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bstract

Four silyl-functionalized benzazole dyes were covalently bonded in the silica network by sol–gel technique using tetramethyl orthosilicate

TMOS) as inorganic precursor. High-pressure technique was used to produce fluorescent and transparent compacts of grafted silica at 6.0 GPa
nd room temperature. The excited state intramolecular proton transfer (ESIPT) mechanism of the benzazole dyes in the grafted silica powders
nd compacts was investigated by steady-state fluorescence spectroscopy.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Organic molecules that present a photophysical process
nown as ESIPT have generated a lot of interest in many
elds. ESIPT structural changes may be the driving mecha-
ism for optical sensing [1], non-linear optical materials [2],
ye laser [3,4], scintillation detectors [5], fluorescent probes
o labeling proteins [6] and probing nanocavities [7]. 2-(2′-
ydroxyphenyl)benzazole (HPB) molecules are important dyes

hat exhibit ESIPT mechanism and it is well known that in solu-
ion, more than one molecular species are found in the ground
tate, related to tautomerism. In Scheme 1 are showed the tau-
omeric forms I and II involved on the ESIPT mechanism, which
auses a fluorescence emission with large Stokes shift, called
2. The tautomeric forms (III), (IV) and (V) present the primary
mission, called F1, so these solutions can present dual emis-

ion [8–15]. The proton transfer of HPB dyes is influenced by
ifferent hosts or media and it has been clearly demonstrated in
ome works like: the rigid-rod or main-chain [16,17], PMMA
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18,19] and silica [20–24]. The photophysical behavior of these
yes in a solid media reveals many useful excited state properties
nd leads to several different assignments in fluorescence spec-
roscopy for HPB [16–19]. Additionally, the covalent binding of
he triethoxysilylated HPB dye within a silica matrix is interest-
ng since an improvement in photostability can be achieved.

In this work, in order to acquire a better understanding of the
xcited state behavior of HPB dyes in solid media, the graft-
ng of these dyes was accomplished in a silica matrix by the
ol–gel method. To obtain grafted silica, triethoxysilane group
as bound directly on 2-(2′-hydroxyphenyl)benzoxazole and 2-

2′-hydroxyphenyl)benzothiazole dyes, previously synthesized
22,23], allowing its covalent anchoring during the inorganic
olymerization. In order to obtain dense, transparent, chemi-
ally and mechanically resistant optical materials, it was used the
igh-pressure technique to compact the grafted silica powders
t 6.0 GPa and room temperature. The high-pressure promotes a
old sintering process that results in a very efficient and alterna-
ive method to produce stiff compacts with closed pores without
ye destruction and highly resistant to leaching [25].
. Experimental

The triethoxysilylated HPB dyes were synthesized starting
rom amino benzazoles (Fig. 1) and 3-(triethoxysilyl)propyl iso-
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Scheme 1. Structures of HPB dyes and its tautomer (X =

yanate in ethyl acetate under reflux temperature, as previously
escribed [22,23]. The grafted silica powders were prepared by
ydrolysis and polycondensation of TMOS in water and ethanol
olution under acidic conditions, with 2.0 × 10−4 M of the dyes.
his concentration is low because the poor solubility of the
yes in ethanol. The silylated dyes were previously dissolved
n ethanol (5 ml) and added to TMOS (5 ml). A separate solu-
ion of hydrofluoric acid (HF 40 wt.%, 0.1 ml) in distilled water
1.6 ml) was dropped in the solution of TMOS together with the
ye, in a continuous mixing for about 5 min. This mixture was
ivided among three small plastic dishes with diameter of about
cm and covered without sealing. Polycondensation, drying and
ging was accomplished in air, at room temperature for about
0 days. The monoliths were washed exhaustively with various
olvents (chloroform, ethanol and N,N-dimethylformamide) up
o no dye were detected in the washing solution by UV–vis
bsorption. Finally, the monoliths were dried for 30 min in an
ven at 100 ◦C. The resulting monoliths were comminuted in
n agate mortar to obtain grafted silica powders. In order to
btain compacts, these powders were first pre-compacted in a
iston-cylinder type apparatus to approximately 0.1 GPa, and
hen placed inside a lead container with internal diameter of
mm, which acts as a quasi-hydrostatic pressure transmitting
edium. The compaction was accomplished in a toroidal-type

igh-pressure chamber at 6.0 GPa and room temperature, dur-

ng 10 min to promote the cold sintering process. In Fig. 1 is
howed the preparation scheme of the grafted silica powders
nd compacts.

ig. 1. Grafted silica prepared by sol–gel synthesis with HPB-silyl dyes.
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NH). Keto-cis tautomer exists only in the excited state.

