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Abstract

In 1967 the first work in solid state dye laser was performed by doping rho-
damine dyes in Polymethylmethacrylate (PMMA) materials. Since then some
materials like various types of polymers, co-polymers, poly composite glasses
have been used as host matrices for doping different laser dyes. Polymers suf-
fer from limited mechanical and thermal stability. Hence glasses can be the
alternative hosts. However, because of high processing temperature leading to
permanent destruction of dye molecules, the conventional glass preparation
technique is not suitable for the introduction of organic laser dyes. This dif-
ficulty can be overcome by introducing the laser dye molecules in sol-gel glass
which is prepared at low temperature. Recent work with sol-gel glasses shows
that these glasses may prove to be better materials compared to polymeric
materials because glasses being hard, best optically transparency in Near UV-UV
and Visible region and show better photostability. In this research work we
reported, comparative study of the photophysical properties of Coumarin-120
(C-120) belonging to 7-aminocoumarin family having two hydrogen atoms
attached to the N atom at the 7-position, with Stilbene-3 (STB-3) in three
types of HCI catalyzed SiO, sol-gel matrices prepared by Method I, Method II
and Method III respectively.
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1. Introduction

The first demonstration of dye laser was reported by Sorokin and Lankard in

1966 [1]. They observed stimulated emission from the alcoholic solution of 3,3’ di-
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ethyltricarbocyanine dye excited by the intense pulse of giant ruby laser. Schafer,
Schmidt and Marth were the first to report the dye laser operation in the visible
and infrared region in 1967 [2]. Subsequently, Peterson first demonstrated a CW
lasing action in Rhodamine 6G (Rh 6G) dye using Argon ion laser [3]. The de-
velopment of newer and newer dye lasers has been always based on the discovery
of new and better dyes. It was observed that when thousand dyes were tested for
lasing action only four could give lasing action, out of which three belonging to
the same series. There are various series of dyes such as Xanthene, Coumarin
and Oxazine, etc. based upon the chromophore of the dye which are known to
be efficient laser dye series [4] [5]. Although conventional dye lasers have a num-
ber of applications in the field of science, technology and medicine, but they do
have some drawbacks also due to their liquid state. These conventional liquid
dye lasers are commonly used in the solutions and need reservoirs, hoses, pumps,
etc. to recirculate the colored solution in the cell or in the jet stream placed in the
laser cavity. However, cumbersome system design, inflammable nature of sol-
vent used, the toxicity of dye and solvent limit the applications of these lasers in
particular field applications such as eye operation in hospital, chemical and me-
chanical industrial areas [5] [6] [7]. Entrapping laser dye molecules in transpa-
rent solid materials such as polymer, ceramic and porous glasses would eliminate
many of these problems leading to the development of solid-state dye laser mate-
rials. The excellent properties such as high transparency, large porosity, high opti-
cal quality, good mechanical and thermal stability, and inert nature, etc. of sol-gel
glass materials and advantages of processing technique over the conventional me-
thod of glass preparation have led to a number of applications of these materials in
various fields of science and technology such as optical coatings, protective and
porous films, dielectric and electronic coatings, window insulators reinforcement
fibers, filters, high temperature superconductors, active waveguide, catalysts and
host matrix for various type of biological and chemical dopants [8]-[22].
Coumarin-120 and Stilbene-3 (STB-3) laser dyes show very good photophysi-
cal properties in the blue-green region of the electromagnetic spectrum [23]-[62].
Many research works reported several coumarin and Stilebene-3 (STB-3) laser dyes
in various solvents [23]-[47]. However, very few reports are available on photo-
physical properties of STB-3 in solid host matrices [51] [52]. To understanding
and developing of solid state dye laser through the knowledge of photostability
and cage environment effects on fundamental photophysical properties of laser
dyes, which play a crucial role in lasing performance of dyes; we reported a com-
parative study between Spectroscopic properties of Coumarin-120 (C-120) and
Stilbene-3 (STB-3) laser dyes doped in sol-gel host matrices using three distinct

methods.

2. Experimental
2.1. Molecular Structure

2.1.1. Molecular Structure of Coumarin-120 (C-120)
Lambda Physik (Laser grade) Mol. wt. 231.30
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Molecular structure of Coumarin-120 (C-120).

2.1.2. Molecular Structure of Stilbene-3 (STB-3)
Stilbene 3 (STB3); Lambda Physik (Laser grade) Mol. wt. 562.62.

QCHECH_CHECHQ

SO,0Na SO,0Na

Molecular structure of Stilbene-3 (STB-3).

2.2. Purification of the Materials

Purity of the laser dyes was checked by UV-Visible absorption spectroscopy. The
values of the extinction coefficient and absorption wavelength maximum of all
the dyes were obtained by absorption measurements in methanol and the values
were compared with the reported ones [53] [54] [55].

All the chemicals used for the preparation of sol-gel are of analytical grade.
The solvents used for comparative study of dyes in liquid state are of GR grade.

All the dyes and chemicals were used as received without further purification.

2.3. Methods of Preparation of the Sol-Gel Materials

The preparation of sol-gel glass samples is a two-step process involving hydroly-
sis and polycondensation of metal alkoxide in presence of a catalyst. The sol-gel
materials are prepared in the present work by carrying out hydrolysis and poly
condensation of Tetra Ethyl Ortho Silicate (TEOS) using HCI as catalyst.

The materials were prepared by employing three different methods.

