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ABSTRACT: New fluorescent elastomeric materials were
successfully prepared by reaction of an excited state intra-
molecular proton transfer-exhibiting silyl-functionalized ben-
zothiazole dye with synthetic and natural epoxidized rub-
bers. The fluorescence emission and excitation spectra were
obtained from the dye and the elastomeric materials to char-
acterize its photophysical behavior. The benzothiazole deriv-
ative is fluorescent in the yellow region and presents a
Stokes shift of 188 nm (solution) and 198 nm (solid state).
After purification, the obtained materials from epoxidized
rubbers presented excitation and emission maxima located

at 358 nm and 550 nm, respectively, with a Stokes shift of
192 nm. The fluorescent dye could not be extracted from
these films by solubilization—precipitation procedure, indi-
cating the presence of covalent bonding between the dye
and the matrix. On the other hand, the dye could be readily
washed out of films that had been prepared using the corre-
sponding nonepoxidized rubbers. © 2008 Wiley Periodicals,
Inc. ] Appl Polym Sci 109: 282-287, 2008
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INTRODUCTION

Functionalized polymers continue to attract much
research attention by virtue of the widespread appli-
cations that can be envisaged for these new materi-
als." Particular interest has recently been shown in a
new class of hybrid polymers that involve a silyl-ep-
oxy interaction.>” In this context, the application of
epoxidized styrene-butadiene rubber (SBRepox) is
particularly attractive, since SBR is the most com-
monly available and the cheapest synthetic rubber,
and different degrees of epoxidation can be obtained
on a laboratory scale.'” The reinforcement of elasto-
mers has already been described'’ employing a sys-
tem in which the silica is generated in situ through a
sol-gel process.'””"” This procedure provides a prod-
uct with a low initial viscosity, thus allowing the for-
mation of transparent films by dip-coating, spraying,
or spin coating.'®

Although many studies have already been re-
ported in respect of this particular silica-epoxy net-
work,”™ to the best of our knowledge no simple
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method has been described for the production of
highly fluorescent elastomers using a dye covalently
bound to the hybrid matrix material. With this aim
in view, we have employed the photoactive silyl dye
2-[5'-N-(3-triethoxysilyl)propylurea-2’-hydroxyphenyl]
benzothiazole (HBTS; Scheme 1),'*?° which exhibits
a large Stokes shift through an excited state intramo-
lecular proton transfer (ESIPT) mechanism. The pho-
tophysical characteristics of the benzazole dyes are
very valuable®™ giving rise to applications in
many different fields of research including the for-
mation of ultra violet (UV)-light stable** and novel
polymeric materials,”>>” and as fluorescent probes
for labeling proteins.”®*

EXPERIMENTAL
Materials and methods

Commercial SBR-53 with 8 mol % of styrene and
53 mol % of 1,2 butadiene units (Bayer AG, Leverkusen,
Germany), with a weight-average molar mass (M,,)
of 236,750 g mol ' was used without any further pu-
rification and was epoxidized as already presented."’
The degree of epoxidation was determined by 'H
NMR and "*C NMR spectroscopy in an NMR Varian
XL-20, where the polymer samples (16-20 mg) were
dissolved in CCly with a D,O capillary. The epoxida-
tion reaction of the SBR-53 was monitored by 'H
NMR spectroscopy through the disappearance of the
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Scheme 1 Structure of the ESIPT-exhibiting dye HBTS.

unsatured double bond at around 5.4 ppm and the
appearance of the epoxy ring at around 2.4-2.7 ppm.

The commercial epoxidized natural rubber (ENR)
Epoxypren™, with two degree of epoxidation (25
and 50%), was used as received. The fluorescent dye
HBTS was synthesized and purified as described in
the literature.'”” All other reagents were from
Aldrich/Acros and were used as received or puri-
fied using standard procedures.® Infrared spectra
were recorded on a FT-IT Mattson Galaxy Series FT-
IR3000 model 3020. Fluorescence spectra were meas-
ured with a Hitachi spectrofluorometer model F-
4500. Spectrum correction was performed to enable
measuring a true spectrum by eliminating instru-
mental response, such as wavelength characteristics
of the monochromator or detector using Rhodamine
B as a standard (quantum counter). The SBR-53 glass
transition temperature analysis was carried out using
a DSC polymer laboratorly thermal equipment at a
heating rate of 10°C min

The SEM pictures were obtained with a JEOL JSM
6060 microscope, with 20 kV and a magnification of
1000X. The samples were fracted under liquid nitro-
gen, recovered with a thin gold layer (15 nm) and
observed perpendicularly to the fracture.

