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Abstract

The sol-gel process provides a low temperature chemical route for the preparation of rigid transparent matrix materials. Under this
process, luminescent organic dye molecules were incorporated into organically modified silicate (ORMOSIL) host matrices. The photo-
stability of these laser dyes encapsulated in a solid matrix was studied using optical absorption and luminescence. The photochemical
mechanisms of the dye response under N, laser irradiation were studied using UV and fluorescence spectra measurement. The evolution
of the maximum of the emission and excitation curves as function of accumulated irradiated energy was fitted by exponential equations.
The matrix protects the dye from the oxidation and dimerization reactions. The dye molecules exhibited photobleaching due to their
photodegradation. The ORMOSIL doped with Nile blue exhibits good photostability after 6 h of irradiation.

© 2005 Elsevier B.V. All rights reserved.

PACS: 42.55.Mv; 81.20.Fw; 32.50.+d; 72.80.Tm

Keywords: ORMOSILs; Photostabilities; Dye laser; Photobleaching

1. Introduction

The sol-gel process has the possibility of improving
optical and mechanical properties of materials [1]. In
glasses, many elements can be incorporated as inorganic
network formers (e.g. SiO,, ZrO,, and TiO,) and as net-
work modifiers (e.g. Na,O, MgO, BaO). While on the other
hand organic network formers such as polymer chains of
many types and length (e.g. with aromatic and aliphatic
monomer units) and organic network modifiers (e.g. Si—
CH3;, Si-C4Hj) are also possible [2]. Various sol-gel meth-
ods have been developed to produce novel glass composite
materials [3]. These include organically modified silicates
(ORMOSILs). The ORMOSIL is a mixture of an organic
component and the inorganic precursor; it combines opti-
cal transparency from silica gels with elasticity from poly-
mers. This kind of materials offers some advantages in
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comparison to pure inorganic sol-gels because of its supe-
rior film formability, allowing thick film to be coated onto
glass substrate. In addition, the ORMOSIL matrix has
good transparency and is less susceptible to cracking than
the pure inorganic sol-gel [4]. This matrix enhances the
photostability from laser dyes and they have excellent opti-
cal and mechanical properties. For theses reasons, the
ORMOSILs are a very promising solid-state host medium
for organic molecules.

Fluorescent laser dyes have been used for many years as
a versatile source of tunable coherent optical radiation;
dyes are commonly used in both lasers and optical pumped
amplifiers [5-7]. These dyes have been doped into several
kinds of solid-state media such as polymer, copolymer,
epoxy, polycom, silica glass and ORMOSILs [8]. The main
problems that remain are the damage threshold of host
materials and photostability of laser dyes, in other words,
the longevity of dye-doped samples. The lack of photosta-
bility has been the major factor that has limited the com-
mercial use of dye lasers. Photostability of a sample
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depends not only on the laser dye and the host composition
and structure, but also on factors such as the dye concen-
tration, pump wavelength, pulse rate, pump fluorescence
sample, sample thickness, and geometry [9]. Other effect
can be detected, the photochemical bleaching of dyes by
light. The bleaching of the fluorescent output upon optical
pumping, typically reflects the chemical modification of the
dye molecule. The bleaching process depends on the nature
of the solvent or matrix and the presence of the other reac-
tive impurities such as oxygen [10,11].

In a solid host, the photodegradation of the laser dye de-
pends on the nature of the dye molecule, the composition
and structure of the host, and the impurities presented in
the host. Two major photochemical reactions, oxidation
and dimerization, bring about the destruction of the origi-
nal dye molecules and permanent drop in the fluorescence
output [12]. Intermolecular interactions can also produce
photochemical reactions, deactivation processes, and
quenching processes. The improved photostability of the
dye within solid hosts has been attributed to caging and
immobilizing the dye molecules that reduces the interaction
with other species (e.g. oxygen, other dyes molecules and
impurities) achieving the improvement in photostability
with respect to solvent hosts [13,14]. This should reduce
the dynamic interactions that can produce degradation.

The dye molecules are introduced into the silica network
during the hydrolysis—condensation reaction and the
microenvironment where they exist largely depends on
the chemical and size compatibility between the dye mole-
cules and the host medium. The chemical compatibility be-
tween the dye molecule and the host medium defines that a
polar dye molecule prefers to exist in a larger pore where
exists residual polar groups, while a nonpolar dye molecule
prefer to exist in the nonpolar cage. It is known that cova-
lently bonding the dye into the silica network may increase
dye caging and reduce dye aggregation. Also, a more con-
densed microstructure with smaller pore can sharply de-
crease the local thermal accumulation and optical loss, in
other words, it has a higher homogeneity and thermal con-
ductivity, and limits the mobility of the laser dye molecules,
which sharply decreases the possibility of the photochemi-
cal reactions between the dyes molecules and other
impurities.