1) Method I: using HCI as catalyst and glycerol as drying control chemical
additive DCCA

A sol was prepared by mixing 11.2 ml TEOS, 6 ml MeOH, 9 ml H,O, 1.0 ml
HCI (0.1 N) as catalyst and 10 ml glycerol as DCCA to reduce the cracking of
monoliths during drying under magnetic stirring at room temperature. After 17
hours of stirring, 3.5 ml 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.
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After about 45 days from the date of preparation, solid blocks were obtained
in the form of parallelopipeds with dimensions (0.8 x 0.8 x 2.0) cm®. These glass
samples were immersed in MeOH/H,O (50:50 by volume) for 16 hours and then
subsequently in 15 ml methanolic solution of C-120 and STB-3 laser dye of
known concentration for one hour. After removing the samples from the solu-
tion they were dried at room temperature. After 15 days of drying the surface of
the samples gets dried so that it is handable and can be subjected to various
measurements.

2) Method II: using HCI as catalyst at 60°C and drying at room tempera-
ture

A sol was prepared by mixing 78 ml TEOS, 102 ml H,0, 2.4 ml HCl as catalyst
under magnetic stirring at 60°C temperature for 1 hour. After 1 hour stirring,
3.5 ml sol was poured in the rectangular polystyrene cuvettes and then sealed
with teflon tape. Drying and aging of gel were carried out at room temperature
in clean and controlled environment.

After about 20 days from the date of preparation, solid blocks were obtained
in the form of parallelopipeds with dimensions (0.8 x 0. 8 x 2.8) cm’. These glass
samples were given dip treatment by immersing them in MeOH/H,O (50:50 by
volume) for different intervals of time such as 1 hour, 4 hours, 8 hours, 12 hours
and 16 hours and then subsequently in methanolic solution of C-120 and STB-3
laser dye of known concentration for one hour. After removing the samples
from the solution, they were dried at room temperature. After 5 days of drying
the surface of the samples gets dried so that sample is handable and can be sub-
jected to various measurements.

3) Method III: using HCI as catalyst at 60°C and heated at 600°C temper-
ature for 3 hours

A sol was prepared by mixing 78 ml TEOS, 102 ml H,0, 2.4 ml HCl as catalyst
under magnetic stirring at 60°C temperature for 1 hour. After stirring, 3.5 ml sol
was poured in the rectangular polystyrene cuvette and then sealed with teflon
tape. Drying and aging of gel were carried out at 60°C temperature in heating
blocks. After about 4 days from the date of preparation, solid blocks were ob-
tained in the form of parallelopipeds with dimensions (0.6 X 0.6 x 1.7) cm®.
These glass samples were given heat treatment by heating in programmable mi-
crowave furnace at 600°C for 3 hours and then subsequently they were cooled
and kept at room temperature for one day and then the blocks were immersed
separately in 15 ml methanolic solution of C-120 and STB-3 dye of known con-
centration for one hour. After removing the samples from the solution, they
were dried at room temperature. After 3 days of drying the surface of the sam-
ples gets dried so that it is handable and can be subjected to various measure-
ments.

The number density of dye doped molecules in the solid host was calculated
by difference method from the Optical Density (OD) of absorption of dye solu-
tion before and after dipping of the glass sample. The desired number density of
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dye molecules in solid host can be obtained by dipping of glass samples in varied
concentration of methanolic solution of dye. The dried solids obtained by all the
above methods were visually of good surface finish with plane parallel side faces.
They were used directly for spectroscopic and laser studies without any polish-

ing of the faces.

2.4. Experimental /Instrumental Techniques

2.4.1. Absorption Spectroscopy Study

Absorption/Transmission spectra of undoped glasses were recorded with air as
reference and absorption spectra of dye-doped solids were recorded with un-
doped glass as reference. Absorption wavelength maximum (A,) and molar ab-
sorptivity (&) of the dye in solid were determined and were compared with the

respective properties in solution.

2.4.2. Fluorescence Spectroscopy
Fluorescence is a type of energy emission which is produced when a molecule
returns to the ground state after having been raised to an excited state by ab-
sorption of energy. Fluorescence of the organic compounds is measured by fluo-
rimeter. The experimental setup of a fluorimeter in our research laboratory is
shown in Figure 1. It consists of a xenon lamp as an excitation source, an excita-
tion monochromator, a sample compartment, an emission monochromator, a pho-
tomultiplier tube to detect signal, a photon counter and a XY/t recorder to get
fluorescence spectrum or fluorescence data from photon counter can be stored
in computer through Microprocessor Data Acquisition System (MIDAS). Fluo-
rescence spectroscopy in the present study involves scanning of fluorescence spec-
tra and measurement of fluorescence quantum yield. The fluorescence quantum
yield of an emissive species is defined as the ratio of the number of emitted pho-
tons to the number of absorbed photons by the species. The two well known me-
thods [56] for the measurement of fluorescence quantum yield value are given
below:

1) Transverse Method

This method is used for optically dilute samples having optical density at A,
less than 0.1. In this geometry the excitation direction and detector are at right
angles to each other as shown in Figure 2. Fluorescence spectra for the sample
and reference are recorded by exciting them at appropriate wavelengths. Fluo-
rescence spectra are corrected for monochromator and detector sensitivity. Flu-
orescence quantum vyield of the sample is then calculated according to the for-

mula:
Pis :(Afs/Aas)*(Aar/Afr)*(nsz/nrz)*(ofr

where ¢ris the fluorescence quantum yield,

Aris the area under corrected curve for fluorescence spectrum,

A, is the area under corrected curve for absorption spectrum,

n is the refractive index; suffixes s and r are used to denote values for sample
and reference respectively.

DOI: 10.4236/njgc.2021.113004

61 New Journal of Glass and Ceramics


https://doi.org/10.4236/njgc.2021.113004

L. V. Jathar et al.

L =150 W Xenon Arc Lamp

EX = Excitation Monochromator
(0.20 m McPherson)

EM = Emission Monochromator EM
(0.20 m Jobin Yvon)

S = Sample Compartment

PMT = Photomultiplier Tube

P C = Photon Counter

R = XY/t Recorder or MIDAS

C = Computer PMT — PC |— R — C

Figure 1. Fluorimeter.

