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a b s t r a c t

Dynamics related to the optical effect of Methylene Blue (MB) dye molecules in solid host has been
investigated. MB doped silica samples of varying concentrations are prepared by the sol–gel technique
in acidic environment. Absorption and laser induced fluorescence spectra have been recorded for the
samples. Interesting result of dual fluorescence at lower concentrations is explained. Attempt is done to
study the dynamics of the dual fluorescence. These results may be useful for designing and developing
solid-state optoelectronic devices.
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. Introduction

Each dye molecule has a characteristic absorption spectrum that
epends upon its structure and excitation mechanism. One of such
legant molecule Methylene Blue (MB) is important to investigate
ecause of its vast uses in various fields viz. physical, biological,
hemical, etc. [1–3]. Fluorescence and absorption spectroscopy are
mportant tools that help to investigate the dynamics of the opti-
al properties of the molecules having sufficiently large excited
tate lifetime. MB exhibits excellent absorbance in the red region
nd a transition to excited singlet state, with the probability either
o return back to ground state or transition to an excited triplet
tate. This excited triplet state further gives rise to self-quenching,
hich causes photobleaching effect in the dye. The dynamics of

his effect gives rise to phenomena related to great importance in
iological and other sciences [1–5]. An attempt is made to investi-

ate the laser induced fluorescence of MB in various environments
solid and liquid). It has been found that photobleaching effect
s less prominent in solid (glassy) phase as compared to liquid
hase.

∗ Corresponding author. Tel.: +91 1662 263176; fax: +91 1662 276240.
E-mail address: umeshgupta2006@gmail.com (U. Gupta).

010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2009.10.001
MB (a member of thiazine dye group) is a very efficient dye
which is used as a stain in bacteriology, as an oxidation–reduction
indicator, as an antidote to cyanide and as an antiseptic in veteri-
nary. MB can be activated by light to an excited state which in turn
activates oxygen to yield oxidizing radicals [6]. Such radicals can
cause cross-linking of amino acid residues on proteins and hence
achieve some degree of cross-linking. Investigation on the use of MB
to achieve photochemical welding of tissues is also under process
[7].

It has been already established that encapsulation of organic
dyes in solid host minimizes the photobleaching effects of the dye
molecules [8]. Incorporation of perlimide and pyromethene dyes
into glasses prepared by the sol–gel method enables the design of
new types of visible, stable solid-state lasers [9–11]. During the
present work, MB is embedded in silica matrices using sol–gel
process as it offers many advantages over the other conventional
methods; mainly because of low temperature solution synthesis
via chemical route. It avoids degradation of dye molecules that
persists at high temperature. Solid-state dye materials produced
by the sol–gel method have advantages over liquid dye materials

being non-volatile, non-flammable and mechanically stable. There-
fore can be used easily as sensors, solid state dye lasers (SSDL) and
other useful materials [12]. Solid phase leads to increase in absorp-
tion band that directly results in increased fluorescence band width
giving access to high tunability of the molecule.

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:umeshgupta2006@gmail.com
dx.doi.org/10.1016/j.jphotochem.2009.10.001
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The present communication discusses the results of absorption
nd fluorescence spectra of MB doped silica samples at various con-
entrations. The fluorescence of the samples has been recorded
sing He–Ne laser having characteristic wavelength of 632 nm.
ual fluorescence of the samples at some optimum conditions is

eported.

