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Abstract Coumarin 1, Coumarin 2 and Coumarin 120 are
embedded in transparent sol-gel glass samples prepared by
sol-gel process using dip method. The sol-gel matrix is
given dip treatment with Methanol /Distilled Water (50/
50vol) for 1 to 16h before dipping into dye solution. The
effect of dipping time of matrix in Methanol/ Distilled
Water on spectroscopic properties of coumarin dye doped
glass samples has been studied. The Optical Density (OD)
at absorption maximum wavelength and Fluorescence
Intensity (FI) at fluorescence maximum wavelength of all
coumarin dyes increase with the time of dipping of the sol-
gel sample. These absorption/fluorescence properties of
coumarin dyes in sol-gel glass matrices are compared with
its respective properties in methanolic solution in acidic
environment. The cause of these changes in OD/FI with
dipping time is discussed by taking into account the
absorption / fluorescence of dye in acidified methanol.
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Introduction

Since last four decades liquid solutions of organic laser dye
molecules have been widely used as efficient laser gain
media from the near UV-to the near IR region of the
spectrum [1]. But using liquid solutions of organic laser dye
molecules have various limitations like cumbersome system
design, requirement of large volume of solutions, need of
significant maintenance, poor thermal stability of the dye
solutions etc. [2—5]. These difficulties can be overcome by
developing solid-state tunable dye laser materials by
incorporation of stable laser dye molecules into solid host
matrices like polymers, silica gels, xerogels, organically
modified silicates (ORMOSILS) and sol-gel glasses [4-25].
These solid-state dye laser materials using polymers and
sol-gel glasses as solid host matrices have technical
advantages such as compactness, better manageability, high
laser damage threshold and suitability for field measure-
ment. A number of solid polymeric matrices have been
used in the past [6—12]. However polymeric host materials
have been shown to be inherently lacking in mechanical
and thermal properties and photostability [7-8]. In 1984
Avnir and coworkers first demonstrated the possibility and
applications of doping a gel with an organic dye [2]. The
recent research work with sol- gel glass used as solid host
for solid-state dye laser materials has attracted a great deal
of attention because of its high potential utility than
polymers.[4—5, 13-25]. The sol-gel reaction occurs at low/
room temperature and therefore organic dye molecules can
be incorporated in the gel network, with no risk of thermal
degradation, whereas conventional glass production requir-
ing high temperature which laser dyes cannot withstand.
Also the host matrices prepared by sol-gel method are
highly porous, transparent in the UV-near UV region and
can be prepared in the form of rectangular blocks, films or
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cylinders. Therefore the sol-gel method is a novel method
for incorporation of organic dye molecules into an
inorganic silica host. Various procedures are utilized to
incorporate the laser dyes into sol-gel matrices [2, 4-5, 13—
14] such as dope or dip methods. In dope method dye is
mixed at the sol stage, drying is carried out afterward; while
in dip method matrix is first prepared and the matrix is
dipped in desire dye solution and subsequently sol-gel
sample is dried. Sometimes the matrix is given some
treatment such as heating at higher temperature before
doping the dye into the matrices [14, 15]. To achieve the
appropriate desired quality of dye doped material in sol-gel
matrices for a particular application such treatments are
utilised. It is necessary to know and understand the effect of
various treatments of host matrix on the various properties,
in particular photophysical properties when the material is
to be used as laser active material. This is because the
photophysical properties provide basic information about
the lasing behaviour of the material [1]. With this objective
sol-gel host samples are prepared by HCI acid catalysed
hydrolysis of Tetraethylorthosilicate (TEOS). These sam-
ples are treated by Methanol (MeOH) / Distilled Water
(H,0O) (50/50 by volume) by dipping into it for various
times from 1 to 16h and then dipped into desired coumarin
laser dye solution in MeOH for 1h. Coumarin laser dyes
with an amino group at 7-position (as shown in Fig. 1)
known as very efficient laser dyes for the spectral response
in the blue-green region of the electromagnetic spectrum
have been used for doping [1, 4, 13, 16, 26-37].

In the present paper in continuation to our study of laser
dyes [4-5, 11-13], changes in absorption/fluorescence
properties of laser dye Coumarin 1, Coumarin 2 and
Coumarin 120 (C 1, C 2, and C 120 respectively) doped
into silica sol-gel glass are reported. C 1, C 2 and C 120 in
sol-gel glass materials are found to show increase in
absorbance and fluorescence intensity with increasing
dipping time in MeOH / H,O (50/50vol). To understand
this behaviour of the dye doped sol-gel glass samples, the
absorption/fluorescence properties of the coumarin dye are
studied in methanol solution containing varied quantity of
HCI acid.

