocalization in the benzimidazolic ring, which do not
allow an effective interaction in the ground state of the
hydrogen bond and the silanol groups of the silica matrix.
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