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Abstract

In this work, laser dye pyrromethene 567 (p567) was doped into methyltriethoxysilane (MTES)-derived organically

modified silicate (ORMOSIL) monolith with various photo-stable additives including 1,4-diazobicyclo[2,2,2]octane

(DABCO), 2,2,6,6-tetramethylpiperdin (TMP) and coumarin 440 (C440). The photostability of p567 was determined

under continuous ultraviolet irradiation and its dependence on the concentration of each additive was studied. The re-

sults illustrated that the photostability of p567 in ORMOSIL with the optimized concentration of DABCO or TMP was

improved by at least 100%. The highest photostability of p567 was obtained with the presence of C440, where at least

four times of improvement has been observed. The photo-stable mechanisms of additives have also been discussed.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

For its great advantages such as compactness

and low maintenance cost compared with the li-

quid counterpart, solid-state dye laser had a wide

range of applications including spectroscopy,
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non-linear optics, communication, medical treat-

ment, industry and so on. In recent years, intensive

work had been devoted to this research field under

the goal of making the solid-state dye laser com-

mercially available [1–17]. Among the dyes studied

by various researchers, the newly synthesized pyr-

romethene family, especially pyrromethene 567
(p567), was the most promising species for its high

conversion efficiency and long laser lifetime [3,6,9–

11]. The p567 dye had been doped into various
ed.
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Fig. 1. Molecular structure of antioxidant additives.
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host media such as polymer [1,9–15], sol–gel de-

rived ORMOSIL [2–6], composite glass or others

hybrid materials [7,16,17]. The photostability of

p567 doped into various media had been studied

and its mechanism of photo-degradation had been
investigated [7,9,11,18–21]. From these researches,

the photo-degradation mechanism of p567 was de-

termined and could be catalogued as self-sensitized

photo-oxidation and radical-sensitized photo-oxi-

dation, i.e. singlet-state oxygen molecules sensi-

tized by other species such as triplet-state p567

dye molecules or free radicals should be responsi-

ble for the permanent degradation of p567 dye in
most cases. To obtain higher photostability of

p567, anti-oxidant additives acting as singlet-state

quencher or free-radical scavenger had been doped

into host matrix together with p567 laser dye.

Great progress has been made on the photostabil-

ity of p567 laser dyes and it was observed that

DABCO and TMP had better effect to prolong

the laser lifetime of p567 dye [11,14,20]. However,
in these researches, the host media adopted by var-

ious researchers were mainly polymers and the

concentration of additives should also have been

optimized. In this work, two promising additives,

DABCO and TMP, were doped into MTES-de-

rived ORMOSIL with p567 dye, respectively.

The influence of the kind of additives and its initial

concentration on the fluorescence, laser efficiency
and photostability of p567 doped in MTES-de-

rived ORMOSILs are studied. Moreover, the in-

fluence of laser dye C440 on the photostability of

p567 in ORMOSIL was also investigated.
2. Experimental details

2.1. Preparation of the dye doped ORMOSILs

The p567 laser dye doped MTES-derived sam-

ples were prepared by hydrolysis–condensation

of the MTES precursors under acid-catalyzed hy-

drolysis and basic-catalyzed condensation. In all

the samples prepared the initial concentrations of

p567 were kept constant at 1.0·10�4 mol/l
whereas the additives were doped into ORMOSIL

at various initial concentrations, respectively. The

molecular structures of DABCO and TMP are
shown in Fig. 1. In the case of DABCO, the initial

concentrations were given the values 1.0·10�4,

5.0·10�4, 1.0·10�3, 1.5·10�3 and 2.0·10�3

mol/l, i.e. the molar ratios between DABCO and

p567 were 1:1, 5:1, 10:1, 15:1 and 20:1, respective-

ly. These samples were labeled as DABCO 1,

DABCO 5, DABCO 10, DABCO 15 and DABCO

20, respectively. In the case of TMP, the initial
concentrations were given the values 1.0·10�4,

2.0·10�4, 3.0·10�4, 4·10�4 and 5.0·10�4 mol/l,

corresponding to the molar ratios between TMP

and p567 of 1:1, 2:1, 3:1, 4:1 and 5:1, respectively.

