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Photophysical parameters and lasing properties of Coumarin 540A dye molecules are studied in
solutions of increasing viscosity, from liquid solutions in 1,4-dioxane to solid solutions in
poly~methyl methacrylate!. The fluorescence quantum yield and lasing efficiencies decrease as the
viscosity of the solution increases, reflecting the strong influence of the rigidity of the medium on
the radiative processes. The photodegradation mechanisms acting on the fluorophores are analyzed
by following the dependence of laser induced fluorescence and laser output on the number of pump
laser pulses. The fluorescence redistribution after pattern photobleaching technique is used, and
Fick’s second law is applied to study the diffusion of dye molecules in the highly viscous polymer
solutions. The diffusion coefficients of the dye molecules as a function of the increased viscosity of
the medium are determined. ©1998 American Institute of Physics.@S0021-8979~98!01702-2#
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I. INTRODUCTION

Liquid solutions of laser dyes are versatile sources
coherent tunable radiation with many applications in diff
ent fields.1 Nevertheless, the need to use large volumes
organic solvents has limited the use of these lasers in s
technical applications. As a result, it is not unexpected tha
recent years there has been a renewed interest in the u
solid matrices containing laser dyes2–13 with the aim to de-
velop practical solid-state dye lasers. A solid host for las
dyes is an attractive alternative to liquid solutions, with o
vious advantages, both technical and economic, such as
of use, the absence of flammable and toxic solutions, and
elimination of the problems caused by flow fluctuations a
solvent evaporation.

Although over the years a number of different materi
have been used as solid hosts for organic dyes, most o
recent work has been done using either polymers or s
gels as host media. Initially the sol-gel materials seeme
show higher photostability than those based on orga
polymers.3,6 Nevertheless, recent results have demonstra
stabilities in polymeric materials comparable with those o
tained with silica gels when used under the sa
conditions.13 The polymeric materials exhibit a higher opt
cal homogeneity than the silicate matrices available,5 which
is extremely important for narrow-linewidth oscillator
Other advantages are a much improved compatibility w
organic dyes, and adaptability to inexpensive fabricat
techniques, which facilitate both miniaturization and the d
sign of integrated optical systems. In addition, the virtua
limitless possibilities in structure and chemical composit
of polymers confers these materials enough variability
continue to be of interest for many years.

The two main problems found in polymeric solid-sta
dye lasers are the low laser-damage threshold of the mat
and the photodegradation of the dye.10 Recently, we have

a!Electronic mail: acostela@iqfr.csic.es
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carried out a number of studies dealing with the
problems.8–10,13–17Our approach has been to try to improv
the laser-related properties of the dye-doped polymeric
terials by using the vast possibilities in polymer synthesis
modify characteristics of the materials in a controlled ma
ner, as well as to design new methods for the incorpora
of the active dye molecules in the polymeric matrix.

In a preliminary study, we proceeded to modify the
gidity of the polymeric material by controlled cross linkin
with a bifunctional monomer,14 and demonstrated that for
certain degree of cross linking there were significant
creases in both lasing efficiency and photostability. The n
step was to investigate the effect of varying the viscoela
properties of the medium on laser performance. This can
achieved by internal modification of the polymer by copo
merization with appropriate monomers. By this method~in-
ternal plasticization!, we obtained important increases
photostability8 with lasing efficiencies similar to those foun
in liquid solution. At this point in the investigation, it wa
apparent that the main cause of degradation of the dyes
corporated into polymeric matrices was the thermal destr
tion of the dye due to poor heat dissipation in the polym
host. This being the case, any molecular modification fac
tating the dissipation of the absorbed energy not conve
into emission should avoid premature degradation. Thus
proceeded to covalently link the dye molecules to the po
meric chains, opening in this way additional channels for
dissipation of energy along the polymer backbone.13,15,18To
achieve this aim, it was first necessary to synthesize
molecules incorporating polymerizable double bonds in
appropriate positions, which were then copolymerized w
methacrylic monomers. In these new materials, the photo
bility increased by a factor of more than two with respect
our best previous results.18

Most of the work described above was done with dyes
the rhodamine family, mainly with Rhodamine 6G~Rh6G!,
emitting in the yellow and red regions of the spectrum. A
8/83(2)/650/11/$15.00 © 1998 American Institute of Physics
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plications in technologically important fields, such as opti
storage or underwater communications, would require
development of efficient and photostable lasers also in
blue and green spectral regions. There has been little w
done on blue-green emitting solid-state dye lasers. So
early studies were reported in the late sixties and the be
ning of the seventies,19–23 but in all cases the laser perfo
mance was very poor. Some improvements in lasing pro
ties were reported by Itohet al.,24 for thin films of
Coumarin-doped poly~methyl methacrylate! ~PMMA!
pumped with a N2 laser, and by Pachecoet al.,25 for
flashlamp-excited Coumarin-doped PMMA rods. In rece
years, some detailed studies have appeared on the la
properties of different dyes emitting in the blue a
green,12,26–31but in all cases, the dyes were incorporated in
sol-gel materials. The only recent studies on polymer-do
blue-green dye lasers have been those reported by
group,15,32 using proton-transfer dyes dissolved in, or cop
lymerized with, methacrylic monomers and pumped tra
versely with pulses from a N2 laser. Although energy con
version efficiencies of 11%, similar to those obtained
liquid solution, were demonstrated with some of these ma
rials, the laser output decreased by 90% after only one h
dred shots. In order to improve the laser photostability in t
important spectral region, we have recently initiated a s
tematic investigation on the lasing properties of polyme
materials incorporating dyes of the Coumarin family and
ways to improve their performance. First, the effects on
laser operation of different polymerization methods, d
concentration, and the composition of the polymeric ma
were evaluated,17 and conditions were found for which lase
efficiencies of 11% and lifetimes of 2000 pulses at a 2 Hz
repetition rate were obtained.