Ry,
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CI120:H H H
Rj A C2 :Et H Me
CH; Cl :Et Et H

Fig. 1 Molecular structure of the 7-Aminocoumarin derivatives
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Experimental

Purity of laser grade C 1, C 2 and C 120 dye (Lambda Physik)
was checked by UV-Visible absorption spectroscopy and
then it was used as it was received. TEOS, MeOH (GR grade),
HCI all from Merck were used without further purification.
Sol was prepared by mixing 26- ml TEOS, 37ml- H,0, and
0.8ml HCI (as catalyst) under magnetic stirring at 60°C.
After 1h of stirring, 3.5ml sol was poured in the rectangular
polystyrene cuvettes of size (4.5 x 1.0 x 1.0) cm’. The
cuvettes were sealed with teflon tape to ensure slow drying
of sol, which decreases the probability of cracking in solid.
Drying and aging of gel were carried out at room
temperature in clean and controlled environment. After about
3 to 4weeks, solid blocks were obtained in the form of
parallelopipeds with dimensions (0.8 x 0. 8 x 2.8) cm’.
These glass samples were used to immerse in MeOH / H,O
(50:50 by volume) for different intervals of time such as 1h,
4h, 8h, 12h and 16h and then subsequently in methanolic
solution of coumarin dye of known concentration for one
hour. The number density of coumarin dye doped molecules
in the solid host was calculated by difference method from
the OD of absorption of dye solution before and after
dipping of the glass sample. The desired number density of
dye molecules in solid host can be obtained by dipping of
glass samples in varied concentration of methanolic solution
of respective coumarin dye. The concentrations of dye
solution used were in the range of 1.15 x 107> to 1.87 x
10 mol 1" to obtain number densities of the order 1.52 x
10" to 7.23 x 10"%cm ™ in the dried samples respectively.
After 5 to 7days from the dipping the dried glass samples
show good surface finish with plane parallel side faces, and
they were then used directly for absorption/fluorescence
studies without any polishing. Optical absorption spectra of
all the prepared samples were recorded on UV-Vis spectro-
photometer (PerkinElmer, Lambda 35), where as the
fluorescence spectra were scanned using an assembled
fluorimeter with front surface excitation emission geometry.
The absorption spectra of dye doped samples were recorded
by taking atleast three scans with undoped glass as reference.
The absorption spectra of methanolic solution of dye with
and without acid were recorded with methanol as reference.
Fluorescence spectra of all samples were scanned with
350nm excitation wavelength. Atleast three scans (scan
speed 50nm per minute) are used to determine fluorescence
spectrum. All the recorded spectra were corrected for the
photomultiplier and monochromator sensitivities.

Results and discussion

The sol-gel glass samples dipped in MeOH/H,O for various
times show about 92% transparency from 700nm to 400nm
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which gradually decreases to 88 % at 300nm. Due to good
transparency down to 300nm, the glass samples can be used
as host material for embedding C 1, C 2, and C 120 dyes
which absorb in near-UV region of the spectrum. The
undopped dipped glass block shows the same transparency
through all the four faces when held vertical (0.8cm path
length) and it did not change even if the position of the
block with respect to the incident beam was changed across
the width of the block confirming the plane parallel faces of
the sample. The absorption spectra of all coumarin dye
doped solid samples were recorded in the similar manner as
above and also found to show same constant OD value
when sample was held vertical. This confirms the uniform
distribution of dye molecules throughout the sample.
Though the variation in absorption spectra is observed with
the varied dipping time of sol-gel sample in MeOH/H,O,
the number density of the dye molecules in the samples for
a particular concentration of dye solution (after 1h dipping)
is nearly constant for all the dipped samples.