Also, these samples were designated as TMP 1,

TMP 2, TMP 3, TMP 4 and TMP 5, respectively.

When C440 dye was co-doped with p567, at a mo-

lar ratio of 5:1, namely an initial concentration of
5.0·10�4 mol/l of C440 was adopted. Hydrolysis

was performed under acid catalysis with HCl as

acid catalyst and ethanol as solvent. The pH value

of the mixed solution was adjusted to approxi-

mately 2. The initial molar ratio of MTES:etha-

nol:water was 1:3:3. After several hours of

hydrolysis, a small amount of amine-modified si-

lane N-(3-(triethoxysily)-propyl)-ethylenediamine
was added to neutralize the acidity of the sol

thereby to increase the condensation reaction

rate, and then the photo-stable additives were

added. After several more hours of stirring, the

obtained sol were sealed in cuvettes and

removed into 40 �C oven for drying and aging.

The ORMOSIL could be machine or hand

polished.

2.2. Measurements

The excitation and photoluminescence (PL)

spectra were taken by a Hitachi 850 fluorescence
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spectrometer. The scan speed was 60 nm/min and

the slit width was 1.0 nm. A 30 W ultraviolet lamp

emitting at 254 nm was used as the irradiation

source of photostability measurement.

The laser performances such as slope efficiency
and laser threshold of the p567 doped ORMOSIL

were also obtained in this work. The laser cavity

parameters were reported elsewhere [21]. The

pump source used was a 532 nm, Q-switched

Nd:YAG laser with pulse width of 3–5 ns

(FWHM) and beam diameter of 5 mm. A longitu-

dinal configuration was adopted consisting a di-

chroic mirror with high transmission at 532 nm
and high reflectance between 570 and 650 nm,

and an output coupler with 60–70% transmission

at the laser wavelength. The cavity length was

5.0 cm.
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Fig. 2. Fluorescence spectra of p567 doped in MTES-derived

ORMOSIL with various content of TMP additive (excited at

480 nm).

150 200 250 300 350 400 450 500
0

20

40

60

80

100

120

140

O
ut

pu
t 

E
ne

rg
y 

(µ
J)

Input Energy (µJ)

p567:34.6%
TMP1:34.9%
TMP2:38.6%
TMP3:41.2%
TMP4:39.7%
TMP5:36.9%

Fig. 3. Laser output energy of p567 dye doped in MTES-

derived ORMOSIL with various content of TMP additive as a

function of input laser energy (inset: laser slope efficiency of

each sample above).
3. Results and discussion

Because of the basic nature of the photo-stable

additives, a problem arouse with the doping of the

DABCO and TMP into MTES-derived ORMO-

SIL. In the sol–gel preparation process of

MTES-derived ORMOSIL, the pH value was the

key parameter for any change in pH value might

lead to alteration of the relative rates of hydrolysis,

poly-condensation reaction and solvent evapora-
tion during the synthesis of the monoliths thereby

result in further modification of microstructure of

the ORMOSIL. Also, in liquid environment, the

acidity/basicity may also change the luminescence

and lasing parameters such as the fluorescence

quantum yield, peak wavelength of fluorescence,

and laser efficiency of p567 [22]. In previous stud-

ies, excellent fluorescence and laser performance
had been observed in p567 doped into MTES-de-

rived ORMOSIL [23]. However, the introduction

of basic additives may lead to changes in the fluo-

rescence and laser performance of p567 dye, possi-

bly deteriorates the above performances. In this

work, to eliminate the negative effects of the intro-

duction of basic additives on the sol–gel process,

the basic photo-antioxidants were added in the last
sequence before the cuvettes being sealed and re-

moved into oven for gelling and aging. To evaluate

the effect of doping the photo-antioxidants into
MTES-derived ORMOSIL on the luminescence

property of p567 dye, the fluorescence spectra of

p567 laser dye in the absence and presence of var-

ious concentration of TMP were obtained, as

shown in Fig. 2. Only slight differences in fluores-
cence intensity could be observed among the fluo-