Further improvements in photostability require a grea
understanding of the degradation mechanisms involved w
these fluorophores are embedded in polymeric matrices
this end, the present work investigates the fluorescence
lasing properties of a number of Coumarin 540A~C540A!
solutions with increasing viscosity from liquid solution
1,4-dioxane to solid solution in PMMA, with solutions o
intermediate viscosity obtained by dissolving appropri
amounts of PMMA in 1,4-dioxane. It is well known that fo
free-rotor dyes the dependence of the fluorescence yield
the viscosity of the solvent essentially reflects the strong
fluence of rigidity on the nonradiative decay parameters
the molecule.33 As such, the effect of viscosity on other ph
tophysical processes is not clearly reflected in fluoresce
measurements in these molecules. However, in the Coum
540 A molecule, the movement of the amine moiety is
stricted, which results in a rigid structure where the torsio
decay route is inhibited. Consequently, in this case, fluo
cence measurements as a function of the medium’s visco
do provide information on the general photophysical beh
ior of the dye molecules, reflecting the role played by t
dynamics of the microenvironment of the dye.

The evolution of the UV-visible absorption spectrum a
ter irradiation and the decrease of the lasing and fluoresc
intensity as a function of the number of pump-laser pul
were also studied. The dependence of the lasing param
J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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on the viscosity of the medium was analyzed, and the rat
recovery of the fluorescence intensity after irradiation w
investigated@in an application of the fluorescence redistrib
tion after pattern photobleaching technique,~FRAPP!#34 in
order to obtain information on the mobility of the dye mo
ecules in the different samples, which can be interpreted
terms of the diffusion coefficient.

II. EXPERIMENT

A. Laser system and laser induced fluorescence
measurements

Polymeric samples were cast in a cylindrical sha
forming rods of 10 mm diam and 10 mm length. A cut w
made parallel to the axis of the cylinder in order to obtain
lateral flat surface of;6310 mm. This surface was pre
pared for lasing experiments by conventional grinding a
polishing. The ends of the rods were polished by hand
obtain reasonably flat surfaces. No attempt to produce la
grade flat surfaces was made. Liquid solutions and sam
with different viscosities were contained in a 1-cm-optic
path length silica cell carefully sealed with a teflon plug
avoid solvent evaporation during the experiments, thus
suring a constant sample concentration during the exp
mental measurements.

A schematic diagram of the laser system is shown in F
1. Laser emission was obtained by pumping the samp
transversely at 337 nm with pulses obtained from a comm
cial excimer laser~MPB-AQX 150! filled with the appropri-
ate N2/He mixture to operate as a N2 laser providing 1.7 mJ,
;7 ns full-width at half-maximum~FWHM! pulses, at rep-
etition rates up to 15 Hz. The pump light was focused with
combination of spherical (f 550 cm) and cylindrical (f
515 cm) quartz lenses onto the laser cell or onto the lat
flat surface of the solid sample to form a line of;0.3
310 mm, such that the pump fluence was;60 mJ/cm2. The
oscillator cavity consists of a flat aluminium mirror~'90%
reflectivity! and the end face of the dye cell or of the cyli
drical solid sample as the output coupler, with a cavity len

FIG. 1. Schematic of the laser system experimental setup. Pd: photod
sL: spherical lens; cL: cylindrical lens; bs: beam splitter; m1,2: alumini
flat mirrors; dc: dye cell/solid sample; ph: pinhole; M: monochromat
PMT: photomultiplier.
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of 2 cm. The samples were mounted on translation sta
which allowed precise vertical and horizontal alignment.

The dye and pump laser pulses were characterized
the following instruments: Gen Tec ED-100A and ED-2
energy meters, an ITL TF 1850 fast risetime photodiode
Tektronix 7934 storage oscilloscope and a Tektronix 24
digital oscilloscope, an Applied Photophysics M-300 mon
chromator, and an EMI 9783B photomultiplier. A fast ph
todiode ~EG&G SGD-100! was used to detect a calibrate
fraction of the pump radiation to monitor the stability of th
N2-laser emission during the experiments. In the photod
radation studies, the dye and pump laser signals w
sampled with boxcars~Stanford Research System, Mod
250!. All the integrated signals were digitized and process
using a PC computer via a Computerboard DASH
interface.9 The estimated error in the energy measureme
was 10%.

In order to assure that the volume element of the sam
probed in the laser induced fluorescence~LIF! measurements
is identical to that irradiated under lasing conditions, t
fluorescence was excited with the same pulses from the2

laser used for producing laser emission, but this time atte
ated by a number of glass windows placed in the optical p
so that the laser energy incident on the sample was con
erably lower than the pump threshold energy needed to
duce laser emission from the dye molecules. The LIF em
sion was monitored perpendicular to the exciting bea
imaged onto the input slit of the Applied Photophysics M
300 monochromator with a 10-cm-focal length spectrosi
spherical lens, and detected with the EMI 9783
photomultiplier.

B. Materials

Coumarin 540A ~2,3,5,6-1H,4H-tetrahydro-8-trifluoro
methylquinolizino-@9,9a,1-gh#coumarin! ~Lambda-Physik,
laser grade! was used as received. The purity of the dye w
found to be.99%, as determined by spectroscopic a
chromatographic methods. The dye concentration used
231022 M in all experiments. 1,4-dioxane~Merck; Uvasol!,
used as received, was selected as the solvent since bot
C540-A dye and the PMMA polymer demonstrated go
solubility, and this solvent is less volatile than other altern
tive solvents. Studies on the dependence of the lasing p
erties on sample viscosity were performed by varying
volume/weight ~v/w! proportion of solvent/PMMA in the
solutions.

Liquid solutions of variable viscosity and constant d
concentration were prepared by dissolving the dye and a
termined amount of PMMA in pure 1,4-dioxane by altern
tive stirring and sonication periods until clear and homo
neous solutions were obtained. The highest concentratio
polymer that could be completely dissolved in 1,4-dioxa
was 400 g/l . Several attempts were made to obtain solutio
with higher polymer concentration. Methods such as dir
solution of the polymer or selective evaporation of the s
vent from previously obtained more dilute solutions, eith
by direct room temperature evaporation or by high vacu
lyophilization, were attempted without success. All the so
tions with a polymer concentration greater than 400 g/l pre-
652 J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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sented dye-dye aggregation and inhomogeneities, dete
by absorption and fluorescence spectroscopy.