CH;CH,HN

H,C

(a)
Fig. 1. Molecular structure of dyes. (a) Rhodamine 6G (590) and (b) Nile blue 610.

The objective of the present work was the synthesis of
transparent, crack-free ORMOSILs doped with Nile blue
or Rhodamine 6G dyes. We study the photostability of
these dye molecules, incorporated into the ORMOSIL
matrix by the sol-gel route, as function of host composi-
tion. A bleaching effect of the dye molecules was followed
as function of the recovery time of the sample, which was
kept in the darkness. Our results were compared with those
from silica gels doped with Rhodamine 6G.

2. Experimental

The sol was obtained from hydrolysis and polyconden-
sation of tetramethoxysilane (TMOS), using DI-water,
with methanol as solvent. Formamide was also being used
in the initial reaction to ensure monolithicity of the result-
ing gels. The molar ratio used of TMOS:water:nitric
acid:methanol:formamide was [1:10:0.45:3:3] and the initial
volume was 25 ml.

Water/nitric acid mixture was added to the TMOS/
methanol/formamide, under magnetic stirring in an open
glass beaker. After 30 min of mixing, the dye was added
using a concentration of 1.1 x 107> M. The molecular
structure of the Nile blue 610 and Rhodamine 6G (590)
dyes are shown in Fig. 1.

One month after gelation, the containers were opened
and the pore liquid expelled during shrinkage and evacua-
tion. Drying and aging were continued at room tempera-
ture. Finally, we got transparent orange (R6G) and blue
(NB) color samples, but the samples have a paste texture.
The sample was cut to a 5 X 7 mm section. After, it was ex-
posed under N, laser using the following time periods:
0.5h, 2h, 4h and 6 h. For each exposure the absorption,
emission and excitation spectra were measured to register
the evolution of the maximum.

The optical absorption was measured with a Milton Roy
3000 Array Spectrophotometer with a resolution of 2 nm.
To determinate the photoluminescence spectral a Lumines-
cence Spectrometer Perkin Elmer Model LS55 was used,
it has a 20 kW Xenon discharge lamp with pulse width at
half height <10 ps; two monochromators, which operate
between 220 nm and 900 nm with an accuracy of £1 nm
and wavelength reproducibility of +0.5 nm (Fig. 2).

(b)
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Fig. 2. Scheme of the fluorometer to measured the emission and excitation.

The ORMOSIL samples were irradiated with a Oriel N,
laser at a frequency of 3.3 pulses/s with a peak power of
80 kW.

3. Results
Our results will be divided in two sections, one corre-

sponding to the R6G ORMOSIL, and the second section
corresponding to the NB ORMOSIL.
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Fig. 3. Absorption spectrum of rhodamine 6G ORMOSIL.
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3.1. Rhodamine 6G ORMOSIL

Fig. 3 shows the absorption spectrum of the R6G
ORMOSIL, a broad band centered at 530 nm was
observed.

Fig. 4(a) shows the emission intensity as function of
accumulated irradiated energy. The experimental decay
was fitted with equation Y = Y, +e ¥/ (dashed line).
When R6G ORMOSIL was irradiated, the amount of
deposited energy increased, which caused that the emission
decreased exponentially. An opposite behavior is observed
in Fig. 4(b), it shows the excitation intensity as function of
accumulated irradiated energy. The excitation signal in-
creases until it reaches a maximum value, then it decreases
rapidly. The experimental curve was fitted with equation
Y = Yo + e 0=9"/1 (dashed line).

The R6G ORMOSIL exhibits a photobleaching effect
after 6 h of irradiation and it remained colorless. Then,
the sample was kept in the darkness to avoid the sunlight,
and the ORMOSIL photoluminescence was followed at
different times to detect any change of the sample. Fig. 5
shows the luminescence evolution taking into account the
emission intensity of the sample as function of the time.
A little recovery was observed at time of 8 h, but the signal
decreased for a long time. The R6G ORMOSIL did not re-
gain its color again.
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Fig. 4. (a) Emission intensity of R6G ORMOSIL as a function of accumulated irradiated energy with Ae. = 530 nm. (b) Excitation intensity of R6G
ORMOSIL as function of accumulated irradiated energy with Z,,s = 660 nm. (@, H) correspond to the experimental data and the theoretical fit is the

dashed line.
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Fig. 5. Evolution of the emission from R6G ORMOSIL kept in the
darkness, after the sample was irradiated for 6 h.
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Fig. 6. Absorption spectra of the Nile blue ORMOSIL as function of the
time of irradiation.