Figure 2 (a, b, and ¢) and Fig. 3 (a, b, and c) show the
absorption and fluorescence spectra of C 1, C 2 and C 120 dye
doped sol-gel glass samples respectively with increasing
dipping time of the matrix in MeOH/ H,O. It represents the
typical behavior of these solids which is observed with all
the concentrations of coumarin dye molecules studied in the
present work as shown in Table 1 and Table 2. All coumarin
doped solids having number densities of the order of 10'%/cm?
to 10"%/cm® show two near by UV absorption peaks peaking
at 269nm, 278nm, where as other two peaks are observed at
308nm and 385nm in C 1, 320nm and 375nm in C 2 and
308nm and 350nm in C 120 dye doped glass samples. As the
dipping time increases there is an increase in the OD value of
main absorption peak at longest wavelength (385nm for C 1,
375nm for C 2 and 350nm for C 120) as can be seen from
Fig 2 (a, b, ¢). Also slight red shift (8nm) in C 120/sol-gel
glass samples and slight blue shift (Snm) in C 2 /sol-gel glass
samples are observed with increasing time of dipping. On the
other hand, the fluorescence spectra of all the coumarin dyes
doped sol-gel glass samples have single emission peak
peaking at 473nm, 448nm and 428nm for C 1, C 2 and C
120 containing sol-gel glass samples respectively. The
fluorescence intensity also increases with time of dipping
accompanied by red shift (8nm) for C 120/sol-gel glass, blue
shift (6bnm) for C 1 and C 2/sol-gel glass samples
respectively as shown in Fig. 3 (a, b, ¢).

These changes show that the species (neutral monomer
species) absorbing around 350-385nm are increasing for all
coumarin samples in sol-gel glasses with increasing time of
dipping the sample. These are fluorescent species having
fluorescence peaking at 430 — 470nm. Such increase in the
concentration of these monomer species with increasing
dipping time increases the possibility of the samples to be
laser active in the dye laser cavity, which is very favourable
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Fig. 2 Absorption spectra of a) C 1, b) C 2 and ¢) C 120 containing
sol-gel glass sample with dipping time of sample in MeOH/H,O for
no. density 5.20%10'® per cm?

from point of applicability of the samples as laser active
media. There is also an isobestic point clearly seen in the
absorption spectra of C 1/sol-gel glass samples (Fig. 2(a)).

To understand this behavior of coumarin doped sol-gel
glass samples, absorption/fluorescence spectra of all cou-
marin dyes were recorded in MeOH solution with the
addition of HCI acid. When HCl is added to the methanolic
solution of coumarin dyes, it shows similar absorption as
those of dye containing dried solid samples. Pure meth-
anolic solution of C I, C 2, C 120 shows only one
absorption peak at 374nm, 365nm, 352nm and fluorescence
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Fig. 3 Fluorescence spectra of a) C 1, b) C 2 and ¢) C 120 containing
sol-gel glass sample with dipping time of sample in MeOH/H,O for
no. density 5.20x10'¢ per cm®

peak 450nm, 436nm, 429nm respectively, as shown in
Fig. 4 (a, b, ¢) and Fig. 5 (a, b, ¢). OD at main peak of all
coumarin dyes (C 1, C 2 and C 120) decreases as the
concentration of acid in solution increases. This is
accompanied by three more peaks appearing at shorter
wavelengths viz one at 308 nm for C 1, C 120 and 320 nm
for C 2 and other two at 278 nm and 269 nm for all
coumarin dyes. Their shapes are similar to their respective
counterparts in solid sol-gel glass samples.

These peaks are not due to absorption of HCI at lower
wavelengths because they are absent in case of undoped
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samples though all the solids contain equal concentration of
acid. The fluorescence maximum in solution is initially
constant near 450 nm for C 1, 436 nm for C 2 and 429 nm for
C 120, only the fluorescence intensity decreases as the
amount of acid in solution increases. Fluorescence at longer
wavelength, namely 468 nm for C 1, 485 nm for C 2 and
478 nm for C 120 starts appearing at moderate acid
concentrations. At intermediate concentration of acid both
peaks appear in the emission spectrum of C 2 and C 120, and
finally for high concentration of acid only a single peak at
466 nm for C 1, 489 nm for C 2 and 478 nm for C 120 with
diminished intensity as can be observed from Fig. 5 (a, b, ¢).
As the dipping time of sol-gel samples dipped in MeOH/
H,O increases the absorption spectra of dried sol-gel glass
samples resemble to the spectra of methanolic solution of
coumarin dye containing dilute HCI acid. From the Fig. 4
(a, b, c) it can also be seen that there exists an isobestic
point indicating that the increase in one peak is at the loss
of OD at the other peak. This confirms the conversion of
monomer species into some other species, probably
protonated species. For all coumarin dye doped glass
samples, the extinction coefficient at the longest absorption
peak is less for C 1, moderate for C 2 and highest for C
120, while the opposite behaviour has been observed for
the same dyes in MeOH with maximum extinction
coefficient in C 1, moderate in C 2 and minimum in C
120. This photophysical behaviour of 7-aminocoumarin
derivatives in acid catalysed sol-gel glass samples is very
different from those in alcoholic solutions. This is due to
hydrogen bonds interaction between dye molecules and