rescence spectra of p567 dye with the presence of

various additive concentrations. The shifts in peak

fluorescence wavelength were in the order of

approximately 0.2 nm. The laser slope efficiencies

of p567 doped in MTES-derived ORMOSIL with

the presence of various content of TMP

agents, shown in Fig. 3, also indicated that the
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Fig. 4. Exposure time dependence of fluorescence intensity of

p567 doped in MTES-derived ORMOSIL with various content

of TMP additive.
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introduction of a certain amount of TMP, smaller

than 4·10�4 mol/l, might even lead to a slight in-

crease in the slope efficiency of p567. The decrease

of laser efficiency of p567 dye with the increase of

TMP amount might be attributed to the possible
absorption of the additive, which increased the

loss in laser action. These results clearly indicated

that the addition of photo-oxidants in this work

had little negative effects on the fluorescence per-

formance of p567 dye.

Conventionally, the longevity of laser dyes

doped into various solid host matrixes was deter-

mined under the irradiation of laser pulses, and
thus the photostability could be calculated [24].

In previous studies, the laser lifetime (defined as

the laser pulses emitted before the output de-

creased to 50% of its initial laser output) of

60,000 pulses had been obtained with the p567

doped in MTES-derived ORMOSIL with the net

sample thickness of 4 mm, corresponding to a nor-

malized photostability of 50 GJ/mol [23]. In this
work, the sample thickness was increased to 8

mm and it was believed that the laser lifetime of

the samples prepared in this work may largely ex-

ceeded 60,000 pulses even without consideration of

possible improvement in laser lifetime resulted

from the photo-stable additives. In order to reduce

the cost and time, a continuous ultraviolet lamp

with peak wavelength at 254 nm was adopted as
excitation source to investigate the photostability

of p567 in this work. The fluorescence spectra of

p567 dye co-doped with various concentrations

of additives were obtained after various exposure

times and thus the photostability of p567 dye in

each case could be compared and determined. Re-

cently, a similar method was also adopted to inves-

tigate the photostability of synthesized
pyrromethene dyes with UV irradiation source

where the laser dyes were dissolved in and cova-

lently bonded to polymer and improved photo-

stablity was observed in the latter case due to

dissipation of absorbed energy, confirming the va-

lidity of such a method [25].

To evaluate the photo-stable effect of TMP on

p567 dye, the fluorescence intensity of p567 dye
versus the corresponding UV exposure time, i.e.

the exposure time dependence of fluorescence in-

tensity of p567 doped in MTES-derived ORMO-
SIL with various content of TMP additive was

obtained, as shown in Fig. 4. Obviously, the intro-

duction of TMP additive and its content in MTES-

derived ORMOSIL did have great influence on the

photo-decay process of p567 laser dye. The fluo-

rescence intensity of p567 dye with no or a small

TMP content (p567 and TMP 1) decreased at the

beginning of exposure, however, those with more
TMP content were kept at their original level for

200 h, and then began to decrease with different

decay rate. The best result obtained was the sam-

ple labeled as TMP 4, corresponding to an opti-

mized initial concentration of 4·10�4 mol/l of

TMP in ORMOSIL, which decreased to 80% of

its initial fluorescence intensity after 370 h of irra-

diation whereas the fluorescence intensity of p567
without additive decreased to 50% of its initial val-

ue after 200 h. It could be suggested that the

photostability of p567 had been improved by

100%.

The fluorescence spectra of p567 doped in

MTES-derived ORMOSIL after various time

of UV lamp irradiation were shown in Fig. 5.