PMMA was obtained by free-radical bulk polymeriza
tion of pure MMA under the same experimental conditio
described below for solid samples preparation~M̄n

543 600; M̄w577 750!.
The solid samples were prepared as follows. The d

was dissolved in freshly purified MMA monomer and th
resulting mixture was placed in a water-filled ultrasonic ba
for periods of up to 10 min until the dye was complete
dissolved. Then, 3 g/l of 2,28-Azo-bis ~isobutyronitrile!
~AIBN !, used as a thermal free-radical initiator, was add
and allowed to dissolve in the ultrasonic bath for up to 5 m
The resulting solution was filtered into appropriate cylind
cal polypropylene molds using a 0,2mm pore size filter
~Whatman Lab. Div.!. After careful deaeration by purging
with dry argon, the molds were sealed. Polymerization w
performed in the dark at 35 °C over two days, followed by
further two days at 40 °C, and then 50 °C for one we
Under the experimental conditions employed in the prepa
tion of the samples used in the present work, no resid
monomer was detected, neither by IR absorption spect
copy of sample films nor by gravimetric monitoring aft
exhaustive treatment of the samples under high vacuum
ditions at 50 °C.

Absorption and fluorescence spectra of the solid sam
were obtained from thin strips cut from the same samp
used in the laser experiments. Because of the high op
density of the dye solutions with different degrees of visc
ity, their absorption spectra were recorded by placing a sm
amount of solution between two quartz plates in order
reduce the optical path. The fluorescence spectra were
tained at room temperature from air-saturated samples pla
in the same 1-cm-optical path silica cell used in the la
experiments. Absorption spectra were recorded with a S
madzu UV-265 FS spectrophotometer. Fluorescence spe
were registered with a Perkin-Elmer LS-50B luminescen
spectrometer using a special front to face sample attachm

Fluorescence quantum yields (f f) of C540A in solu-
tions with increased viscosity were estimated from the ra
between the integrated areas under their fluorescence cu
and the area corresponding to a solution of C540A in et
acetate (f f50.88), used as a standard.33 Care was taken to
record all curves under identical conditions.

Fluorescence lifetimes of C540A in the different sol
tions, from liquid to solid, were obtained with a time
correlated single-photon counting spectrometer35 built using
ORTEC583 and 473A discriminators and a 457 time-
amplitude converter. The samples were excited with
thyratron-gated nanosecond flashlamp~Edinburgh Instr.
EI199! filled with nitrogen. The fluorescence emission w
passed through a cut-off filter~Schott KV-450! and detected
with a Phillips XP2020Q photomultiplier. The kinetic pa
rameters~lifetime and amplitude! of the fluorescence deca
were determined using a fitting routine based on the non
ear least-squares convolution technique.36
Costela et al.
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TABLE I. Viscosity, fluorescence, and laser parametersa of the C540A solutions.

Solvent/PMMA
~vol/weight!

Viscosityb

~mPa s!

Fluorescencee Laser emission

l f

~nm! f f

t f

~ns!
lLmax

~nm!
DlL

~nm!
Efff

~%!

10/0 1.18c 501.7 0.30 5.5 504 14 32
9.5/0.5 9.65c 502.8 0.22 6.2 507 14 27

9/1 38.60c,d 503.5 0.22 6.2 508 14 25
8/2 250d 503.5 0.22 6.8 508 10 22
7/3 4000d 511.8 0.21 7.2 510 10 17
6/4 108 000d 522.8 0.15 8.2 514 10 14
0/10 solid matrix 512.0 0.12 8.5 515 8 3

al f : fluorescence emission maximum;f f : fluorescence quantum yield;t f : fluorescence lifetime;lLmax : laser
emission maximum;DlL : FWHM of laser emission; Eff: energy conversion efficiency.

bAveraged values of at least five measurements.
cMeasured by capillary viscosimetry.
dMeasured by rotational viscosimetry; calibration with water, glycerine, and Brookfield standard fluids.
eExcitation at 337 nm.
fPump energy: 1.2 mJ/pulse.
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C. Measurements of the viscosity of the samples

Viscosities of solutions with PMMA concentration
lower than 100 g/l were determined at 25 °C by capillar
automatic viscometry~Schott Gera¨te, model AVS 350!. For
PMMA concentrations higher than 200 g/l , a rotational vis-
cometer was employed~Brookfield model RVT, with a SSA
microadaptor!, using as a reference calibrated standard flu
at 25 °C.37

III. RESULTS AND DISCUSSION

A number of C540A solutions with viscosities varyin
from the liquid to the solid state, were prepared in the f
lowing v/w proportions~solvent/PMMA!:10/0, 9.5/0.5, 9/1,
8/2, 7/3, 6/4, and 0/10. In all experiments, the dye conc
tration was 231022 M. This concentration had been prev
ously determined as that which induces the highest las
efficiency and photostability.17 Increasing or decreasing th
dye concentration is detrimental to the laser action. The m
sured viscosities of the dye solutions are given in Table I.
explained in the experimental section, it was not possible
prepare homogeneous samples for this application with
cosities higher than 108 000 mPa s~solution with a 6/4 v/w
solvent/PMMA ratio!.