Table 1 Absorption properties of C 1, C 2 and C 120 containing sol-gel
glass samples with concentration of dye

Dipping Time Aa OD
(1 hour) (nm)
No. Density 7.12x10"  510x10"7  1.94x10'8
per em®
385 0.07 0.15 0.24
C1 308 1.67 2.54 3.00
278 2.19 3.00 3.00
269 2.51 3.00 3.00
No. Density 7.38x10'®  3.86x10"7  2.21x10"
per em?®
375 0.10 0.29 1.06
Cc2 320 0.73 2.36 3.00
278 0.86 2.78 3.00
270 0.88 2.82 3.00
No. Density 7.45x10"  4.36x10"7  2.54x10'8
per cm®
350 0.18 0.26 0.45
C 120 308 1.08 1.71 3.00
278 1.09 1.75 3.00
269 121 1.99 3.00
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Table 2 Fluorescence properties of C 1, C 2 and C 120 containing
sol-gel glass samples with concentration of dye

Dipping Time A (nm) FI(A.U.)

(1 hour)

No. Density 7.12x10'  510x10"  1.94x10'®
per cm®

Ccl 473 0.09 0.13 0.10

No. Density 7.38x10"¢  3.86x10"7  2.21x10"
per cm’®

Cc2 447 0.21 0.40 0.26

No. Density 7.45x10'  4.36x10"  2.54x10'®
per em?®

C 120 428 0.23 0.32 0.18

residual solvent in the matrix , which depend on alkylation
degree of amino group of dye and this alkylation degree of
amino group is increased from C 120to C 1 (C 120<C2<C 1)
[32]. The ratio of conversion of neutral species into
protonated and higher protonated form is high for C 1,
moderate for C 2 and low for C 120 as can be seen from
Fig. 4 (a, b, ¢).

This behaviour of coumarin dyes can be explained by
considering the ground state and excited state equilibria of
the dye in the presence of acid as reported earlier by
Drexhage [33]. Generally in the electronic ground state of
7-aminocoumarins, neutral or non-polar form is predomi-
nant, whereas in the excited state polar form predominates
[33]. Therefore on optical excitation the (static) electric
dipole moment increases, and a major rearrangement of the
surrounding solvent molecules takes place immediately
after excitation. As a consequence the energy of the excited
state decreases giving rise to a large Stokes shift in
coumarins [33]. The similar trend is observed for all
studied coumarin dyes in MeOH with absorption /fluores-
cence peaks 374 nm / 450 nm for C 1, 365 nm / 436 nm for
C 2 and 352 nm / 428 nm for C 120 respectively giving rise
to stokes shift of about 70 nm. Also effect of substitution at
7 position on absorption/fluorescence properties is seen
having red shift of absorption with ethyl substitution.
Hence maximum absorption wavelength is observed for C
1 with two ethyl groups among the studied dyes.

In 7-aminocoumarins, two types of protonation have
been reported, one at amino group and other at carbonyl
group [33]. In the ground state of coumarin slight basicity
is associated with amino group rather than with the
carbonyl group. On addition of a strong acid like HCI, the
amino group gets protonated and the protonation increases
with increase in the acid concentration and the OD at main
peak continuously decreases as protonated form does not
absorb at this wavelength as shown in Fig. 4 (a, b, c). This
decrease in OD has been observed for all the concentrations
of studied coumarin dyes in liquid phase. The formation of

higher protonated forms with addition of acid appearing at
shorter wavelength has been identified in the case of other
coumarins also [13, 36]. When acidified MeOH solution of
coumarin dye was excited at shorter wavelengths (308 nm,
279 nm and 270 nm) there was no fluorescence observed.
Hence protonated and higher protonated species of couma-
rin dyes which absorb at 308 nm, 278 nm and 269 nm
respectively in acidic MeOH can be concluded to be
nonemitting. The same behaviour (non-emitting and exists
at shorter wavelength side of the main band) of the species
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Fig. 4 Absorption spectra ofa) C 1, b) C 2 and ¢) C 120 in MeOH with
addition of HCI for concentration of dye; C 1 (2.81x10 > mol I'') C 2
(37810 mol I'' ) C 120 (3.94x107 mol I'")
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a . wavelength . The emission shifts to longer wavelength has
09 | & Fluo- C UMeOH been observed in case of the other coumarins if the pH of