Sample Cuvette
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Lamp Excitation — ' e

Monochromator i
Emission —> Detector
Monochromator

Figure 2. Excitation emission geometry in transverse method of fluores-
cence measurement.

2) Front Surface Method

This method is useful for the measurement of quantum yield with high do-
pant concentration. The concentration of dopant is normally selected so that
99 % or more exciting light is absorbed in a first few millimeters of the sample.
The experimental arrangement for the front surface geometry is shown in Fig-
ure 3. Fluorescence spectra for the sample and reference are recorded separately.
Fluorescence spectra are corrected for monochromator and detector sensitivity.
Fluorescence quantum vyield of the sample is then calculated according to the

formula:

Pis :(Afs/Aas)*(Aar/Afr)*(nsz/nrz)*(pfr

In the present work, front surface excitation emission geometry is used for the

fluorescence measurement of dye/sol-gel samples and dye in solution phase.

2.4.3. Fluorescence Lifetime Measurement
Fluorescence lifetime is defined as the average time interval between the absorp-

tion of exciting light and the emission of fluorescence by a molecule. It is typi-
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cally of the order of a few nanoseconds. There are mainly two methods used for
the measurement of fluorescence lifetime, namely the pulse method and phase
modulation. Pulse method can be of two types, direct method and indirect me-
thod. Direct method involves single pulse measurement by storage oscilloscope
or Streak camera, while indirect measurement is the single photon counting
technique [4]. In the present work, an indirect method known as single photon
counting technique is used for the measurement of fluorescence lifetime. The
experimental setup is shown in Figure 4. The principle involved in this method
is the measurement of time interval between excitation pulse and the arrival of

first photon at the detector.

L {
N A
S R —

N 7 A = Xenon Arc lamp

E F = Monochromator/Filter
D = Detector
S = Sample

A

Figure 3. Excitation emission geometry in front surface method of
fluorescence measurement.

PLS EXM e
EMM
SPT1 l
. SPT2
PLS = pulsed Light Source
EXM = Excitation Monochromator
EMM = Emission Monochromator _ TAC
SPT1 = Start Photomultiplier Tube
SPT2 = Stop Photomultiplier Tube !
SC = Sample Compartment MA
TAC = Time to Amplitude Converter T
MA = Multichannel Analyser
C = Computer c

Figure 4. Time correlated single photon fluorimeter.
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Fluorescence lifetime of dye/sol-gel samples are measured on the model SP-80
nanosecond fluorescence spectrometer by using single photon counting tech-
nique. The experimental set-up consists of flashlamp (hydrogen filling at 0.5
atm) with 100 kHz frequency, as excitation source, excitation/emission mo-
nochromators, start and stop photomultipliers, time to amplitude converter,
multichannel analyzer and a computer. The deconvolution technique has been
used to find lifetime value. They are single exponential decay with chi square

value from 0.9 to 1.1.

3. Results and Discussion
3.1. Absorption/Fluorescence Properties of C-120

The absorption and fluorescence spectra of C-120 dye doped sol-gel glass sam-
ples prepared by Method I, Method II and Method III are shown in Figures
5(a)-(c) and Figures 6(a)-(c) respectively with increasing drying time from the
time of dipping of the sample in dye solution. It represents the typical behaviour
of these solids which is observed for all the concentrations of the dye molecules
studied in the present work as shown in Table 1 and Table 2.

Absorption of C120/Sol-Gel Glasses

1.2
—— After 15 Days
0.9 —=— After 45 Days
—— After 90 Days
8 06
0.3 A
0 . - v v v v A ~ +
250 275 300 325 350 375 400 425 450 475 500
Wavelength (nm)
(a)
0.8
—— After 15 Days
0.6 — After 45 Days
# —— After 90 Days
8 0.4
0.2 1
250 275 300 325 350 375 400 425 450 475 500
Wavelength (nm)
(b)
0.8
—— After 15 Days
0.6 — After 45 Days
. —— After 90 Days
8 04]
0.2
0

250 275 300 325 350 375 400 425 450 475 500
Wavelength (nm)
()
Figure 5. Absorption spectra of C-120 containing sol-gel glass sample. (a)
Method I (no. density 9.78 x 10'¢ per cm?), (b) Method II (no. density
5.20 x 10' per cm®) and (c) Method III (no. density 3.58 x 10'° per cm?).
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Fluorescence of C120/Sol-Gel Glasses

1.2
—— After 15 Days
0.9 - After 45 Days
~ —— After 90 Days
=
< 0.6
[
0.3 /
0 — . . . . .
350 375 400 425 450 475 500 525 550
Wavelength (nm)
(a)
0.6
0.5 4 —— After 15 Days
: -= After 45 Days
S 0.4 — After 90 Days
< 0.3
= 021
0.1 1
0 —
350 375 400 425 450 475 500 525 550
Wavelength (nm)
(b)
1
—— After 15 Days
0.8 1 -= After 45 Days
ey — After 90 Days
2 0.6 1 Y
<
= 041
0.2 1
350 375 400 425 450 475 500 525 550
Wavelength (nm)
(c)
Figure 6. Fluorescence spectra of C-120 containing sol-gel glass samples.

(a) Method I (no. density: 2.57 x 10" per cm?); (b) Method II (no. density:
7.18 x 10" per cm?) and (c) Method III (no. density: 3.42 x 10" per cm?).