A. Fluorescence and laser emissions

Broad-band laser emission with pulse durations
'4 ns FWHM was obtained from all the samples studi
The spectral profiles of the stimulated emission together w
corrected fluorescence spectra of the different samples
shown in Fig. 2. The laser-emission spectra are much
rower than those of the fluorescence, with bandwidths typ
of a laser with many modes running simultaneously, due
the lack of wavelength-selection elements in the cavity. T
positions of the maxima of the fluorescence emission as
as the dependence of the laser parameters~peak of the laser
emission, oscillation bandwidth, and lasing efficiency! on the
viscosity of the samples are presented in Table I. It is
served that both the laser emission and the fluoresce
maxima shift towards longer wavelengths when the prop
83, No. 2, 15 January 1998
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tion of PMMA in the sample increases. This can be under
stood in terms of changes in the polarity of the medium
which increases when the 1,4-dioxane (m50.3 D) is mixed
with PMMA (m51.6 D).38 It is well known that the position
of the maximum of the fluorescence spectrum is red shifte
with increasing solvent polarity.39 In addition, the lasing os-
cillation bandwidth seems to decrease when increasing th
viscosity of the dye sample. This effect has been previousl
observed in studies on proton transfer dye lasers. For in
stance, for solutions of 2-~58-fluoro-28-hydroxyphenyl!

FIG. 2. Normalized fluorescence~solid line! and stimulated emission spec-
tra ~dotted line! of C540A solutions with different viscosity:~a! solid matrix
~S! and 1.18~L!; ~b! 9.65; ~c! 38.60; ~d! 250; ~e! 4000; and~f! 108 000
mPa s.
653Costela et al.
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benzimidazole in 1,4-dioxane the laser emission bandw
was '20 nm,40 whereas the bandwidth decreased
'12 nm when the dye was dissolved in PMMA.15

Also shown in Table I are the energy-conversion e
ciencies of the laser emission~Eff!, defined as the ratio of the
energy of the dye laser output to the energy of the pu
laser incident on the sample surface. Taking into account
dependence of the laser gain on the optical path length o
active medium, the efficiency obtained with the 1-cm-opti
path solid sample agrees well with the data reported pr
ously for a 2 cmsample of C540A dissolved in PMMA.17

When comparing the efficiency of the solid sample with th
of the samples contained in silica cells, it should be cons
ered that in the solid sample the laser efficiency is affec
by the poor finish of the polished surface, which results
less than optimum coupling between the sample end face
the aluminium back reflector. It is plausible that improvin
the finish of the samples would result in an increase
efficiency.15 In the fourth column of Table I, the fluorescenc
quantum yields of the different C540A solutions containi
PMMA are given. When analyzing these values, the h
concentration of C540A in the solutions should be taken i
account, since the evaluated quantum yields can be affe
by secondary processes involving the dye molecules. A c
correlation between the changes in Eff andf f when the vis-
cosity of the medium is increased can be observed.

The laser efficiency clearly decreases when the visco
of the medium increases~Table I!. This dependence canno
be ascribed to quenching processes induced either by PM
or some impurity associated to the polymer, since the fl
rescence lifetimet f increases with the rigidity of the medium
~Table I!. Since the viscosity is controlled by the concent
tion of PMMA in the solution, an increase results in bo
restrictions in the mobility of the dye molecules and mod
cations in the polarity of the medium, which increases w
the amount of PMMA. To discriminate between these t
effects, two solutions with similar viscosity but different p
larity were prepared: C540A in 1,4-dioxane and C540A
ethyl acetate, with a dye concentration 231022 M. Ethyl
acetate was chosen as a solvent because it has a dipole
ment (m51.83 D)38 close to that of PMMA. Under N2-laser
irradiation, the lasing efficiency was somewhat higher in
more polar solvent: 35% in C540A/ethyl acetate as co
pared with 32% in C540A/1,4-dioxane. Thus, the increase
polarity can be ruled out as the cause for the observed
crease in lasing efficiency, and the main contribution to t
drop in efficiency with increasing viscosity of the samp
seems to be attributed to restrictions in dye mobility. In t
case of the solid samples, a possible additional effect cau
by triplet state population should be considered, since
solid samples both the concentration and diffusion rate
molecular oxygen are lower than in liquid solutions. In ord
to investigate this possibility, a solution of C540A in 1,
dioxane was degassed by the freeze-thaw method pum
down to pressures below 1024 Torr. It was found that the
lasing efficiency of the anaerobic solution is the same as
of the same solution saturated with O2.

A further effect that could cause an apparent reduction
the lasing efficiency with increasing viscosity of the soluti
654 J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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is the red-edge absorption of PMMA at 337 nm. Increas
the polymer concentration in the solution increases this
sorption, resulting in less pump energy being available
the dye molecules. In order to quantify this effect, the a
sorption at 337 nm of 1-mm-thick samples with differe
proportions of 1,4-dioxane PMMA~but with no C540A mol-
ecules present in the solution! was determined. The abso
bance was found to vary from a value 0 for pure 1,4-dioxa
to a value 0.098 for the PMMA solid sample. Normalizin
the lasing efficiencies of the different solutions with C540
by the differential absorption of PMMA as the solution vi
cosity increases, the maximum increase in the values of
efficiencies reported in Table I is around 2%.

When the logarithm of the laser efficiency is represen
as a function of the amount of PMMA in the solution,
linear dependence is obtained~Fig. 3!. As previously dis-
cussed, this relationship can not be explained on the bas
a unique and direct argument. However, an understandin
the effect of increasing the proportion of PMMA in the s
lutions on the lasing efficiency could be reached by study
how the photophysical parameters of the C540A molec
are affected by the presence of PMMA. The reduction in
fluorescence quantum yield of C540A as the proportion
PMMA in the solution increases is accompanied by a leng
ening in the fluorescence lifetime~Table I!. These effects are
typical of reabsorption and re-emission phenomena and p
an upper limit to the lasing capabilities of the system.41 The
effect caused by the presence of PMMA can be resolve
terms of the influence on radiative (kr)and nonradiative (knr)
decay rate constants of C540A. Using the famil
relationships:42

kr5
F f

t f
, knr5kr S 1

F f
21D ~1!

and the measured quantum yields and lifetimes~Table I!, the
values ofkr and knr obtained are shown in Table II. It is
apparent from these data that although the values of b
parameters,kr andknr , diminish as the amount of PMMA in
the solution increases, the strongest effect is manifeste
the radiative decay parameterkr , which experiences a four
fold decrease over the range of solvent/PMMA proportio
studied.