. Experimental

.1. Preparation of samples

Glass encapsulated with the variable concentration of MB has
een prepared by employing the alkoxide based chemical route of
ol–gel technique. Tetraethoxyorthosilane (TEOS) is used as pre-
ursor and hydrolysis is done in the appropriate pH controlled
nvironment. It has been found that the samples are better formed
n slightly acidic environment and therefore HCl is used as catalyst.
he chemicals are taken in the following proportion:

TEOS + EtOH + HCl] : [H2O] :: 10 : 03

A weighed amount of dye is dissolved in a suitable solvent sep-
rately and mixed uniformly with precursor TEOS using constant
tirring over a magnetic stirrer. The dye, MB, is miscible in alco-
ol and therefore it is dissolved in ethyl alcohol. The solution is
ept under vigorous stirring at room temperature ∼29 ◦C for about
–4 h to yield clear and stable sol and then to get in gelation form.
his is put in glass cuvettes for a week for drying and the glassy
atrices are formed. The method further involves hydrolysis fol-

owed by condensation. The general reaction of the sol–gel method
s shown below where –R is alkyl group and the first reaction shows
he hydrolysis and the second and third reaction exhibits the con-
ensation reaction occurring in the sol–gel method.

Si–OR + H2O � Si–OH + ROH (1)

Si–OH + HO–Si � Si–O–Si + H2O (2)

Si–OH + RO–Si � Si–O–Si + ROH (3)

Slow ageing is preferred to avoid cracking in the glass so
ormed; hence ageing is done at normal temperature. During
he time of ageing condensation of the gel continues, thereby
aising its viscosity. A surface finished solid rectangular sample
∼15 mm × 5 mm × 5 mm) of the silica doped with MB is obtained.
he process is repeated to get samples of different MB concentra-
ions in glassy matrix.

.2. Spectroscopic measurements

The absorption spectra of the samples are recorded by
V–Vis–NIR spectrophotometer (varian made). Fluorescence spec-
ra are recorded by exciting the samples with He–Ne laser of
avelength 632 nm and 10 mW power using transverse geometry

rrangement (Fig. 1). The absorption spectra of MB samples show
hat emission wavelength of the laser lies well within absorption
and of MB samples. The laser light is line focused on to the sample

Fig. 1. Schematic of transverse geometry for the fluorescence set-up.
Fig. 2. Absorption spectra of the Methylene Blue in silica matrix at concentration of
0.01 mM.

along the length through a cylindrical lens of 10 cm focal length. The
diagnostic equipment used in this study is compact hand held plug
and play Spectrometer (Ocean Optics Inc. USB 2000), connected to
PC through optical fibre where spectra are recorded using Tarang
software developed by H.S. Vora of RRCAT, Indore.

3. Results and discussion

3.1. Absorption characteristics of MB in TEOS

Absorption spectra for samples of different MB concentrations
varying from 0.01 mM to 1.0 mM have been recorded for a com-
plete UV–Vis–NIR range. Fig. 2 represents the absorption spectra
for 0.01 mM concentration. All other curves show similar behav-
ior except change in peak absorption wavelength and change in
intensity of the second peak (Fig. 2).

Absorption spectra are found to be a function of concentration
of the dye present in the glassy material which leads to the less
transparency in the highly concentrated samples. Absorbance of the
samples increases with increasing MB concentration, as expected.
The variation of absorption cross-section with concentration of
dye is due to aggregation of dye molecules. Aggregation reduces
its surface area and thereby decreasing absorption cross-section.
The mutual interaction of dye molecules at higher concentration
is responsible for the concentration-dependent absorption cross-
section changes [13].

However, the aggregate formation of the dye molecules at
higher concentrations is to be minimized by restricting their mobil-
ity by entrapping them in solid matrices. Because of the restricted
mobility of the dye molecules in solid host the aggregate formation
is less in comparison to the liquid phase. Aggregate formation is a
phenomenon which is present in various phases and it cannot be
completely eliminated [14]. Unfortunately, problem arises because
of photo-degradation of the dye molecules and therefore photo-
stable dyes are proposed to be used. Molecules are required to be
put into solid-state hosts of high optical quality and low thermal
conductivity to maintain better performance.

The first absorption peak lies within the range of 610–670 nm
(visible red region) for various concentrations of MB. A lin-
ear red shift is observed with the decrease in concentration
from 1 × 10−3 mM to 1 × 10−4 mM (Fig. 3(a)). However on dilu-
tion beyond 1 × 10−4 mM, a sudden jump in peak wavelength is
observed, that is understood due to low threshold energy require-
ment at lower concentrations of the dye. At low concentration
intermolecular distance increases, which further reduces self-
quenching and hence lesser energy is required to excite a molecule,

causing red shift to appear.