Table 1. Absorption properties of C-120 containing sol-gel glass samples with concentra-

tion of dye.
C120/s0l-gel glass (after 15 days drying) A. (nm) OD

No. Density per cm’ 6.51 x 10 1.77 x 1077  3.45 x 10%®

354 0.41 0.68 1.95

I 311 0.60 0.99 2.40

Method I 278 0.63 1.00 2.50

269 0.65 1.08 2.65
No. Density per cm’ 7.45x 10" 436 x 10”7  2.54 x 10'®

355 0.62 0.99 1.81

I 311 0.83 1.52 2.41

Method II 278 1.22 2.28 291

269 1.29 2.58 2.98
No. Density per cm’ 1.48 x 10" 2.13x 10 3.21 x 107

350 0.24 2.21 3.00

311 0.04 0.40 0.85

I Method III
278 0.05 0.55 1.09
269 0.06 0.62 1.25

Uncertainty 1 nm in (4,); 0.05 in (OD).
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Table 2. Fluorescence properties of C-120 containing sol-gel glass samples with concen-
tration of dye.

C120/sol-gel glass

(after 15 days drying) Ar(nm) FL(A.U.)
No. Density per cm’ 6.51 x 10 1.77 x 10Y 3.45 x 10"
Method I 430 0.48 0.80 0.58
No. Density per cm’ 7.45 x 10 4.36 x 10V 2.54 x 108
Method II 432 0.62 0.87 0.54
No. Density per cm® 1.48 x 10" 2.13 x 10" 3.21 x 107
Method III 427 0.2 0.74 0.92

Uncertainty 1 nm in (49; 0.05 in (FI).

All C-120 doped solid glass samples prepared by method I and II having
number densities of the order of 10/cm’ to 10'®/cm?® show four prominent ab-
sorption peaks peaking at 269 nm, 277 nm, 311 nm and 354 nm after 15 days of
drying. As the drying time increases there is an increase in the OD value of
longest absorption peak (354 nm for Method I and 355 nm for Method II) as can
be seen from Figure 5(a), Figure 5(b). Absorption wavelength is also shifted
from 354 nm to 366 nm and 355 nm to 361 nm region of Method I and Method
IT samples respectively with time of drying. For the lower concentration of the
dye clear cut peak does not appear at 354 nm region but it starts appearing at a
slightly shifted wavelength as the drying time increases. At the same time the OD
at 311 nm, 277 nm and 269 nm are found to decrease with increasing drying
time for the samples prepared by method I and II. In case of samples prepared
by Method III, only single absorption peak at 350 nm is observed with no change
in its OD value as drying time increases. On the other hand, the fluorescence
spectra of all the C-120 dye doped sol-gel glass samples have single emission
peak peaking at 430 nm, 432 nm and 427 nm for samples prepared by Method I,
IT and Method III respectively.

The fluorescence intensity also increases with time of drying accompanied by
wavelength shift from (430 nm to 445 nm) and (432 nm to 441 nm) for all the
concentrations of dye molecules studied for samples prepared by Method I and
IT respectively, while negligible change in fluorescence intensity is observed in
samples prepared by Method III for the dye as the drying time increases as
shown in Figures 6(a)-(c). However the observed changes in absorption and
fluorescence properties with increasing drying time are very less in samples pre-
pared by Method II as compared to samples prepared by Method I.

There was another experiment performed for samples prepared by Method II
in which the dipping time in H,O: MeOH is varied from 1 to 16 hours before the
sample is dipped in dye solution. The effect of this treatment on absorption and
fluorescence properties is studied. For these samples as the dipping time in-

creases there is an increase in the OD value of main absorption peak at longest
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wavelength (355 nm), accompanied by slight red shift (8 nm) as can be seen
from Figure 7(a). The Fluorescence Intensity (FI) also increase with time of
dipping accompanied by red shift (8 nm) for C-120 embedded sol-gel glass sam-
ples prepared by method II as shown in Figure 7(b).

These changes are very favourable as the species absorbing around 350 - 365
nm are the neutral monomer species of the C-120 samples in sol-gel glasses
which are fluorescent peaking at 430 - 445 nm and increase in the concentration
of these monomer species increases the possibility of the samples to be laser ac-
tive in the dye laser cavity.

To understand this behavior of C-120 doped sol-gel glass samples with drying
time, absorption/fluorescence spectra of C-120 dye were recorded in methanol
solution in the presence of HCl acid. When HCl is added to the methanolic solu-
tion of C-120 dye, it shows similar absorption as those of solid dried samples
containing C-120 dye prepared by Method I and II as seen in Figure 7(a), Fig-
ure 7(b). Pure methanolic solution of C-120 shows only one absorption and
fluorescence peak at 352 nm and 429 nm respectively, as shown in Figure 8(a),

Figure 8(b). OD at 352 nm peak decreases as the concentration of acid in solution

1

C120/Sol-Gel Glass (Method II) —— 16 Hours
-=- 12 Hours
e -=— 8 Hours
——4 Hours
0.6 1// —— 1 Hours
)]
C 04 1
0.2 1
0 T T T T T u T T T
250 275 300 325 350 375 400 425 450 475 500
Wavelength (nm)
(a)
0 C120/Sol-Gel Glass (Method II
- t!
ol-Gel Glass (Method 1) —— 16 Hours
0.5 4 -=- 12 Hours
-=— 8 Hours
04 1 -4 Hours
. —— 1 Hours
S
< 03 1
=
0.2
0.1 A
0

350 375 400 425 450 475 500 525 550
Wavelength (nm)
(b)

Figure 7. Absorption/Fluorescence spectra of C-120 containing sol-gel
glass samples with dipping time of sample in MeOH/H-O for Method II
(a) Absorption and (b) Fluorescence (no. density 5.25 x 10 per cm?).
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0.7

—— C120/MeOH
-~ C120/MeOH + 0.2 ml (0.1 N) HCI
~#— C120/MeOH + 0.2 ml (con.) HCI

0.6

0.5 1
0.4
a
@)
0.3 1
0.2 4
0.1 1
O T T T T T T T T T 'J
250 275 300 325 350 375 400 425 450 475 500
Wavelength (nm)
(@)
1
— C120/MeOH
= C120/MeOH + 0.2 ml (0.1N) HCI
0.8 1 ; o | —C120McOH + 0.2 ml (Con.) HCI
0.6 1
=
< 04+
[
0.2 1
0 T T T T T