Preparation of the fluorescent epoxidized/
nonepoxidized rubbers

The fluorescent elastomers were prepared by dissolv-
ing either SBRepox or ENR in THF, and adding a
~ 107® M solution of the fluorescent dye also dissolved
in THF. No catalyst was required to facilitate opening
of the epoxy moieties. The mixture was stirred at
room temperature for 2 h, and the resulting sols were
cast in Teflon plates. Following gelation and slow
evaporation of the solvent, the films were dried at
60°C. Purification of the films was carried out by solu-
bilization in THF for 1 week followed by precipitation
with ethanol, a procedure that was repeated three
times to extract all unbound fluorescent dye.

RESULTS AND DISCUSSION

Figure 1 shows the photophysical behavior of the
benzothiazole dye in solution and in the solid-state.
The fluorescence curves were obtained using the
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absorption or excitation maxima as the excitation
wavelengths. The solution experiments were per-
formed in chloroform at room temperature in a con-
centration range of 107° M. An absorption maxima
(kff:x) located at 353 nm, with molar extinction coef-
ficient values (¢max) In agreement with n-n* transi-
tions, could be observed. A dual fluorescence could
be observed to the HBTS. A main band located at
541 nm, ascribed to the ESIPT band and a blue
shifted one, located at 432 nm. This photophysical
behavior confirms a conformational equilibrium in so-
lution in the ground state, as already observed to sim-
ilar heterocycles.> The ESIPT band presents a Stokes
shift of 188 nm. The obtained spectra in the solid-state
presents an excitation maxima located 352 nm, as
well as a main emission band located at 550 nm.

The epoxidized SBR presented a content of epoxi-
dation of 48 mol % and a glass transition temperature
of —38°C. An exactly similar preparative procedure
was performed using nonepoxidized SBR for compar-
ison purposes. To evaluate the homogeneity of the
fluorescence of the polymers produced, pictures of
the films were taken under UV radiation and then
digitized. A fluorescence intensity profile, to provide
a quantitative indication of the level of intensity vari-
ation in an image, was performed from the picture of
each elastomeric material. This profile was obtained
from points taken each 0.04 mm from a horizontal
line of 10 mm. The intensities of these points were
estimated using Adobe Photoshop (version 6.0), and
it was assumed that a lower relative noise would
indicate a more homogeneous sample. Figure 2
depicts the elastomeric films based on epoxidized
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Figure 1 Photophysical study of the benzothiazole dye,
where: (a) fluorescence emission and excitation spectra in
the solid-state and (b) UV-Vis absorption and fluorescence
emission spectra in solution (CHCl; [10™ *M]). The spectra
are normalized.

Journal of Applied Polymer Science DOI 10.1002/app



284

220

orr T RS-
P A A A A

20014

Intensity (a.w.)

194

1804

170 T T T T T T T T T 1
¢ 1 2 3 4 5 6 7T & &

Length (mm)

Intensity (a.u.)

ORLANDINI ET AL.

230+

220+

210

200 TN A oo it

180

T W S s o T S S TR
Length (mm)

Figure 2 HBTS/Epoxidized styrene-butadiene films: before (left) and after (right) purification. A fluorescence intensity
profile is shown below to the corresponding image. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

SBR, where the fluorescence intensity profile indicates
high homogeneity, even before purification.

Figure 3 presents the steady-state fluorescence emis-
sion and excitation spectra from the elastomeric mate-
rial based on SBRepox, measured before and after pu-
rification. Before purification, the fluorescent material
presents a main band located at 552 nm, correspond-
ing to the ESIPT band. The same photophysical behav-
ior could be detected after purification, where the
emission band is located at 550 nm. Despite of the nor-
malized curves, it could be observed that this material
maintained its emission with practically the same in-
tensity. The excitation spectra presented a maximum
located at 340 and 358 nm, before and after purifica-
tion, respectively, which probably indicates the matrix
influence on the electronic transition of the dye.

The elastomeric material prepared using the none-
poxidized SBR presented fluorescence emission and
excitation spectra only before purification. It could
also be observed before purification, that the fluores-
cence intensity homogeneity was significantly less
than that obtained for the films prepared with SBRe-
pox. The purification step showed to be very effi-
cient to remove all unbounded dye, since it became
colorless. The violet color depicted in Figure 4 was
due to the UV lamp reflection.