Fig. 3(b) shows the wavelength shift with respect to concen-
tration of dye molecules in the glassy samples. The pattern of the
shift observed is similar to Fig. 3(a). This implies that variation
of wavelength shift is not linear w.r.t. concentration everywhere.
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t is composed of two linear regions one at higher concentration
nd another at low concentration combined together by a phase
hange.

The second absorption peak (at wavelength ∼750 nm) appears
n dilution beyond 1 × 10−4 molar concentration. These results are
qually supported by Silvia et al. where they observed the same
attern [15]. The existence of second peak at lower concentrations

s due to the presence of monomer and protonated form of MB
olecule in acidic environment. It is well known that even at lower

oncentrations MB is present in solution as a monomer or dimer and
typical value for the dissociation constant is 3970 dm3/mol [16].
he monomer and dimer absorb light of different wavelength in
ifferent environment. Mills and Wang also observed that photo-
leaching of MB is due to presence of both monomeric and dimeric
orms even at very low concentration [17].

To have a close look at the concentration dependence of the
bsorbance, a theoretical model suggested by Beer has been used
n which molar extinction coefficient is defined and calculated [18].
he ideal absorbance of a dilute solute in a transparent solvent
ollows the Beer’s law:

= ecd (4)

here e (l/mol cm) is molar extinction coefficient of the solute at
he wavelength of measurement, c (moles/l) is the molarity of the
olute, and d (cm) is the optical path length. The linear dependence
f A on c may not hold if there are concentration-dependent effects
hat include aggregation or acid–base dissociation of the solute.
his is certainly the case for given samples.

The absorption coefficient � is directly proportional to the
a

oncentration and molar extinction coefficient and is expressed
hrough the relation:

a = ec ln 10 = 2.303ec (5)

ig. 3. (a) Concentration vs peak wavelength for the first absorption peak. (b)
oncentration-dependent wavelength shift for first absorption peak.
Figs. 4 and 5. Concentration-dependent absorption coefficient for first and second
peak, respectively.

Concentration-dependent molar absorption coefficient for both
the peaks (Figs. 4 and 5) shows similar behavior. At a critical
concentration of ∼6 × 10−5 M, the molar absorption coefficient
decreases as MB does not show significant aggregation due to self-
organization of the dye. This self-organization of the dye is because
of the various competing forces: dispersion forces due to interac-
tion between the � systems of the dye and hydrophobic effects,
since for the formation of stable aggregates, the sum of these forces
needs to be larger than the electrostatic repulsion between the
positive charges in the dye molecules [19].

3.2. Fluorescence spectroscopy
Fluorescence spectra of the samples under reference have been
recorded by illuminating with He–Ne laser using transverse geome-
try arrangement. A decrease in the intensity of the peak fluorescent

Fig. 6. Fluorescence spectra of the varying concentration of Methylene Blue doped
silica glasses.
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the lower concentration of 0.06 × 10 M hence no dip is observed
as in the first case. These results lead to a phase transformation of
the molecules at this particular concentration.
Fig. 7. Conversion of MB

avelength has been observed (Fig. 6) with increasing concentra-
ion of the MB molecules. This is understood due to the fact that dye

olecules firstly excite to a singlet state and then there is either a
adiative transition to the ground state or there may be a transi-
ion to the triplet state. The probability of transition from singlet to
riplet state is more at higher concentration, which further leads to
on-radiative transition to ground state and accompanied by the
mission of higher frequencies photons. The phenomena may be
ermed as self-absorption in the dye molecules at high concentra-
ions.