350 370 390 410 430 450 470 490 510 530 550
Wavelength (nm)

(b)

Figure 8. Absorption/Fluorescence spectra of C-120 with addition of HCI for con-
centration of dye C-120 (2.81 x 107> molI"!) (a) Absorption and (b) Fluorescence.

increases. This is accompanied by three more peaks appearing at shorter wave-
lengths viz 311 nm, 278 nm and 269 nm. Their shapes are similar to their re-
spective counterparts in solid sol-gel glass samples prepared by method I and II.
These peaks are not due to absorption of HCI at lower wavelengths because they
are absent in case of undoped samples though all the solids contain equal con-
centration of acid. The fluorescence maximum in solution is initially constant at
about 429 nm, only the fluorescence intensity decreases as the amount of acid in
solution increases. Fluorescence at longer wavelength, namely 478 nm starts ap-
pearing at moderate acid concentrations only. At intermediate concentration of
acid both peaks appear in the emission spectrum and finally only a single peak at
478 nm with diminished intensity is observed (Figure 8(b)).

As the drying time of sol-gel samples (Method I and II) and dipping time of
sol-gel samples (Method II) dipped in MeOH/H,O increases the absorption
spectra of dried sol-gel glass samples resemble to the spectra of C-120 metha-
nolic solution containing HCI acid. From the Figure 8(a) 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. Table 3 and Table 4 presents
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the changes in the absorption and fluorescence properties of the C-120 dye in
the sol-gel glass blocks with drying time prepared by the three methods respec-
tively.

The parameter listed in Table 3 and Table 4 are absorption wavelength maxi-
mum (A,), extinction coefficient (&) and fluorescence wavelength maximum (A,
fluorescence quantum vyield (@), lifetime of fluorescence (77 and nonradiative
deactivation rate constant (Knr). It can be seen that the absorption and fluores-
cence wavelengths of C-120 dye at main peak are slightly red shifted with time
for all the samples. The change in extinction coefficient of C-120 /sol-gel glasses
at the longest absorption peak is least for Method III samples compared to Me-
thod I and Method II samples. The & value of C-120 dye for Method III samples
is same as that of its methanolic solution. The ®,value is less in Method I and
Method II samples because of the formation of non-emitting protonated species,
as can be inferred from their absorption/fluorescence spectra, which further gets
reduced on drying.

Compared to Method I, Method II samples Method III samples show less
change in absorption/fluorescence properties with time and value of ®(is ob-
served to be maximum in these samples. This value of ®,is nearly same as com-
pared to that in MeOH. While 7ris short in Method I and Method II samples
compared to Method III samples but small increase in value of 7rwith time as
expected as the fluorescent monomer species increase with the time of drying.

But in Method III samples the fluorescence lifetime values are quite large with

Table 3. Changes in absorption properties of C-120/sol-gel glass solids with drying time
in comparison with C-120/MeOH.

Az at main peak (nm) £x 107 (I-mole~!.cm™)
C-120/MeOH 352 1.705
a b a b
Method I 354 366 0.766 1.051
Method II 355 361 0.628 0.652
Method III 350 350 1.675 1.669

Uncertainty 1 nm in (A,). a: Values after 15 days. b: Values after 90 days.

Table 4. Changes in fluorescence properties of C-120/sol-gel glass solids drying with time
in comparison with C-120/MeOH.

As(nm) 0y 7r(ns) Kar x 10°
C-120/MeOH 429 0.95 4.40 0.011
a b a b a b a b
Method I 430 445 0.54 0.68 2.45 2.92 0.187 0.109
Method II 432 439 0.48 0.51 2.64 2.65 0.197 0.185
Method III 427 428 0.92 0.91 4.51 4.49 0.018 0.020

Uncertainty 1 nm in (49; 0.05 in (@4, 0.05 ns in (77). a: Values after 15 days. b: Values after 90 days.
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almost no change in value with drying time. This shows that the nonradiative
deactivation rate is maximum in Method I and Method II samples due to greater
protonation as explained earlier which goes on decreasing after drying and it is
least in Method III samples. The fluorescence quantum yield (@), lifetime of
fluorescence (77 and nonradiative deactivation rate constant (Knr) of C-120/
sol-gel glass solids prepared by Method III are found to remain almost un-
changed after a period of 90 days.

This behaviour of C-120 dye 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 [57]. These are depicted in Figure 9(a), Figure 9(b). The ground
state of C-120 is represented by non-polar form (Figure 9(a)) which absorbs at
352 nm. As mentioned earlier, in excited state C-120 predominantly exists in
polar form (Figure 9(b)) which emits at 429 nm. Being polar in excited state the
carbonyl group has greater affinity towards proton. On the contrary, in the
ground state basicity is associated with amino group. On addition of strong acid
like HCI this amino group gets protonated.

This protonated form does not absorb at 352 nm hence the OD decreases [57].
The protonation increases with the acid concentration and the OD at 352 nm
goes on decreasing. At the higher concentration of acid in addition to this pro-
tonated form two more species (may be higher protonated forms) are observed
at lower wavelengths (311 nm, 279 nm and 270 nm). When excited at these wa-
velengths they were found to be non-emitting species.