Steady-state excitation and fluorescence spectra were mea-
ured with a Hitachi spectrofluorometer model F-4500. The
uorescence spectra for both liquid and solid samples were
btained with an excitation wavelength of 355 nm and the exci-
ation spectra were obtained using the corresponding maximum
avelength for the emission spectra of each sample. The front

ace illumination was the geometry used for solid samples to
educe inner filter effects. The spectra of the powders and the
ompacts were acquired at the same day. In order to detect possi-
le leaching of the dye on the washing solution of the monoliths,
V–vis absorption spectra were performed on a Perkin-Elmer
ambda 16 spectrophotometer.

The specific surface area of the powders and compacts were
etermined from the BET multipoint method using N2 adsorp-
ion isotherms in a home-made volumetric apparatus. The SEM
scanning electron microscopy) images were obtained using a
EOL model JSM 5800 microscope, with 20 kV and a magnifi-
ation of 23,000× and 33,000×.

. Results and discussion

The dyes were chemically bound to Si–O–Si network through
ilyl-functionalization obtaining grafted silica named HPB-silyl
–4, as shown in Fig. 1. The grafted silica powders have a surface
rea of 305 ± 15 m2/g almost the same value obtained for the
ilica powder without dye. Fluorescent grafted silica compacts
ontaining a triethoxysilylated HPB dyes were obtained com-
ining sol–gel synthesis and high-pressure technique at room
emperature. A surface area of 35 ± 2 m2/g was measured for
hese compacts, showing a significant reduction when compared
o the powder, indicating an effective compaction. Addition-
lly, the SEM image of the grafted silica materials showed
omogeneous pore dispersion, with the network structure being
rastically reduced after the compaction. Fig. 2 shows the elec-
ron micrography of the HPB-silyl 3 in a silica matrix before
nd after compaction.

Figs. 3a–6a show the excitation and fluorescence spectra of
he HPB-silyl 1–4 dyes in the solid state, in chloroform (CHCl3)

nd ethanol (EtOH) solutions and Figs. 3b–6b show the exci-
ation and fluorescence spectra of grafted silica powders and
ompacts. The photophysical behavior observed for the pow-
er and compact samples after washing assure that the dyes
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Fig. 2. SEM micrograph of HPB-silyl 3 in a sol–gel

ere really grafted in the silica network. This behavior indicates
hat the molecular structure of the chromophores is maintained
fter polycondensation and the high-pressure compaction did
ot destroy the dye molecules.

The excitation spectra for the grafted silica with HPB-silyl
–2 are similar to the excitation spectra of the dyes in solid state,
hereas for the HPB-silyl 3–4, there are some differences, as

an be observed in Figs. 3–6. However, in all cases the excitation
pectra of grafted silica are broadened and redshifted (about

0 nm) compared to those HPB-silyl 1–4 dyes in chloroform,
ndicating strong interactions in the solid environment. It could
e interpreted by strengthening of � conjugation in the rigid
ystem, since neither dimers nor aggregates of the dyes were

ig. 3. (a) Excitation and fluorescence spectra of HPB-silyl 1 in the solid state
nd in solution (chloroform and ethanol). (b) Excitation and fluorescence spectra
f HPB-silyl 1 grafted silica, powder and compact.
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x (a) before and (b) after high-pressure compaction.

bserved [23]. Furthermore, the excitation spectra monitored at
ifferent wavelength (not shown here) remained unchanged.

For HPB-silyl 1–4 the fluorescence spectra in chloroform
onsist of two emission bands, one named normal emission
F1) and the other, which exhibits a large Stokes shift, named
SIPT emission (F2). In the strongly hydrogen-bonding ethano-

ic medium, intermolecular hydrogen bonding (IHB), favor-
ng the enol-open emission (structure III in Scheme 1), was
bserved. In the solid state, the dyes show only F2 emission band,

ith exception of HPB-silyl 1, which presents a dual emission.
The fluorescence spectra of the dyes covalently bond in silica

owder and compact differ markedly from the dye in solution
nd in the solid state. These spectra are independent of the excita-

ig. 4. (a) Excitation and fluorescence spectra of HPB-silyl 2 in the solid state
nd in solution (chloroform and ethanol). (b) Excitation and fluorescence spectra
f HPB-silyl 2 grafted silica, powder and compact.
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ig. 5. (a) Excitation and fluorescence spectra of HPB-silyl 3 in the solid state
nd in solution (chloroform and ethanol). (b) Excitation and fluorescence spectra
f HPB-silyl 3 grafted silica, powder and compact.