3.2. Nile blue ORMOSIL

Fig. 6 shows the absorption spectra of the Nile blue
ORMOSIL at three different exposure times of irradiation.
The absorption decreased when the ORMOSIL was irradi-
ated for 36 min. Then the absorption increased after an
irradiation time of 4 h.

Fig. 7(a) and (b) show the emission and excitation inten-
sities as function of the accumulated irradiation energy,
respectively. The experimental data were fitted with expo-
nential curves (dashed line). When NB ORMOSIL was
irradiated and the amount of energy increased, the emis-
sion and excitation intensities increased until they reached
a maximum value and then remained constant.

The NB ORMOSIL was also bleached after 6 h of irra-
diation and it remained colorless for one day. After, the
sample was kept in the darkness to avoid the sunlight,
and the evolution of the NB ORMOSIL photolumines-
cence was followed at different times to detect the recovery
of this sample. These results are shown in Fig. 8. The sam-

ple showed a little recovery by 36 min (0.6 h) in the dark-
ness and the emission signal increased, which was lost at
the time of 6 h. Surprisingly, the ORMOSIL regained
homogeneous coloration by 18 h in the absence of sunlight.

Table 1 includes the parameters from NB and R6G
ORMOSILs.

Maya [15] calculated the slope efficiency of R6G silica
gels. The silica gel was irradiated with a Nd:YAG laser,
which is more energetic than a N, laser. The slope of
R6G silica gel was calculated taking the two points of the
curve.! We calculate the slope efficiency from NB and the
R6G ORMOSILs using the same expression' taking the
points 1 and 2. Its value is greater than the R6G silica
gel efficiency (see Fig. 9). It is important to notice that
the slope of R6G ORMOSIL is always bigger than the
slope of R6G silica gel if we chose the point 1 and any
other point of the graph. Table 2 includes the values of
the slope efficiency for all samples.

4. Discussion

It is well known that the laser dyes have a concentration
limit, depending on the specific dye [16]. Taking this into
account, our samples have a high dye concentration
(1.1 x 107* M), which represents a concentration in excess
of this limit, inhibiting luminescence (concentration
quenching) due to energy migration between the molecules.
The molecules must be very close, forming aggregates.
Therefore, the quenching concentration exists since the
beginning of the exposition. We consider that the UV en-
ergy is employed in two processes: the first one is the
destruction of some monomers, inhibiting its luminescence
and decreasing the emission. The second one is the dissoci-
ation of the aggregates or dimers, that gives more mono-
mers than can be excited by light and then produce
luminescence, but this can give emission if the concentra-
tion is low, or can give any emission if there is concentra-
tion quenching.

From Fig. 4(a) we deduce that the R6G molecules are
destroyed because the emission decreases exponentially.
In Fig. 4(b) we observed an little increase in the excitation
followed by a signal decay. The processes explained previ-
ously are competing between them. When the ORMOSIL
is irradiated, the dye molecules are destroyed (degrada-
tion), thus reducing their concentration; but the dissocia-
tion of aggregates is produced and more monomers
become present, increasing the excitation, given no lumi-
nescence due to quenching, up to a point where there is
no quenching because the concentration is low and there
are no more aggregates. At this point excitation reaches
its maximum value. After that, the irradiation destroys
the single molecules and the emission and excitation signals
decays exponentially [17].

! The slope was calculated using the next expression: m = 2=,
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Fig. 7. (a) Emission intensity NB ORMOSIL as function of accumulated irradiated energy with J.x. = 560 nm. (b) Excitation intensity of NB ORMOSIL
as function of accumulated irradiated energy with A,ps = 710 nm. Dots (@) correspond to the experimental data. The theoretical fit is the dashed line.
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Fig. 8. Evolution of the recovery of the Nile blue ORMOSIL kept in the
darkness. Emission intensity was measured at different times after the
sample was kept in the darkness.
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Table 1 Table 2
Fitting parameters Calculated slope efficiency
Figures Graph Yo Ay B C I Sample Slope efficiency (J7')
4(a) R6Gemi* 32,622 2376 - - 1.9 R6G silica gel 55.2
4(b) R6Gexc* 17,771 7329.3 - - 251 R6G ORMOSIL 301.3
7(a) NBemi® 3324 290 0.79 2.3 9 Nile blue ORMOSIL 1081.6
7(b) NBexc® 2720 330 0.87 2.4 13

3 Fit: ¥ = Yo + 4je-00)/n,

b Fit: ¥ = —(x=x0)/t1

Fit: Y =Yy + 4, /[B + Ce ] EpulseNl/Z

From Fig. 7, an opposite effect in the NB emission signal
was detected in comparison to the R6G ORMOSIL. The
excitation signal increases until it reaches a constant value.
The NB molecules are very resistant because they absorb
less UV energy and the concentration quenching is not act-
ing. The UV energy is being employed in the dissociation of
aggregates, which produces more monomers. These mono-
mers absorb and emit until equilibrium is reached.