Due to proton transfer from surrounding solvent molecules to the carbonyl
group in excited state (Figure 9(b)) the fluorescence shifts towards green,
namely at 478 nm. The shift of fluorescence is observed clearly in solution phase.
R. Srinivasan [26] has reported that when one or two drops of hydrochloric acid

are added to the methanolic solution of coumarin 120, the fluorescence of C-120
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Figure 9. Ground state and excited state equilibria of a C-120 dye in the
presence of acid.
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shifts to greenish side as against its usual blue emission. This is because of the
abundance of protons in acidified solution which leads to increased protonation
at the carbonyl group in the excited state. Due to loss of energy during proton
transfer the fluorescence shifts to longer wavelength. This can be used to im-
prove tunability by changing pH of the solution. As acid catalysed sol-gel process
is widely used for preparing host matrices for the laser dyes, the effect of method
of preparation on spectroscopic properties of dopant molecules is of great im-
portance as regard to the application of these dye embedded sol-gel glasses as la-
ser materials.

But studied dried C-120 dye doped sol-gel solid glass samples show only sin-
gle emission peak at 430 nm, 432 nm and 427 nm prepared by Method I, I and
Method III respectively, which gets slightly red shifted with increase in intensity
with drying time for the method I and II samples. Thus appearance of carbonyl
protonated form cannot be seen in absorbance and has not been observed in
fluorescence spectrum of all C-120 sol gel glass samples. As the fluorescence
spectra of all C-120 sol-gel glass samples do not have any emission in 478 nm
region, one can say that the corresponding carbonyl protonated species is not
formed in solid sol-gel glass samples. Therefore the absorption peaks at 311 nm,
278 nm and 269 nm of C-120 in dried sol-gel glass samples prepared by Method
I and IT can be due to amino-protonated and higher protonated form and cannot
be due to carbonyl protonated form.

In case of Method I and Method II samples in present work, after 15 days of
drying the local environment of C-120 molecules in glass may be having HCIl
containing water and MeOH surrounding them as the sample is not completely
dried. Hence in addition to neutral coumarin form which exists in ground state
absorbing at 354 nm, there may be protonated, higher protonated and even
some higher protonated species may be present which show absorption peaks in
shorter wavelength region of the spectrum. But as the drying time increases the
sol-gel glass matrix gets rigidised separating the molecules of C-120 in pores.
The molecules of C-120 exist in various forms depending on the environment in
pores. During this process of drying and separation, some protonated molecules
may be converted into neutral form depending upon the environment in the
pores as supported by decrease in OD value of absorption peaks at 311 nm, 269
nm and 278 nm as seen from Figure 5. This is supported by observation of in-
crease in OD at 354 nm peak and increase in FI with drying time with some shift
of fluorescence peak wavelength. Also increase in OD at 354 nm confirms in-
crease in neutral form concentration with drying time. As the dipping time of
the sol-gel host samples (Method II) increases the maximum residual solvent
containing HCI coming out from sol-gel glass matrix and therefore existence of
neutral form of coumarin dyes is high in longer dipped samples as compared to
low dipped glass samples. This automatically reduces the possibility of formation
of protonated form with longer dipped matrix samples. This is supported by de-
crease in OD value of absorption peaks at 311 nm, 269 nm and 278 nm and in-

creasing in FI at main peak as seen from Figure 7(a), Figure 7(b). Hence an in-
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crease in OD/FI occurs only because of conversion of protonated species into the
neutral monomer species. It was also observed that absorption/fluorescence
peaks of C-120/sol-gel glass samples (Method I and II) initially were almost
same as that of C-120/MeOH (352/429nm), which is shifted towards longer wa-
velength after 90 days of drying. In case of samples prepared by method III, the
unwanted residual solvent and other chemicals are coming out of the solid dur-
ing heating the glass sample at high temperature and therefore the environment
of dye molecule is only solid SiO, cage resulting in almost no change (very little
change in fluorescence intensity with time) in spectroscopic properties of sam-
ples with increasing drying time. The red shift in absorption/fluorescence peak
of coumarin containing sol-gel glass samples with respect to its methanolic solu-
tion may be the combined effect of increased refractive index of sol-gel com-
pared to methanol, the local environment of the dye molecules in the sol-gel and
polar nature of the host [38] [39].

3.2. Absorption/Fluorescence Properties of Stilbene-3 (STB-3)

Figures 10(a)-(c) and Figures 11(a)-(c) show the absorption and fluorescence
spectra of Stilben-3 (STB-3) dye doped sol-gel glass samples prepared by Method
I, Method II and Method III respectively with increasing drying time. It
represents the typical behavior of these solids which is observed for all the con-
centrations of the dye studied in the present work. The shapes of the spectra are
similar to those in alcoholic solution suggesting existence of similar forms of dye
molecule in the solution and solids.

All STB-3 doped solid glass samples prepared by Method I, IT and Method III
having number densities of the order of 1015/cm3 to 1017/cm3 show single ab-
sorption peak peaking at 345 nm, 344 nm and 348 nm respectively. As the dry-
ing time increases there is a decrease in the optical density (OD) value of main
absorption peak at 345 nm and 344 nm for Method I and Method II samples re-
spectively. But in case of samples prepared by Method III no such change in OD
value is observed as drying time increases.

Also slight blue shift (2 nm) is observed in absorption maximum wavelength
after 240 days of time of drying for all three types of STB-3 embedded sol-gel
glasses. The Fluorescence Intensity (FI) also decreases with the lapse of time of
preparation for Method I and Method II prepared samples, while no change in
fluorescence intensity is observed in samples prepared by Method III as the dry-
ing time increases as shown in Figure 11(c). However, the observed changes in
absorption and fluorescence properties with increasing drying time are very less
in samples prepared by Method II as compared to samples prepared by Method
L. This observation is similar as that observed in coumarin dyes.

Table 5 lists the absorption properties of STB-3 in sol-gel blocks as well as in
methanol with low concentration of the dye (number density of the order of 10"
per cm®). The absorption wavelength maxima (A,) for sample prepared by all the
three methods are little blue shifted as compared to that in methanol. The ex-
tinction coefficient (&) of STB3 in solid prepared by Method I and Method II are
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less compared to that in solution, where as in solids prepared by Method III it is
more than that in solution. But the order of magnitude of & value is same for all
the samples.

