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Abstract Organic dye lasers are widely used in science and technology. Impregnation of
dyes into polymers demonstrates many technical advantages, especially in the case when
the dye monomer solution is filled inside the cavities of nanoporous glasses and then
polymerized within the pores (PFNPG-P composite). This allows to create a rigid true
solid-state active elements. Peculiarities of luminescence in such compositions are the
subject of the work. Luminescence of 12 laser dyes was studied in liquid solutions
(ethanol, MMA) and solid matrixes such as PMMA and PFNPG-P composite. Concen-
tration dependences were measured for pyrromethenes, phenalemines, xanthenes and other
types of dyes to define the quenching threshold of luminescence.
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1 Introduction

Organic dyes are applied widely in laser equipment, such as: dye lasers, Q-switches, optical
decoupling elements, power limiters, up converters and so on. Mainly dyes are used in liquid
solvents. However, liquids possess a number of obvious drawbacks such as poor thermooptical
parameters, toxicity of some solutions, etc. For this reason, many efforts have been directed to
create the solid-state host materials for laser optics (Dyumaev et al. 1991). The advantages of solid
host materials for organic dyes lasers are: reliability, safety, compactness, easy operation.

In our earlier studies we have investigated: polymers, sol-gel glass, ormosil glass,
composite polymer-filled nanoporous glasses (PFNPG-P) (Aldag et al. 2000a).

PFNPG-P sample preparation procedure was as follows:

Nanoporous plates, which are the base of a composite material, were made of an alkali-
borosilicate glass by the method of acid leaching (Aldag et al. 2000a). The characteristic
pore radius was 2—7 nm. To form a polymer composite component, we prepared a mixture
of a methylmetacrylate (MMA) monomer and a low-molecular modifying additive, in
which a dye was dissolved. But first, a monomer was distilled, and then the mixture was
filtered through a 0.1-um porous filter. Because nanoporous glass (NPG) is a strong
adsorbent, to remove the adsorbed substances, NPG sample was annealed at 550 °C. After
annealing the NPG sample was impregnated with monomer mixture prepared and free-
radical polymerization was carried out at temperature of 30-100 °C, followed by
annealing. After polymerization, the polymer sample was removed and subjected to optical
block processing. The resulting laser elements have high hardness, strength and uniformity,
low scattering. Detailed studies have also shown that the polymer fills the nanopores
without microvoids. The resulting material has high laser damage resistance and ther-
mooptical properties (Aldag et al. 2000a).

Numerous studies have proven the exceptional mechanical, optical and laser properties
of the composite PFNPG-P and showed its promising use in laser technology (Aldag et al.
2000a, b; Dolotov et al. 2002). The problem of solid-sate elements for laser optics acti-
vated by organic dyes was solved to a great extent.

However, dyes behavioral studies in different environments are still remain actual. The
concentration quenching of fluorescence—is one of the limitations of the conversion
efficiency of laser elements. This was the subject of many articles. Most often studied
Rhodamine 6G (Setiawan et al. 2010; Zehentbauer et al. 2014), however, in Green and
Buckley (2015) a study of concentration quenching of other dyes is presented.

Peculiarities of laser dyes impregnation and fluorescence in PENPG-P composite are the
subject of the work. Fluorescence of 12 laser dyes was studied in liquid solution (ethanol,
MMA) and solid matrixes such as PMMA and polymer-filled nanoporous glasses (PFNPG-
P) composite. Concentration dependencies were measured for some pyrromethenes,
phenalemines, xanthenes and other types of dyes to define the concentration quenching
thresholds of fluorescence.

2 Experimental setup

The luminescence spectra and intensity was measured by Perkin-Elmer 650-40 fluorimeter
using the front excitation geometry (Levshin and Saletsky 1994), in the same conditions for
all the samples. This scheme allows to correctly identify the change in the luminescence
intensity with increasing concentration of the dye.
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Fig. 1 Optical scheme of Experimental setup
investigations of the fluorescence
spectra and intensity by Perkin- 1
Elmer 650-40 fluorimeter using
the front excitation geometry
(Levshin and Saletsky 1994): /
excitation radiation, 2 studied
cell with a dye or a sample of the
PFNPG-P composite, 3
fluorescence radiation, 4 reflected
pump radiation, 5 diaphragm, 6
detection unit of fluorimeter

Table 1 Fluorescence intensity versus concentration dependencies for different types of the dyes