FIG. 3. Logarithm of the laser energy conversion efficiency as a function
the solvent/PMMA vol/weight proportion in the C540A solutions. Th
straight line corresponds to the best fit of the data points.
Costela et al.
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B. Dye laser photostability

The laser output intensity was studied as a function
the number of pump pulses at a repetition rate of 10 Hz
was observed~Fig. 4! that the intensity of the laser outpu
decreases with the number of pump pulses, the rate of
decrease depending on the viscosity of the medium. M
mum stability was obtained with samples with viscosities
up to 250 mPa s~8/2 v/w solvent/PMMA proportion!, where
no evidence of degradation in the laser output is seen a

TABLE II. Rate constants for radiative (kr) and nonradiative (knr) decay of
the C540A molecule in the different solutions.

Solvent/PMMA
~vol/weight!

kr31027

(s21)
knr31028

(s21)

10/0 5.45 1.27
9.5/0.5 3.58 1.25

9/1 3.53 1.26
8/2 3.18 1.15
7/3 2.96 1.09
6/4 1.83 1.04
0/10 1.41 1.03

FIG. 4. Normalized laser output as a function of the number of pump pu
for solutions of C540A with different viscosities.~a! solutions with viscosi-
ties up to 250 mPa s~8/2 v/w solvent/PMMA proportion!; ~b! solutions with
viscosities of 4000 and 108 000 mPa s~7/3 and 6/4 v/w solvent/PMMA
proportions, respectively!; and ~c! solid sample. N2-pump-laser energy and
repetition rate: 1.2 mJ/pulse and 10 Hz, respectively. Dye concentratio
31022 M. For clarity, in Fig. 4~a! only one of every 100 pulses has bee
plotted.
J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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30 000 shots@Fig. 4~a!#. Increasing the viscosity of the solu
tion beyond this range leads to a drastic reduction in
apparent stability as well as to an irregular behavior in
laser output with strong oscillations that damp down as
viscosity increases and disappear altogether in the s
samples@Figs. 4~b! and 4~c!#. Special care was taken in th
methods of preparation of the samples so as to assure
homogeneity, and rule out inhomogeneities in the active m
dium as a cause for these oscillations. They could, howe
be related to gradients of temperature and dye concentra
produced under irradiation conditions in samples where
free diffusion of molecules is partially restricted. The osc
lations in the laser output could then reflect the dynamics
the replacement of bleached molecules for some nonirr
ated ones in the irradiated volume. Support for this interp
tation is provided in Fig. 5, where the laser output is plott
as a function of the number of pulses at different repetit
rates for the 7/3 v/w solvent/PMMA C540A solution~viscos-
ity 4000 mPa s!. At repetition rates below 2 Hz, there i
more time for the diffusion of dye molecules out and into t
irradiated region to reach a steady state, and the oscillat
disappear. The decrease in the diffusion rate of the dye m
ecules as the viscosity of the samples increases will be
lyzed more thoroughly later on in this article. In the sol
sample, the oscillations in the laser output have disappe
completely @Fig. 4~c!#, which is probably due to the tota
confinement of the dye molecules into the glassy polyme
matrix, which restricts their movement.

It is also seen in Fig. 5 that, as observed previously
some solid-state dye lasers,8 the pump-laser repetition rat
affects the degradation rate of the laser output: the higher
repetition rate the faster the degradation. In the present c
the number of pulses needed for an 80% reduction in
laser output in the 7/3 v/w solution decreases from'1700 to
'350 pump laser shots when the repetition rate is increa
from 1 to 10 Hz. After several hundred shots, the irradia
region presents some damage in the form of bleaching of
dye. This damage, which is irreversible in the solid samp
is temporary in the liquid solutions: even in the case of
lutions with viscosity as high as 108 000 mPa s~6/4 v/w
solvent/PMMA proportion!, the dark, nonemissive line in th
pumped region disappears completely after several day
room temperature.

s

2

FIG. 5. Normalized laser output as a function of the number of pump pu
for a C540A solution with a 7/3 v/w solvent/PMMA proportion~viscosity:
4000 mPa s! at different pump pulse repetition rates.
655Costela et al.
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In order to gain a better insight into the degradati
mechanisms involved when the fluorophores are embed
in polymeric matrices, a number of photodegradation stud
were performed both in solid samples and in the C54
solution with a solvent/PMMA proportion 6/4 v/w. Thi
composition was chosen because the viscosity of the solu
is high enough for the bleaching processes to be analogo
those in solid samples, without completely restricting the d
fusion of the dye molecules.

First, the 6/4 v/w sample was irradiated with abo
500 000 laser shots distributed over the whole volume of
solution at a repetition rate of 10 Hz. It was observed t
during irradiation the dye undergoes photoreactions wh
yield yellow colored products. In Fig. 6, the laser emissi
spectrum before and after irradiation is plotted. The red s
in the laser emission after irradiation is clearly seen, as w
as an important decrease, around 70%, in the lasing
ciency. Additionally, the UV-visible absorption spectrum
the irradiated sample reveals important changes with res
to the nonirradiated solution: the absorption band of C54
at 400 nm decreases dramatically whereas there is an
crease in the absorption in the 450–500 nm region. Th
spectral data are consistent with previous studies on the
ventional photolysis of the C540A laser dye which identifi
a pair of isomeric amides as the photo-oxidation produ
generated during the irradiation.43 The above results revea
that the photodegradation of the dye is an irreversible p
cess leading to the generation of products that absorb a
lasing wavelength interfering with stimulated emissio
These results are in good agreement with the previously
served degradation in Coumarin solid-state dye lase17

where, although the lower absorption observed in the irra
ated solid samples were an indication of photobleaching
the dye molecules, no new features appeared in the spec
reflecting the low concentration of the photofragme
generated.