Table 5. Absorption properties of STB-3/sol-gel glass samples in comparison with
STB-3/MeOH.

No. density (x10' cm™) Aa (nm) £x 10~ (I mole!.cm™)
STB-3/MeOH 4.93 351 5.89
Method I 8.69 345 5.16
Method II 7.32 344 5.49
Method III 5.20 347 5.96

Uncertainty 1 nm in (1,).

Absorption of STB3/Sol-Gel Glasses

0.6
—— After 15 Days
05 -=— After 120 Days
0.4 1 —=— After 240 Days
[a] E
o 03
0.2 1
0.1 1
250 275 300 325 350 375 400 425 450 475 500
Wavelength (nm)
(2)
0.5
0.4 —= After 15 Days
-=— After 120 Days
0.3 - After 240 Days
a
o
0.2
0.1
0 T T T
250 275 300 325 350 375 400 425 450 475 500
Wavelength (nm)
(b)
0.4 -
—— After 15 Days
03 -=— After 120 Days
- After 240 Days
8 0.2 1
0.1 7
0 T T T T T T — T
250 275 300 325 350 375 400 425 450 475 500
Wavelength (nm)
()

Figure 10. Absorption spectra of STB-3 containing sol-gel glass sample
(a) Method I: (no. density 1.12 x 10 per cm?) (b) Method II: (no. density
7.50 % 10" per cm®) and (c) Method III; (no. density 6.62 x 10" per cm?).
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Fluorescence of STB3/Sol-Gel Glasses

0.6 =
17 RN —— After 15 Days
05 1 N -= After 120 Days
04 —=— After 240 Days
>
< 0.3 A
= 02
0.1 1
0 =t T T T T T T
350 375 400 425 450 475 500 525 550
Wavelength (nm)
(a)
0.6
05 . —— After 15 Days
-== After 120 Days
S 0.4 —=— After 240 Days
< 03
=
0.2
0.1
0 = . . . . ———
350 375 400 425 450 475 500 525 550
Wavelength (nm)
(b)
0.8
—— After 15 Days
0.6 1 -=— After 120 Days
~ -=— After 240 Days
=
< 04 A
[
0.2 4
0

350 375 400 425 450 475 500 525 550
Wavelength (nm)
(©)

Figure 11. Fluorescence spectra of STB-3 containing sol-gel glass samples (a)
Method I: (no. density 8.52 x 10'¢ per cm?), (b) Method II (no. density 6.35
x 10 per cm®) and (c) Method III (no. density 1.32 x 10" per cm?).

The changes observed in the fluorescence spectra of solid glass blocks with in-
creasing dye concentrations (number densities of dye molecules of the order of
10" - 10" per cm’ of the solid) are depicted in Table 6. The fluorescence wave-
length (1) of the dye doped solids is from 430 - 434 nm which is slightly blue
shifted compared to that in alcoholic solution (435 nm). The FWHM increases
initially as the concentration of the dye increases but decreases again for the
higher number density samples. The Fluorescence Intensity (FI) also first in-
creases and then decreases as the concentration of the dye in solid increases
which is due to concentration quenching [37] [38] [39] [40].

Samples prepared by method I and II show that the FI values are lower than
those observed for samples prepared by Method III. This may be due to the

presence of some residuals along with acid in Method I and Method II samples
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whereas most residual solvent/chemicals are coming out from the Method III
samples during heating. The absorption and fluorescence spectra suggest the ex-
istence of single emitting species.

The absorption and fluorescence properties of STB-3 in sol-gel glass samples
after drying for 240 days along with that in methanol are summarized in Table 7
and Table 8 respectively. The spectroscopic properties have been compared on
the basis of following parameters namely absorption wavelength maximum (/1,),
extinction coefficient (&), fluorescence wavelength maximum (A, fluorescence
quantum yield (@), fluorescence lifetime (7 and nonradiative deactivation rate

constant (K,).

Table 6. Fluorescence properties of STB-3/sol-gel glass samples with different concentra-

tions.
No. density (cm™) Ar(nm) FWHM (cm™) FI (A.U.)

Method I
6.78 x 10" 431 875 0.20
4.84 x 10'° 431 975 0.45
8.52 x 10'¢ 431 1265 0.59
3.80 x 10V 432 1386 0.82
8.56 x 107 433 1274 0.69
2.49 x 10 434 1170 0.49
5.51 x 108 434 919 0.32

Method II
4.96 x 10" 430 812 0.30
5.63 x 10'¢ 430 990 0.52
9.51 x 10'¢ 431 1206 0.78
3.78 x 10V 431 1379 0.90
7.96 x 107 432 1219 0.75
2.71 x 10*® 432 984 0.60
6.31 x 10 433 829 0.42

Method III
5.18 x 10"° 432 753 0.51
3.94 x 10'¢ 432 912 0.68
7.62 x 10'¢ 432 1086 0.88
5.91 x 10" 433 1320 0.97
9.43 x 10" 433 1152 0.85
3.29 x 10'® 434 1037 0.72
4.44 x 10" 434 896 0.51

Uncertainty 1 nm in (49; 0.05 in (FI).
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Table 7. Changes in Absorption properties of STB-3/sol-gel glass solids with time in
comparison with STB-3/MeOH.

A, at main peak (nm) ex 10~ (I'mole™*-cm™)
STB-3/MeOH 351 5.89
a b a b
Method I 345 343 5.16 4.66
Method II 344 342 5.49 5.38
Method III 348 346 5.96 5.92

Uncertainty 1 nm in (A.). a: Values after 15 days. b: Values after 240 days.