Furthermore, the cationic form of MB is the most desirable
pecies for the lasing action [20]. In dye doped silica gels, the cage
nvironment with acidic nature due to HCl is capable of supply-
ng more protons (H+) to MB molecules. These ions are attached to
he nitrogen atom carrying a lone pair of electron in the structure
esulting higher protonated form of the dye as shown in Fig. 7. The
rotonation in acidic solutions of Xanthene dyes is also reported by
arious researchers [21,22].

Study also reveals that fluorescence intensity of first peak

ecreases with increasing concentration (Fig. 6), which is due to

nner filter effects that cause an apparent decrease in fluorescence
uantum yield as a result of re-absorption of emitted radiation
r absorption of incident radiation by spices other than those of
he intended primary absorber. This is a direct indication that

ig. 8. (a) Concentration dependence of first peak wavelength for fluorescence. (b)
oncentration-dependent wavelength shift for first fluorescence peak.
mer to protonated form.

non-radiative processes are significant at higher concentrations
and self-quenching becomes more prominent. This perturbation
is attributed mainly due to the formation of closely spaced pairs,
which have zero or very small fluorescence quantum yield and also
depends on the local electric fields generated by the surrounding
polar solvent molecules. This solvation effect is a result of inter-
molecular solute–solvent interaction forces.

Figs. 8(a) and 9(a) shows the variation in the wavelength of the
fluorescing peaks I and II, respectively. It is in accordance with the
absorption spectra where wavelength of the first peak increases
with decreasing concentration. Fig. 8(b) represents wavelength
shift of first fluorescence peak with concentration, which clearly
indicates that variation in wavelength is no longer linear with con-
centration it shows a dip at 0.06 × 10−5 M concentration similar to
absorption spectra. In Fig. 9(b) wavelength shift of the second peak
is plotted against concentration. The second peak appears only at

−5
Another interesting result observed is the presence of dual fluo-
rescence at ∼700 nm and ∼790 nm on excitation with He–Ne laser

Fig. 9. (a) Concentration dependence of second peak wavelength for fluorescence.
(b) Concentration dependence of wavelength shift of second fluorescence peak.
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Fig. 10. FWHM for first peak of fluorescence.
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Fig. 11. FWHM for second peak of fluorescence.

t lower concentration of about 0.06 mM. Fluorescence at double
avelength is well supported by the absorption spectra. Molar

bsorptivity and peak wavelength also shows abnormal behav-
or at a particular concentration. The organic molecule dissolved
n the acidic water and being a hydrophobic tends to coagulate
nd this aggregation is more at higher concentration of the dye.
n spite of the fact, there is separation in the aggregates due to
resence of silica caging so sample provides significant flourishing
ield at lower concentration as the number of organic molecules
n the aggregates decreases giving rise to increase in concentration
f more protons. The study reveals that at lower concentration of
he dye, monomeric form of the dye gets converted into the more
rotonated form (MBH+). After a critical concentration of dye the
econd fluorescence peak becomes prominent with the more pro-
onated form of MB. All the spectroscopic parameters show abrupt
hange at that optimum concentration where the dual nature of
B molecule comes into play. Further Figs. 10 and 11 presents

he variation in full width at half maxima (FWHM) with varying
oncentration of MB molecules. Exhibiting inverse trend with the
oncentration, which is required for the any material to work as a
asing material. It is very well understood and also clear from Fig. 6
hat peak intensity is also reciprocal to the FWHM. Thereby low
oncentration dye system work well for the SSDL.

. Conclusion
Absorption intensity increases with increasing concentration is
ue to the aggregation of the molecules. Aggregation effects are
eing reduced by using silica cages that decreases more at lower
oncentrations. Fluorescence spectra as well as absorption spectra

[

[
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exhibit the red shift at lower concentration. Increase in the fluo-
rescence intensity of the samples with lowering the concentration
is due to presence of more monomeric and protonated form of MB
molecules which are bound in the aggregates at higher concentra-
tions. Another important result discovered from the studies is the
presence of dual form of the MB molecule (monomeric and pro-
tonated) in solid host silica matrix and both forms are behaving
independently.
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