Information about the amount of bleached molecules
be obtained by monitoring the decrease in laser induced fl
rescence intensity as a function of the number of pump la
pulses. The experiment was carried out as follows. First,
fluorescence of the nonirradiated sample was measu
Then the glass windows placed into the optical path of
pump laser~see experimental section! were removed and the
sample was irradiated with the total energy of the N2 laser
(1.2 mJ/pulse) at a repetition rate of 10 Hz. After a giv

FIG. 6. Laser emission spectra of a C540A solution with
6/4 volume/weight proportion of solvent/PMMA before~d! and after~j!
laser irradiation with 500 000 pump pulses of 337 nm at 10 Hz.
656 J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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number of pump laser pulses, the windows were repla
and the fluorescence emitted by the irradiated sample
measured. The sample is moved to a new position, to av
accumulative effects, and the operation is repeated wit
different number of pump laser shots. The repetition rate
the pump laser was chosen so that the diffusion effects in
time needed to perform each measurement can be negle
for both solid sample and 6/4 v/w solvent/PMMA C540
solutions, assuring that there is no renewal of dye molecu
in the irradiated volume during the experiment. The resu
obtained are plotted in Fig. 7, where it is observed that
degradation is more important in the solid solution than
the less viscous one.

Since the fluorescence emission is a measure of
population of the fluorescent level, a plot of the logarithm
the laser output as a function of the fluorescence inten
after irradiation with different numbers of pump-laser sho
should render a straight line. In Fig. 8, such a plot is p
sented for both the solid and the 6/4 v/w solvent/PMMA s
lutions. In the experimental dependence, two compone

FIG. 7. Normalized laser induced fluorescence emission as a function o
number of pump pulses for solutions of C540A in~d! 6/4 v/w solvent/
PMMA and ~m! solid matrix. N2-pump-laser energy and repetition rate: 1
mJ/pulse and 10 Hz, respectively. The solid lines are just to help the e

FIG. 8. Logarithm of the laser output as a function of the normalized la
induced fluorescence emission for solutions of C540A in~a! 6/4 v/w
solvent/PMMA and~b! solid matrix. Each point corresponds to measu
ments taken after irradiation of a fresh region of the sample with a gi
number of pump-laser shots~indicated in parenthesis!. The solid lines rep-
resent the best linear fits to the experimental points.
Costela et al.
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can be observed, indicating the presence of at least two
cesses detrimental to the laser output. One of these proce
involves a photobleaching mechanism which leads to
growing presence of decomposition products that absor
the laser emission wavelength and that somehow modify
optical properties of the material along the path of the la
beam. The second process could be related to a photothe
mechanism due to large local rises in temperature capab
inducing thermal decomposition of the fluorophores. This
in good agreement with results obtained in our previous s
ies on different dye/polymer systems8,14–16 where evidence
was presented on the important contribution of photother
processes to the degradation of the samples. Opening a
tional channels for the dissipation of the absorbed ene
which is not converted into emission, by, for instance, c
valently linking the dye molecules to the polymeric cha
should result in an increase of the laser photostability.13

C. Dye diffusion in polymer solutions

In order to gain some insight on the capacity of recov
of the system at high viscosities, an experiment was p
formed where the 6/4 v/w solvent/PMMA C540A solutio
was irradiated with 500 full-power pump-laser pulses at a
Hz repetition rate, assuring complete disappearance of
dye laser emission. After waiting for one hour, the laser
duced fluorescence and laser emissions from the irradi
volume were measured. The procedure was repeated a
ber of times maintaining the sample in the same position
this way, the evolution of the recovery of the fluorescen
and laser emissions after repeated irradiation of the s
volume in 1 h intervals could be followed. In Fig. 9, th
results of this experiment over 10 h are plotted, after wh
the laser sample has been irradiated with a total of 5
pump pulses distributed in 500 pulse bursts at hourly in
vals. The values of the laser output are an average ove
first 15 laser shots in each irradiation cycle. It is seen t
there is a partial recovery of both fluorescence and la
emissions after the 1 h time intervals. If the logarithm of th
laser output at the beginning of each irradiation cycle is r
resented as a function of the corresponding fluorescenc
tensity, a linear relationship is obtained, which indicates
renewal of dye molecules in the irradiated volume by a d
fusion mechanism.

FIG. 9. Normalized laser output~d! and laser induced fluorescence inte
sity ~j! measured 1 h after repeated irradiation of a given volume of t
laser sample with 500 full-power pump-laser pulses at 10 Hz. The poin
zero time corresponds to emission from the initially nonirradiated samp
J. Appl. Phys., Vol. 83, No. 2, 15 January 1998

Downloaded 24 Feb 2010 to 161.111.180.191. Redistribution subject to A
o-
ses
e
at
e
r
al

of
s
d-

al
di-
y
-
,

y
r-

0
he
-
ed
m-
n
e
e

h
0

r-
he
t

er

-
in-
e
-

Further information on the mobility of the dye molecule
in the different samples, which can be interpreted in terms
the diffusion coefficients, can be obtained from a modific
tion of the above experiment. In this experimental approa
the samples are irradiated with 10 000 full-power pum
pulses at a 10 Hz repetition rate, and the recovery of
fluorescence from the irradiated volume is followed at reg
lar time intervals. This is very similar to the FRAPP tec
nique, where a short laser pulse is applied to a small volu
element into the sample.34 Because of the high intensity o
the pump light, the dye molecules within the irradiated v
ume are bleached and fluorescence from that area fades
almost instantaneously. It recovers later as the bleached
ecules are gradually replaced by nonbleached dye molec
diffusing from nonirradiated areas into the bleached sp
Then, the rate of recovery of the fluorescence gives inform
tion about the mobility in the medium of the dye molecule

The experiment was performed in the two most visco
solutions~7/3 and 6/4 v/w solvent/PMMA samples with vis
cosities of 4000 and 108 000 mPa s, respectively!. These
were chosen because in these samples the degradation
cesses are more clearly evident. The first experiment,
nominated the ‘‘long-time experiment,’’ was carried out ov
a period of at least 8 h, and the fluorescence emission
probed every hour. In the second one, denominated
‘‘short-time experiment,’’ the fluorescence was analyzed
ery 5 min over a period of 3 h. The results obtained a
plotted in Figs. 10 and 11, where the fluorescence emis
has been normalized to the initial value before irradiatio
These results can be used to deduce the diffusion coeffic
of the dye molecules in the sample by using a method ba

at
.