08 | = Fluo. € 1MeOH + 0.2 mi the solution is decreased [4, 15-16, 26, 37].
eIvHa The studied dried dye doped sol-gel solid samples show
T leomnar oo only single emission peak at 462 nm , 442 nm and 436 nm
i for C 1, C 2 and C 120 respectively. As the fluorescence
= spectra of the all coumain dye doped sol-gel glass samples
do not have any emission in longer wavelength region, one
can say that the corresponding carbonyl protonated species
is not formed in solid sol-gel glass samples. Thus
appearance of carbonyl protonated form cannot be seen in
absorbance and fluorescence spectrum of the solid sol-gel
Wavelength (nm) samples of all the three coumarins Therefore the absorption
b o peaks at 308 nm, 278 nm and 269 nm of coumarins in dried
) sol-gel glass sample can be due to amino-protonated and
% o Fluo- CAICOH higher protonated form and cannot be due to carbonyl
071 e C Ot + 02 mi protonated form. In case of samples in present work, as the
0.6 4 Fluo. C 2/MeOH + 0.2 ml dipping time of sol-gel glass samples in MeOH/ H,O
E 0.5 (con) iCL increases, the removal of unreacted residual solvent from
= 041 the sample also increases. Thus local environment of
0.3 coumarin molecules in glass may be having more HCI
0.2 containing water and MeOH for less dipping time samples
01 as compared to high dipping time samples. Hence in
. ' . : . . | I addition to neutral coumarin form which exists in ground
35 370 390 410 430 450 470 490 510 530 sso  state absorbing at main peak, there may be protonated,
Wavelength (nm) higher protonated and even some higher protonated species
c, present in the sol-gel matrix for less dipped samples, which
09 1 o7 Hue-Claomeon show absorption in UV region of the spectrum. But as the
05 - FhNg | aar MO 02m0IN dipping time of the sol-gel host samples increases the
07 / N, [ e € 1Mo + 0.2 ml (Con) maximum residual solvent containing HCI is coming out
061 4 X from sol-gel glass matrix and therefore existence of neutral
2 0s ] form of coumarin dyes is high as compared to low dipping
= 04 glass samples. This automatically reduces the possibility of
oa) formation of protonated form with longer dipped matrix
samples. This is supported by decrease in OD value of
] absorption peaks at 308 nm, 269 and 278 nm and
11 increasing in FI at main peak as seen from Fig. 2 and 3

0

30 370 390 410 430 450 470 4% 510 530 550
Wavelength (nm)

Fig. 5 Fluorescence spectra of a) C 1, b) C 2 and ¢) C 120 in MeOH

with addition of HCI for concentration of dye; C 1 (2.81x107°> mol ")

C2(3.78x10° mol I"' ) C 120 (3.94x10 > mol I'")

appearing at 308 nm , 278 nm and 269 nm absorption peak
has been observed in dried coumarin dye doped sol-gel
solids as can seen from Fig. 2 (a, b, ¢). The protonation at
carbonyl group occurs in excited state of dye molecule and
is diffusion controlled. Due to proton transfer from
surrounding molecules to the carbonyl group, these excited
molecules come back to the ground state in non-polar form
(by deprotonation process) by emitting radiation at longer
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(a, b, ¢). Hence an increase in OD/FI occurs only because
of conversion of protonated species into the fluorescent
neutral monomer species with increasing dipping time of
the sample. The shift in absorption/fluorescence peak of
coumarin containing sol-gel glass samples with respect to
its methanolic solution may be the combined effect of
increased refractive index of sol-gel compared to methanol,
residual chemicals or precursors, the local environment of
the dye molecules in the sol-gel and polar nature of the host
[4-5, 13, 15].

Conclusion

C 1, C 2 and C 120 dyes were embedded in HCI
catalysed sol-gel glass samples which have been given
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dip solvent treatment for various times from 1 h to 16 h
using MeOH/ H,O and subsequently dipped in the dye
solution using dip method during preparation. The samples
show changes in absorption/Fluorescence spectra with time
of dipping of solid host. In addition to usual neutral
molecular form of C 1 (A,=374 nm, A\;=450), C 2 (\,=
365 nm, A;=436 nm) and C 120 (A\,=352 nm, A;=428 nm)
that exists in MeOH; the dye has been found to co-exist in
new distinct molecular form identified as amino-protonated
or higher protonated form (A,=308 nm, 278 nm, 269 nm
and non fluorescent) in the sol-gel glass sample. It has been
investigated that the neutral form species increase at the
cost of protonated form with time of dipping of the host
sample in MeOH/ H,O. This is a useful change with
increasing neutral species concentration in the sample
which increases the application potential of these materials
as solid state dye laser materials emitting in the blue-green
region of the spectrum.
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