ion wavelength. The grafted silica powders with dyes HPB-silyl
–4 show emission bands located at 398, 442, 413 and 479 nm,
espectively, and for the compacts, these bands are redshifted
o 416, 455, 432 and 494 nm. This redshift observed for all
amples could be attributed to the increasing in the conjuga-
ion of the � system [21]. Comparing the spectra, it is evident
hat the solvated tautomer (III-enol open), as well as, the ESIPT
automer (II keto-cis) were not presented in the grafted silica
amples. All-important, in the silica matrix the emission max-
mum exhibits a small Stokes shift (<100 nm) indicating that

he ESIPT does not occur neither in the powders and nor in
he compacts. The data observed here have implications for
nderstanding our recent works concerning the study of optical

ig. 6. (a) Excitation and fluorescence spectra of HPB-silyl 4 in the solid state
nd in solution (chloroform and ethanol). (b) Excitation and fluorescence spectra
f HPB-silyl 4 grafted silica, powder and compact.
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roperties of HPB dyes entrapped and/or covalently bonded into
ilica matrices [20,23]. Costa et al. demonstrated that for another
olecule, called BIS-HPB dye, only entrapped in silica matrix,

he fluorescence spectra were very dependent on the aging and on
he solvent content of the monoliths. These monoliths achieved
tability after 1 month, however with a decrease of ESIPT band
ntensity [20,21]. The powders obtained from these monoliths
ere processed at high-pressure and an interesting result was
bserved: the ESIPT band intensity was restored. This effect
as explained by the reduction in the interaction of the inter-
olecular hydrogen bonding of the dye with the silanol groups

f the matrix, and in this case, even in an OH rich environment
ike silica, ESIPT was restored [21]. In the present work, the
hotophysical behavior of HPB dye is completely different, not
nly because the dye was covalently bonded in the silica net-
ork, but also because this molecule presents many tautomeric

orms, differently from BIS-HPB. In the present case, where the
ovalent attachment of the dye with silica takes place, the ESIPT
echanism could be affected and more than one species could

e in equilibrium in the inorganic matrices [22,23].
The nature of the new emission band, in detriment of the

SIPT emission, is formed with the assistance of the silica
atrix and after the grafting. As already mentioned, the rigidity

f the silica network can play an important role in the photo-
hysical behavior of molecules that exhibit ESIPT [26,27]. The
act that ESIPT emission does not occur in rigid-rod (organic)
olymers have been studied and it was suggested that it could
e due to an increase in the energy barrier on the excited state
romoted by the extended conjugation [16]. On the other hand,
ffects of concentration quenching, molecular size and compe-
ition with excimer formation will lead to incomplete proton
ransfer and emission from another species [17]. Effects of con-
entration quenching are ruled out by us as the source of the
nergy barrier to ESIPT in powders and compacts because the
oncentration of the dye in the grafted silica is very low. The
xcimer pathway, that is known to be concentration-dependent,
as not investigated because of the poor solubility of the dye in

thanol. We propose that the fluorescence emission of the dyes
–4 in the silica matrix is similar to that observed by Mintova
t al., in the work where they reported the incorporation of a
BT dye inside supercages of nanosized FAU zeolite [24]. These

uthors support the hypothesis that fluorescence of HBT-FAU is
ttributed to the presence of the keto-trans tautomer (V), showed
n Scheme 1. The excitation and the fluorescence spectra showed
n Figs. 3b–6b are very similar to that tautomer, which absorbs
t longer wavelength than the enol (I) and the emission is red-
hifted respect to the enol-open tautomer (III) and blueshifted
espect to the keto-cis tautomer (II). However, more experimen-
al evidence is needed to elucidate the photophysics behavior of
hese hybrid organic–inorganic materials. It was observed in the
resent work, that the effect of high-pressure on the fluorescence
s only a redshift of about 20 nm, which still allows violet–blue
mission fluorescence. It is very interesting because the blue

mission is an important wavelength for optical storage, solid
tate laser dyes and scintillation detectors.

Another interesting result is that the photophysical stability
f these dyes in the high-pressure compacts remained for more
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ig. 7. Comparison of excitation and fluorescence spectra of compacts with
PB-silyl 2 and HPB-silyl 3, performed with a time interval of 18 months,
easured in the same samples.

han a year, as far as we could observe. Fig. 7 shows a com-
arison between excitation and fluorescence spectra of samples
ontaining the HPB-silyl dyes 2 and 3, obtained after 18 months.
hese samples were stored with no special care, which means,

n an open box without controlled atmosphere, or temperature.
t can be observed that for HPB-silyl dye 2, the reproducibility
f the fluorescence spectrum is excellent. For HPB-silyl dye 3,
e can observe a small shift to lower wavelength, but the fluo-

escence is still in the blue range, as it was measured more then
year later.

. Conclusions

The fluorescence behavior of triethoxysilylated benzazole
yes covalently bonded in a silica matrix was investigated. The
rafted silica powders were prepared by hydrolysis and polycon-
ensation of TMOS in water and ethanol solution under acidic
onditions. High-pressure technique was used to produce flu-
rescent, transparent and hard compacts of silica at 6.0 GPa
nd room temperature. The emission features of the dyes in
olution were correlated to that grafted silica. The emission prop-
rties of the dyes in silica matrix are completely different from
iquid solutions. For both, powder and compact samples, the
SIPT emission was not observed, however it was observed an
ntense blue emission for the compact samples and this emis-
ion remained for a time interval of 18 months, as long as we
ould monitor, showing a photophysical stability for these high-
ressure compacts.
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