The normalized photostability is defined as the accumu-
lated pump energy absorbed by the system per mole of dye
molecules before the output energy falls to one half of its
initial value [8].

Normalized photostability = <l xC
where Ep is the pulse energy (in joules), Ny, is the num-
ber of pulses to get the half of the initial emission intensity,
r is the radius of the laser beam on the surface of the sam-
ple and / is the sample thickness (in centimeters) and C is
the dye concentration (molar per liter). The units are
J/mol. For the R6G ORMOSIL, the consuming pump en-
ergy in general is 10 mJ/pulse, the radius on incident laser
beam is 0.5 mm, the sample thickness is 7 mm, and the con-
centration is 1.1 x 107> M. Then, the normalized photosta-
bility is 1.65 GJ/mol. The organic molecules absorb this
energy and it is enough to bring out the bond breaking
of the R6G. The NB molecules do not absorb this energy
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Fig. 10. Scheme of the pump-laser radiation moving through the dye
doped sample as photodegradation occurs.

showing a high strength, and a good stability within the
ORMOSIL matrix.

The photobleaching effect in both ORMOSILs is exam-
ined. The effect of photobleaching in the Rhodamine 6G
ORMOSIL (Fig. 5) can be explained in the following
way: after irradiation, the bleached area on the surface of
the samples is as big as the cross-section area of incident
laser beam. As shown in Fig. 10, the laser beam cannot irra-
diate the entire surface of the sample. Even in the incoming
direction of the laser, not all dye molecules are irradiated.
The laser energy declines with the incoming depth. So the
high energy coming from the laser is shared by only a small
part of dyes and organic modifiers in the matrix.

The photobleaching effect in NB ORMOSILS is less
notorious (Fig. 8). The ORMOSIL matrix protects the
NB molecules of the laser radiation. The ORMOSIL has
a continuous porosity and it allows the NB molecules to
move from the pores of the irradiated area to the pores
of the normal state causing empty pores in the focused part
by laser beam. During the absence of sunlight, the NB mol-
ecules migrate to the emptied pores, so homogeneous
coloration is obtained in the samples. Then, the NB mole-
cules are very stable in the ORMOSIL matrix [18].

Other important factor to improve the photostability is
the host matrix and its microstructure. The mixture of
TMOS, water, nitric acid, methanol and formamide forms
our ORMOSIL matrix. The microstructure of the NB
ORMOSIL host is more condensed with small pores. This
property limits the mobility of the NB molecules, which de-
creases the possibility of the photochemical reactions
between the dye molecules and other impurities and in-
creases the dye caging. Then, the photodegradation of
the NB molecules decreases. For R6G ORMOSIL, the
microstructure of the host is not homogenecous and it has
a distribution of large pores. This kind of microstructure
allows a large mobility of the dye molecules producing
optical loss, thermal accumulation and photochemical
reactions with impurities. Other important factor is the
ester group of the R6G molecule. This group can react with
the methanol under acidic conditions (in presence of nitric
acid), which does not allow the dye molecules attach to the
formamide SiO, network. Under these conditions, the deg-
radation of the R6G molecules is very possible within the
ORMOSIL.

Finally, Fig. 9 shows that the Nile blue and Rhodamine
6G molecules incorporated in the ORMOSIL matrix have
a higher efficiency than the R6G silica gel. It proves that
the ORMOSIL matrix is an excellent host to protect the
dye molecules of the laser radiation, and it improves the
photostability of the dye molecules.

5. Conclusions

The sol-gel process offers an opportunity to incorporate
organic molecules into ORMOSIL matrices, enhancing
their optical properties such as their efficiency and photo-
stability in comparison to silica gels prepared by the same
process.

The photochemical reactions such as dimerization of the
dye molecules and the structural variations of the solid ma-
trix ORMOSILs under laser irradiation can be detected by
spectroscopy techniques. Both define the photostability of
the dye molecules into the matrix ORMOSIL.

The degradation of the organic molecules produces an
exponential decay. The increase of the signal is due to the
molecules activation and the caging of the dye by the ma-
trix ORMOSIL that avoid the interactions with other spe-
cies. The homogeneous microstructure with small pores
offers a more stable matrix, caging the dye molecules and
improving their photostability. The NB ORMOSIL offers
a more stable matrix than the R6G ORMOSIL.

Although the normalized photostability from NB
ORMOSIL is the same as the R6G ORMOSIL, it is clear
that the quenching of the luminescence was not produced
due to the photostability of the NB molecules in the
ORMOSIL matrix.
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