FIG. 10. Laser induced fluorescence emission~d! ~normalized to the initial
value before irradiation! for short-time experiments~see the text! as a func-
tion of the elapsed time after irradiation with 10 000 full-power pump-la
pulses at 10 Hz.~a! solution with 7/3 v/w solvent/PMMA proportion~vis-
cosity: 4000 mPa s!; ~b! solution with 6/4 v/m solvent/PMMA proportion
~viscosity:108 000 mPa s!. The solid lines are theoretical fits to the expe
mental data by using Eq.~3!.
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IP license or copyright; see http://jap.aip.org/jap/copyright.jsp



an
e
a
in

try
d
ng

ca

s
on
re
o

ce
re
of

n
ri-

e

e
-

ffi-
of
ls

are
ing
ates
to

in

n
the

2

ute
the
tion
ith

re-
ents
cur,

er
ssy
e-
de-

e-
ffu-

ci-
nce
te-

se

ri-

t

e

on the direct relationship between fluorescence intensity
concentration of dye molecules.44 Previous studies hav
proven that Fick’s phenomenological law of diffusion is
reliable macroscopic description of the processes involv
diffusion of molecules in polymeric materials.45 Thus, as-
suming that the irradiated volume has cylindrical symme
the time dependence of the average concentration of
molecules (c) inside that region can be described, usi
Fick’s second law:46

dc

dt
5D¹ r

2c, ~2!

whereD is the diffusion coefficient (cm2/s) and¹ r
2 repre-

sents the radial part of the Laplacian operator in cylindri
coordinates.

Equation ~2! with the appropriate boundary condition
can be solved analytically. Assuming for the boundary c
ditions that the nonirradiated volume is very large compa
with the dimensions of the irradiated cylinder, the solution
Eq. ~2! is:47

c~ t !512 f ~t!•@12c~0!#, ~3!

where

f ~t!5
1

t E
0

1

xe2x2/4tE
0

1

ye2y2/4tI 0S xy

2t Ddydx ~4!

with t5tD/a2, a5radius of the irradiated cylinder, andI 0

5modified Bessel’s function of zero order.
The diffusion coefficientD can be obtained by fitting

Eq. ~3! to the experimentally obtained plot of fluorescen
recovery. The solid lines in Figs. 10 and 11 are the theo
ical fits of Eq.~3! to our experimental data with the values

FIG. 11. Laser induced fluorescence emission~d! ~normalized to the initial
value before irradiation! for long-time experiments~see the text! as a func-
tion of the elapsed time after irradiation with 10 000 full-power pump-la
pulses at 10 Hz.~a! solution with 7/3 v/w solvent/PMMA proportion~vis-
cosity: 4000 mPa s!; ~b! solution with 6/4 v/w solvent/PMMA proportion
~viscosity: 108 000 mPa s!. The solid lines are theoretical fits to the expe
mental data by using Eq.~3!.
658 J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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D listed in Table III. It is seen that the values of the diffusio
coefficients predicted by the long- and short-time expe
ments are in reasonably good agreement.

According to the diffusion theory in liquid solutions, th
diffusion coefficient is given by the equation:48

D5
kT

6pha
, ~5!

wherek is the Boltzmann’s constant,T is the absolute tem-
perature, anda is the radius of the particle diffusing in th
solvent of viscosityh. Although the special nature of poly
meric solutions requires further consideration, Eq.~5! could
be used to obtain a rough estimate of the diffusion coe
cients in our solutions. Taking a value of 3.9 Å as radius
the C540A molecule, derived from its Van der Waa
volume,49 the values ofD listed in the fifth column of Table
III are obtained at room temperature. It is seen that they
of the same order of magnitude as those derived from fitt
the experimental fluorescence recovery data, which indic
that it is possible to use the diffusion theory in liquids
obtain reasonable estimates of the diffusion coefficients
polymer viscous solutions.

Equation~5! predicts a drastic reduction in the diffusio
coefficients of the C540A molecules as the viscosity of
solution increases, with values ofD ranging from 4.8
31026 cm2/s for the 1,4-dioxane solution to 5.
310211 cm2/s for the 6/4 v/w solvent/PMMA sample. It is
generally accepted that, for translational motion of a sol
to occur, a space of sufficient size must exist into which
solute molecule can move. Thus, as the polymer propor
increases in the solution, the large C540A molecules, w
size comparable to that of the polymer repetition unit,
quire a cooperative movement of several polymer segm
in order to create a large enough space for diffusion to oc
and their diffusion rates are therefore coupled to the polym
relaxation processes which are extremely slow in the gla
state.50 An increase of the solution viscosity leads to a d
crease of the free-volume and, consequently, to a sharp
crease in the calculated diffusion coefficients.

As shown in Fig. 12, there is a linear relationship b
tween the radiative decay constants of C540A and the di
sion coefficients calculated from Eq.~5!. This result could be
understood in terms of the reduction of free-volume asso
ated to the increase in the polymer concentration, and he
of the viscosity of the medium, which could enhance solu

r

TABLE III. Diffusion coefficients of C540A molecules in two differen
solutions.

Da

(cm2/s)
Db

(cm2/s)

Solvent/PMMA Viscosity
~vol/weight! ~mPA s! long time short time

7/3 4000 7.53 1029 5.0 3 1029 1.4 3 1029

6/4 108 000 1.5310211 4.6 3 10211 5.2 3 10211

aValues obtained from the best fit of Eq.~3! to the experimental fluorescenc
recovery data.

bEstimated from diffusion theory in liquids, Eq.~5!.
Costela et al.
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solvent molecular interactions which reduce the radiative
ficiency. Although this analysis of dye transport as be
solely controlled by free-volume is, to a certain extent
simplification, it could explain why the decrease of both
diative decay rates and lasing efficiencies is strongly link
to the mobility as reflected in the diffusion coefficients.