Dye and solvent or matrix  max A max Concentration (mol/l)
(for solid-state elements) abs fluor — — — — — — — — — — —
(am) (am) 10 | 5x10 | 10 2.5x 10 5x10 10 | 1.25x 10 | 25x10 | 5x10 | 10 | 2x10
Fluorescence intensity at the maximum (rel. un.)
PM-546 in MMA 496 510 12.6 18.4 20.1 19.5 17.4 15.1
PM-567 in MMA 520 536 | 123 | 187 | 20.1 205 224 208 | 197 | 175
PM-567 in PENPG-P 520 538 17.3 17.7 18.6 19.3
PM-580 in MMA 520 537 11.0 19.2 20.5 21.1 20.5 20.6 19.4
PM-580 in PENPG-P 520 538 22.6 23.7 242 24.6
PM-597 in MMA 525 561 133 20.9 21.5 225 20.9 22.6 20.1 19.2
PM-597 in PENPG-P 525 563 19.6 18.9 183 18.7
PM-650 in MMA 590 607 159 253 24.6 23.0 232 235 20.0
PM-650 in PENPG-P 590 607 ZIS 20.9 18.7 152
F-510 in MMA 524 593 6.7 20.6 20.9 18.6 16.8
F-510 in PENPG-P 534 600 8.7 23 204 23
F-512 in ethanol 532 600 6.4 17.0 20.3 22.6 22.6 22.0 202 13.6
F-512 in MMA 533 578 4.5 13.0 15.7 15.5 15.5 12.7 10.0
F-512 in PMMA 532 580 19.0 19.5 24.1 16.0
F-512 in PENPG-P 532 583 23 23.8 221 18.5 149
F-640 in PENPG-P 590 625 21.0 20.2 189 13.2
Rh-11B in MMA 532 556 14.4 18.2 17.5 16.4 13.4
Pyridine-1 in MMA 487 663 132 15.2 16.7 17.0 15.7
Pyridine-2 in MMA 497 700 13.0 13.8 14.8 14.1 14.1
Coumarin-7 in MMA 431 481 10.7 17.8 18.6 18.0 14.9
-wery low concentration ‘ ‘ -no quenching ‘ | -concentration quenching
The fluorescence maximum wavelength Agix is specified for samples with minimum concentrations

investigated, Ajj*—the absorption maximum wavelength. A concentration in the initial monomer solution

were shown for PENPG-P composite
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The excitation wavelength always corresponded to the absorption maximum of the
particular dye. To obtain the wavelength of maximum of fluorescence spectra of dyes we
used the low concentration solutions of 5 x 10™> mol/l. Optical scheme of investigations
of the fluorescence spectra is shown in Fig. 1.

The intensity of fluorescence was measured at wavelength corresponding to maximum
of fluorescence spectrum of particular sample.

3 Results and discussion

The measurement results of the luminescence intensity depending on the concentration of
the dyes are shown in Table 1.

A typical dependence of fluorescence intensity on dye concentration is shown in Fig. 2.

Decreasing of fluorescence intensity at low concentrations is because the excitation light
is not completely absorbed in the sample of the test substance, so reducing the number of
excited molecules. This effect is due to the peculiarities of the measurement circuit, and is
not associated with concentration quenching.

It was found that luminescence quenching in pyrromethene and phenalemine dyes in
PMMA and liquid solution occurs at 2.5/5 x 10~ mol/I which is significantly (from 10 to
100 times) higher than quenching concentrations for other types of dyes. Quenching

T T T T
1x10° 1x10™ 10° 107
S moly

Fig. 2 A typical dependence of fluorescence intensity, /, versus dye concentration, C for phenalemine 512
in monomer composition

Table 2 Dye impregnation

coefficient in PENPG-P compos- Dye Dye impregnation coefficient, {
ite for a various dyes

PM-567 0.48-+0.58

PM-580 0.43+0.52

PM-597 0.48+-0.60

PM-650 0.58-+0.66

F-510 1.2+4.1

F-512 095+1.2

F-640 7414
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Fig. 3 Investigated dyes formulas

threshold of pyrromethene dyes in the composite PENPG-P is even more shifted towards
higher concentrations, compared to the initial monomer composition, due to incomplete
impregnation of dye molecules into PFNPG-P. The quenching threshold of
1/2 x 1072 mol/l was measured for investigated dyes. Contrary to pyrromethene,
phenalemine dyes in PEFNPG-P composite revealed quenching shifts towards lower con-
centrations as compared to the initial monomer solution due to their extremely high
impregnation into the porous matrix, demonstrating the quenching threshold at
1/5 x 10™° mol/l for the reference set of dyes. The observed difference in dye doping for
PFNPG-P matrix was also confirmed by absorption spectroscopy of the manufactured
active elements.

Dyes impregnation coefficients were calculated in PENPG-P composite. It is defined as
the ratio of the dye concentration in composite and concentration in the initial monomer
composition:

{ = Cnpg/Cin, (1)

where Cnpg—concentration measured in NPG-P composite, Cj,—concentration in the
initial monomer solution.

The dye concentration in PFNPG-P composite was determined by the absorption
intensity near the shortwave local maximum, as the optical density near the main
absorption peak exceeded the limits of spectrophotometer measurements. Dye
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impregnation coefficient in PENPG-P composite calculated for a various types of dyes are
given in Table 2.

We found that the pyrromethene dyes are impregnated in the composite is significantly
worse than phenalemine dyes. It must keep in mind in the preparation of the initial
monomer composition intended for the manufacture of PENPG-P composite.

You can make the assumption that the greater the polarity of the dyes, the higher dye
impregnation coefficient of dye in PFNPG-P composite. Apparently, hydroxyl groups are
in a large amount in the inner surface of nanoporous glass and they actively interact with
polar dyes. Therefore, F-640, having an ionic structure in solvents, has the highest dye
impregnation coefficient. For illustration, Fig. 3 shows investigated dyes formulas.

These results allow us to continue the work started by us in Koldunov et al. (2004) to
optimize the concentration of the solid state dye lasers, aimed at maximum conversion
efficiency and lifetime.
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