Table 8. Changes in fluorescence properties of STB-3/sol-gel glass solids with time in
comparison with STB-3/MeOH.

Ar(nm) Of 77 (ns) Ko x 10°
STB-3/MeOH 435 0.80 1.2 0.116
a b a b a b a b
Method I 431 429 0.65 0.60 1.12 1.09 0.312 0.367
Method II 430 428 0.74 0.71 1.16 1.14 0.224 0.254
Method III 432 431 0.85 0.84 1.42 1.42 0.106 0.113

Uncertainty 1 nm in (49; 0.05 in (¥4, 0.05 ns in (77). a: Values after 15 days. b: Values after 240 days.

It can be seen from Table 7 and Table 8 that the properties of the dye in sol-gel
are influenced by the method of preparation. The fluorescence quantum yield
(®y and fluorescence lifetime (1, illustrate the changes in the rates of radiative
and non-radiative decay. The @ value of STB-3 in Method I samples is moderate
(0.65) and 7ris little less than to that in alcoholic solution, consequently the rate
of nonradiative decay is greater in case of these samples. The ®of STB-3 in
Method II is high (0.74) and 7ris comparable that in alcoholic solution. The
quantum yield and fluorescence lifetime of STB-3/sol-gel glass solids prepared
by Method I and Method II showed slight reduction in values after 240 days,
where as nonradiative deactivation rate constant (K, showed increase in value
after 240 days. This increase in K, values is maximum in Method I samples,
moderate in Method II samples and minimum in Method III samples.

In case of samples prepared by Method III the ®rand zrare little higher than
that in solution. The value of K, is least in Method III samples compared to the
other two methods. The quantum yield, fluorescence lifetime and nonradiative
deactivation rate constant of STB-3/sol-gel glass solids prepared by Method III
was found to remain almost unchanged after a period of 240 days. This may be
due to no degradation in dye as the environment inside matrix is totally inert; as
the case in studied coumarin dyes. The lifetime values in STB3 dye are very short
compared to that of coumarins studied in the present work. Thus the spectros-
copic properties of samples prepared by Method III are superior to those pre-
pared by other two methods. The single lifetime values in the range of 1.12 - 1.42

ns of STB-3 in these samples are an indication of the existence of a single fluo-
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rescent species.

3.3. Comparison between C-120 and Stilbene-3 (STB-3) in Sol-Gel
Glass

For all studied of coumarin-120 (C-120) dye doped and Stilbene-3 (Stileben-3)
dye doped glass samples, for all three methods; the extinction coefficient (&) at
the longest absorption peak is least for C-120 is highest for method III samples
than the Method I and Method II samples where as there is not much difference
in extinction coefficient (&) for STB-3 doped samples in all three methods. This
photophysical behavior of 7-aminocoumarin derivatives in acid catalyzed sol-gel
glass samples is very different from those in alcoholic solutions due to solute/solvent
or matrix hydrogen bond interactions, which depend on alkylation degree of
amino group of dye and this alkylation degree of amino group of C-120. Our
earlier report of Rhodamine B (Rh-B) [58] Coumarin-1 (C-1) and Coumarin-2
(C-2) [40] shows the degradation in photophysical properties with increasing
drying time. C-120 dye doped sol-gel matrix shows enhanced photophysical
properties with increasing time. This may be because of the substitution at the
7-position in the molecular structure of coumarin dye. C-120 dye is having least
interaction with the residuals in the matrix while C-1 and C-2 with alkyl groups
have more interaction degrading the sample more.

C-120 dye in Method I and Method II samples also contain aminoprotonated
form which is nonfluorescent. The formation of such nonfluorescent species is
not useful for lasing activity. While coumarin dyes show almost no degradation
in the samples prepared by Method III with very good photophysical properties
as compared to those observed in MeOH. Where as STB-3 dye in all Method-I,
Method-II and Method-III samples shows excellent fluorene properties with no

degradation with time.

4. Conclusions

C-120 and STB-3 were successfully embedded in HCI catalyzed sol-gel glasses
prepared by all the three different methods. The spectroscopic properties of the
dye have been found to be highly dependent on the method of dye trapping.

1) In addition to usual molecular form of C-120 (A, = 352 nm, A= 430 nm)
that exists in methanol, the dye has been found to exist in two new and distinct
molecular forms mentioned as amino-protonated or higher protonated forms (A,
= 311 nm, 278 nm, 269 nm and non-fluorescent) in the dried state of samples
prepared by Method I and II. The acidic environment of the cage, created by
HCl used as catalyst, and unwanted residual molecules, produced even in the in-
itial stage of drying are responsible for the protonation at the amino group in
sol-gel samples prepared by Method I and II respectively. But it has been identi-
fied that the neutral species increase at the cost of protonated form with time of
drying for Method I and II prepared sol-gel glass samples. Thus together with

environment of dye molecules, drying of sol-gel samples also plays an important
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role.

2) The photophysical behavior of C-120 in sol-gel host matrix prepared by
Method I is the same as that in the Method II samples with better enhancement
in photophysical properties with drying time than that of Method II samples.

3) On the other hand, the spectroscopic behaviour of C-120 in Method III
sol-gel samples is similar to that of methanolic dye solution. The non-acidic en-
vironment and absence of unwanted residual species in the pores are responsible
factors for the non-existance of protonated and any other unwanted residuals.
The absence of any degradation in absorption/fluorescence properties of C-120
in these samples with drying time confirms that the dye molecules are very stable
in these solids.

4) The comparative study of C-120 in sol-gel matrices prepared by all the
three methods shows that the photophysical performance of dye in Method III
sol-gel samples is better than that in the Method I and II samples resulting in
enhanced longevity and photophysical properties in sol-gel matrix.

5) The STB-3 in sol-gel matrices prepared by all the three methods shows that

the excellent photophysical properties in sol-gel matrix.
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