Journal of Applied Polymer Science DOI 10.1002/app

Figure 5 presents the photophysical study of the
elastomeric materials prepared using nonepoxidized
SBR. As already observed to the material prepared
with SBRepox before purification, a main band
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Figure 3 Solid-state fluorescence emission and excitation
spectra of the elastomeric material based on SBRepox: (a)
before and (b) after purification.
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Figure 4 HBTS/nonepoxidized styrene-butadiene elastomeric materials: before (left) and after (right) purification. A fluo-
rescence intensity profile is shown below to the corresponding image. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]

located at 551 nm can be observed. However, follow-
ing purification, a lack of fluorescence indicates that
the dye was removed. This result indicates that the
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Figure 5 Solid-state fluorescence emission and excitation
spectra of HBTS/nonepoxidized styrene-butadiene rubber.
The inset presents its fluorescence emission spectra after
purification.

epoxy moiety play a fundamental role on the cova-
lent bond between the fluorescent dye/elastomeric
matrix.

The same result was obtained using ENR and non-
epoxidized natural rubber (NR). Even after purifica-
tion, the material prepared with the epoxidized NR
kept its fluorescence. On the other hand, the dye
could be completely removed after purification
when the elastomeric material was prepared with
nonepoxidized NR. In this way, the epoxy moiety
showed one more time, to be decisive in the covalent
bond with the fluorescent dye. Figure 6 depicts the
elastomeric material with or without epoxy groups
after purification. Following purification, the film
produced with nonepoxidized NR, which was opa-
que in contrast to the transparent films obtained
with nonepoxidized SBR, exhibited a light blue color
probably due to the UV lamp reflection, since this
material is not fluorescent (Fig. 6).

Figure 7 presents the photophysical study of the
elastomeric materials prepared using natural rubber.
As already observed to the materials previously pre-
pared with SBRepox, after purification, a main band
of fluorescence emission, located at 550 nm can be

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 HBTS/epoxidized (left) and nonepoxidized (right) natural rubber films after purification. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

observed. The excitation spectra presented a maxi-
mum located at 369 nm, with a Stokes shift at
around 181 nm.

The purified SBR and SBRepox films were also
studied under the scanning electron microscope
(SEM; Fig. 8). The elastomeric material prepared
with the nonepoxidized rubber presented a homoge-
neous texture corresponding to the styrene-butadi-
ene matrix, while small spots could be observed on
the SEM images of the epoxidized rubber film. Pre-
vious SEM studies have indicated that hybrid mate-
rials prepared from epoxidized rubbers and tetrae-
thoxysilane exhibit phase separation on a micromet-
ric scale,'® from which it was concluded that the
small aggregates observed are probably due to the
fluorescent dye.***

The photophysical data obtained from the elasto-
meric materials indicates that the epoxy moieties
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Figure 7 Solid-state fluorescence emission and excitation

spectra of HBTS/Epoxidized natural rubber after purifica-
tion.
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showed to be decisive in the covalent bond with the
fluorescent dye HBTS. In this way, to better illustrate
this interaction, in Figure 9 are presented the none-
poxidized and the epoxidized rubber with the HBTS
before and after purification. Since the SBR or NR do
not allow any chemical bond with the fluorescent
dye, the HBTS was completely removed after the pu-
rification step. The same behavior could not be
observed when SBRepox or ENR were used. After
the purification step, the elastomeric materials keep
its fluorescence, indicating a covalent bond between
the epoxy moiety and the fluorescent dye.

Additional attempts, including IR and NMR spec-
troscopic studies, at characterizing the linkage
between the polymer and the inorganic species were
made. However, since the HBTS dye was employed
as a fluorescent probe in the investigation of these
films, it was present only in very small concentra-
tions that were below the limits of detection of these
spectroscopic techniques.

CONCLUSIONS

In conclusion, novel, highly fluorescent, epoxidized
synthetic and NR films were successfully prepared
using an ESIPT-exhibiting silyl-functionalized benzo-
thiazole dye. The dye could not be extracted from
these films by solubilization in THF and precipita-
tion in ethanol, indicating the presence of covalent
bonding between the dye and the matrix. In contrast,
the dye could be readily washed out of films that
had been prepared using the corresponding none-
poxidized rubbers. The direct fluorescence emission
detection of these hybrids provided a very sensitive
and useful methodology by which to study the
silica/epoxy bond. Additional studies about the
chemical bonding in these hybrid materials are in
progress and will be published elsewhere.
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Figure 8 SEM images of the elastomeric materials prepared with nonepoxidized (left) and epoxidized (right) styrene-butadiene
rubbers after purification.
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Figure 9 Obtention scheme of the elastomeric materials
prepared with epoxidized and nonepoxidized rubber.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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