With the increase of exposure time, the fluores-
cence intensity of p567 dye decreased, and blue

shifts of the peak fluorescence wavelength could

be observed. These clearly indicated the reduc-

tion in the actual dye concentration in ORMO-

SIL and the photo-degradation of p567 laser

dye.
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Fig. 5. Fluorescence spectrum of p567 doped in MTES-derived

ORMOSIL after various time of UV lamp irradiation.
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The exposure time dependence of fluorescence

intensity of p567 doped in MTES-derived ORMO-

SIL with various content of DABCO additive was

also obtained, as shown in Fig. 6. Similar photo-

stable effect on p567 with the presence of DABCO

was also observed and the optimized initial con-

centration of DABCO was 1.5·10�3 mol/l, corre-
sponding to the additive/dye ratio of 15:1. At the

optimized additive concentration, the fluorescence

intensity of p567 dye decreased to 60% of its initial

value after 370 h of UV irradiation. Compared

with that without additives, the photostability of

p567 laser dye was believed to be improved by

100%.
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Fig. 6. Exposure time dependence of fluorescence intensity of

p567 doped in MTES-derived ORMOSILs with various content

of DABCO additive.
It could be observed that the fluorescence inten-

sity of p567 laser dye kept at the initial level in the

first period of exposure time in the photo-decay

curves of p567 laser dye with the presence of con-

siderable content of photo-stable additives and the
durations of these periods varied with the varia-

tion of the kind of additive and its content. This

phenomenon could be attributed to the photo-sta-

ble mechanism of each additive. For instance, it

had been reported that the quenching process of

singlet-state oxygen by DABCO had both physical

and chemical reaction [26]. So, it was obvious that

the quenching process in chemical nature might re-
sult in the decrease of the additive concentration in

the host medium and it kept decrease with the in-

crease of exposure time. For a certain photo-stable

additive, the quenching rate constant to the photo-

degradation reaction and the proportion of the

quenching process in chemical nature determined

the intrinsic capability of the additive to prevent

the dye molecules from photo bleaching. Also, a
certain amount of photo-stable additives in the

ORMOSIL could effectively offset the reduction

of the additive concentration with the increase of

exposure time. However, large amount of photo-

stable additive led to not only the decrease in laser

efficiency, as shown in Fig. 3, but also the decrease

in fluorescence intensity after a certain period of

UV exposure compared with that of smaller
amount of additive. In other words, increasing

the additive concentration up to a particular value

will not in any way enhance the photostability of

the dye.

Recently, improved photostability of p567 in-

corporated into the MPMMA polymer with

C540A laser dye was achieved [10]. In our lab, en-

hanced laser efficiency and photostability have al-
so been obtained with the pyrromethene and

perylene dyes co-doped with coumarin dyes, re-

spectively, in ORMOSIL. The exposure time de-

pendence of fluorescence intensity of p567 doped

in MTES-derived ORMOSIL with the presence

of C440 dye, as shown in Fig. 7, indicated an en-

hancement of at least four times in the photostabil-

ity of p567. The photo-stable mechanism of C440
was believed to be the quenching of triplet-state

p567 by ground-state C440 dye molecules. This

phenomenon will be reported elsewhere.
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4. Conclusion

In short, p567 doped MTES-derived ORMO-

SILs monolith with various photo-stable additives

including DABCO, TMP and C440 were prepared.

The photostability of laser dye was determined un-
der continuous UV irradiation and its dependence

on the concentration of each additive was studied.

The results illustrated that the addition of DAB-

CO and TMP can greatly improve the photostabil-

ity of laser dye and the optimized concentration of

each additives are 1.5·10�3 and 4·10�4 mol/l, re-

spectively. At appropriate additive concentration,

the photostability of p567 was improved by at
least 100%. When co-doped with C440 in ORMO-

SIL, at least four times of improvement of the

photostability of p567 has been observed.
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M. Liras, R. Sastre, Appl. Phys. B 76 (2003)

365.

[14] D.P. Pacheco, H.R. Aldag, SPIE 3265 (1998) 2.

[15] S.M. Giffin, I.T. Mckinnie, W.J. Wadsworth, A.D. Wool-

house, G.J. Smith, T.G. Haskell, Opt. Commun. 161

(1999) 163.

[16] H.R. Aldag, S.M. Dolotov, M.F. Koldunov, Y.V. Kra-

vchenko, A.A. Manenkov, D.P. Pacheco, A.V. Re-

znichenko, G.P. Roskova, SPIE 3929 (2000) 133.

[17] A. Costela, I.G. Moreno, C. Gómez, O. Garcı́a, R. Sastre,
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