IV. CONCLUSIONS

In the present work, the fluorescence and laser prope
of C540A solutions with increasing viscosity, from liqui
solution in 1,4-dioxane to solid solution in PMMA, hav
been investigated. The maxima of both fluorescence and
ser emissions are sensitive to the polarity of the media.
fluorescence quantum yield and lasing efficiencies are hig
dependent on free-volume of the medium, decreasing as
viscosity of the solution increases. This behavior could
reflecting the strong influence of the rigidity of the mediu
on the radiative processes, while the nonradiative de
seems to be almost independent of the solution viscos
probably due to the rigid structure of the Coumarin molec
that inhibits the torsional decay route.

The laser photostability appears to be a function of
elasticity of the medium surrounding the dye molecules.
creasing the viscosity of the solution beyond 250 mPa s le
to a drastic reduction in apparent stability as well as to
irregular behavior in the laser output. The strong oscillatio
apparent in the laser intensity of the 4000 and 108 000 m
solutions as a function of the number of pump pulses co
be related to gradients of temperature and dye concentra
produced under the irradiation conditions in samples wh
the free diffusion of molecules is partially restricted. Cons
quently, this behavior could be reflecting the dynamics of
replacement of bleached molecules for some nonirradia
ones in the irradiated volume.

The study of the dependence of fluorescence inten
and laser output on the number of pump laser pulses
vides an insight into the photodegradation mechanisms
ing on the fluorophores. The main photodegradation mec
nisms of the dye at work have been identified to
photothermal and photobleaching processes, that result in
irreversible and growing presence of decomposition produ
which absorb at the laser emission wavelength.

FIG. 12. Radiative decay constants of C540A as a function of the diffus
coefficients predicted by Eq.~5! for solutions of C540A with different vis-
cosities. The volume/weight solvent/PMMA proportion corresponding
each point is indicated in parenthesis. The solid line represents the
linear fit to the experimental points.
J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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The fluorescence redistribution after pattern ph
tobleaching~FRAPP! technique has been used to study t
diffusion of dye molecules in the two liquid solutions wit
the highest viscosities. The diffusion coefficients derived
applying Fick’s second law to the experimental fluoresce
recovery data corresponding to the 6/4 and 7/3 v/w solve
PMMA solutions are in good agreement with those det
mined from the diffusion theory in liquids, revealing the c
pability of this simple theory to describe the diffusio
dynamics in highly viscous polymer solutions.
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20T. W. Hänsch, M. Pernier, and A. L. Schawlow, IEEE J. Quantum Ele
tron. QE-7, 45 ~1971!.

21J. M. Drake, E. M. Tam, and R. I. Morse, IEEE J. Quantum Electr
QE-8, 92 ~1972!.

22J. Ferguson and A. W. H. Mau, Chem. Phys. Lett.14, 245 ~1972!.
23N. Karl, Phys. Status Solidi13, 661 ~1972!.
24U. Itoh, M. Takakusa, T. Moariya, and S. Saito, Jpn. J. Appl. Phys.16,

1059 ~1977!.
25D. P. Pacheco, H. R. Aldag, I. Itzkian, and P. S. Rostler, inProceedings of

the International Conference on Lasers ’87, edited by F. J. Duarte~STS,
McLean, 1988!, pp. 330–337.

26E. T. Knobbe, B. Dunn, F. D. Fuqua, and F. Nishida, Appl. Opt.29, 2729
~1990!.

27J. I. Zink, B. Dunn, R. B. Kaner, E. T. Knobbe, and J. McKiernan,
Materials for Nonlinear Optics, edited by S. R. Marder, J. E. Sohn, and G

n

est
659Costela et al.

IP license or copyright; see http://jap.aip.org/jap/copyright.jsp



,

se

se

ys

F.

e

ci-

de

y

nd
D. Stucky, ACS Symposium Series, 455~American Chemical Society
Washington, 1991!, pp. 541–552.

28D. Lo, J. E. Parris, and J. L. Lawless, Appl. Phys. B: Photophys. La
Chem.55, 365 ~1992!.

29D. Lo, J. E. Parris, and J. L. Lawless, Appl. Phys. B: Photophys. La
Chem.56, 385 ~1993!.

30K. S. Lam, D. Lo, and K. H. Wong, Opt. Commun.121, 121 ~1995!.
31A. Weissbeck, H. Langhoff, and A. Beck, Appl. Phys. B: Photoph

Laser Chem.61, 253 ~1995!.
32A. U. Acuña, F. Amat-Guerri, A. Costela, A. Douhal, J. M. Figuera,

Florido, and R. Sastre, Chem. Phys. Lett.187, 98 ~1991!.
33G. Jones II, W. R. Jackson, C. Choi, and W. R. Bergmark, J. Phys. Ch

89, 294 ~1985!.
34B. A. Smith, in Photophysical and Photochemical Tools in Polymer S

ence, edited by M. A. Winnik, NATO ASI Series~D. Reidel, Dordrecht,
1986!, pp. 397–406.

35A. U. Acuña, J. Gonza´lez-Rodrı´guez, M. P. Lillo, and K. R. Naqvi, Bio-
phys. Chem.26, 63 ~1987!.

36C. R. Mateo, M. P. Lillo, J. Gonza´lez-Rodrı´guez, and A. U. Acun˜a, Eur.
Biophys. J.20, 41 ~1993!.

37J. E. Rabek, inExperimental Methods in Polymer Chemistry~Wiley, New
York, 1980!, pp. 123–140.
660 J. Appl. Phys., Vol. 83, No. 2, 15 January 1998

Downloaded 24 Feb 2010 to 161.111.180.191. Redistribution subject to A
r

r

.

m.

38Tables of Experimental Dipole Moments, edited by A. L. McClellan~Free-
man, San Francisco, 1963!.

39K. H. Drexhage, inDye Lasers, 3rd ed., edited by F. P. Scha¨fer, Topics
Appl. Phys., Vol. 1~Springer, Berlin, 1990!, pp. 155–200.
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