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Abstract 

This work presents results for the temperature dependence: of the photobleaching reactions ofF1uorescein dissolved in poly( vinyl alcohol ) 
( PVA) irradiated by a continuous I SO W Hg high pt-CSSUI-e arc: lamp. We observed that the photobleaching pr-ocexs efficiency is dependent 

on: lamp power. dye concentration and temperature. ,i\lthough the photobleaching processes can only be described by a single-exponential 
function for lower concentration samples. a biphasic model must be employed for intermediate concentrations, resulting in one slower and 

one faster proce~ex. while. for higher concentration samples, e\zn multiple-exponential functions are unable to tit the experimental data. This 

complex behavior is probably due to the co-existence of many differ-ent types of energy transfer and photochemical processes with different 
rate constants. Therefore, a model ba\ed on a sequential distribution of site occupation by the dye molecules in the matrix. controlled by dye- 

polymer interaction strengths. is proposed to explain the complex-exponential kinetic behavior. Moreover. photobleaching process et’ticiency 
is somewhat increased by temperature and, above the f’VA glas\ transition temperature, 7,: (350 K), it t’o1lows a first order kinetics. fitted by 

a inonrl-exponrntial l‘unctiorl. ~3 lYY8 Elsevier Science S.:2. All rights reserved. 

1. Introduction 

Photobleaching of xanthene dyes (E&in. Erythrosin. Flu- 

ores&n. Rose Bengal, etc. J in several media has been 

reviewed [ I .2], In general, it has been proposed that a pho 

tobleaching process is possible hy either rcductivc or oxida- 

tive mechanisms, and the reaction mechanism depends on 

several factors. including the presence of oxygen. the pres- 

ence and the concentration of electron-donor groups and the 

dye concentration. In the preaencc of aminex. two colorless 

leuco-photoreduction products were reported: the dihydro 

derivative ( DH,) and the cross-coupled product 12 1. 

Transient spectra obtained from flash photolysis studies 

showed that indoles and oxidable compounds were capable 

of reacting with the triplet of xanthene dyes by an electron- 

transform mechanism to form semireductive dye and oxyd- 

able radicals. which may either restore the original d\;ct or 

may undergo disproportionation lo form equal amount\ ot 

the colorless leuco-base and the original dye ) 3 ) Then. it 

seems that. whatever is the photobleaching mechanisnl. it 

should in\,olve an electron-donor species. 

Poly( vinyl alcohol) ( PVA) is a commercial polymer usu- 

ally produced by acidic or basic hydrolysis of poly( vinyl 

acetate). Its properties depend on its molecular weight and 

degree of hydrolysis. Among its possible applications. 

because of the high optical quality of its films. it can be useful 

as a support in many industrial applications, including non- 

linear optical devices [ 41. In this case. a modified material 

produced by oxidation with chromate was employed. More- 

over, in order to improve spectral sensitivity and holographic 

efficiency. these films were dyed with electron-donorsspecies 

and xanthene dyes (Eosin Y. Fluorescein. and Rose Bengal) 

14 1. Some reports indicate that, under excitation, PVA could 

itself behave as an electron donor system producing the leuco- 

form of the dye but others suggested that xanthcne-dye-doped 

PVA without an electron-donor group did not present 

photobleaching when irradiated with an Al-+ laser. within the 

time scale of their investigation [ 55 1. 

In earlier works [ 7,8 1. we reported that the fluorescence 

emission of electronically excited Fluorescein dissolved in 

PVA and some of its blends with poly( vinyl acetate) was 

dependent on the cooperative motions of the polymer chains. 

and that. its temperature-dependence was a useful property 

to Ibllow polymer and polymer blend relaxation processes. 

We also reported that Fluorescein suffers an irreversible pho- 



tobleaching process which was somewhat increased above 

the PVA glass transition temperature, TF. A photobleaching 

process is occurring even though no extrinsic electron donor 

additive had been added. 

Since the relative importance of the PVA matrix for the 

photobleaching processes of these dyes is still controversial. 

the aim of the present work is to describe a kinetic model for 

the Fluorescein photobleaching process in PVA and to study 

its dependence on some experimental parameters: lamp 

power, concentration and temperature. Using samples with 

three different compositions, we analyzed (he role of the dye 

distribution in different sites of the polymer matrix and how 

the photobleaching rate constants are affected by those 

parameters. 

2. Experimental 

Poly( vinyl alcohol) ( PVA) (Aldrich Chemical. average 

molecular weight M, = 124,000-l 86,000, 87-897: hydro- 

lyzed) was used as received. It is composed mainly of an 

atactic conformation [ 9. IO]. We determined earlier that PVA 

is a semicrystalline polymer (crystallinity degree y 40%). 

with a Ts z 350 K [ 7,&l 1 1. 

Fluorescein ( FL) (Aldrich), for microscopy, was purified 

by crystallization from a ethanolic solution. dried under vac- 

uum and stored in the dark. It was incorporated into the PVA 

film by casting an aqueous solution containing both the hom- 

opolymer and the dye on a glass plate. All the hlms prepared 

in this vvork were dried at 55°C and normal pressure and vvere 

then maintained in a desiccator under vacuum and in the dark 

until the measurements. Their thicknesses were about 58--62 

pm. The Fluorescein concentrations were delined as I. 0.1 

and 0.0 1 c/c in mass, and as reported earlier. they do not per- 

ceptively change the PVA crystallinity degree I7.13). 

Electronic absorption spectra were recorded at room ten- 

perature using a HP8542 A speclrophotometer, with a diode 

array detector. Samples were supported by a home-made 

support for polymer films. Fluorescence spectra at several 

temperatures were performed in a system described else- 

where [ 131. The temperature range of the samples was 

changed from IO to 400 K by a digital temperature controller 

(Scientitic Instruments Model 9650). The optical holder in 

the cryo-system was positioned in order to get a 90” angle 

between the incident light and the emission bearm. which 

was focused by a cylindrical lens on the entrance slit of the 

spectrometer [ I3 1. 

Photobleaching process of the dyed films were performed 

with a xenon lamp selected at 500 + 10 nm by a combination 

of cut-off and interference filters (Zeiss Jenalumar). The 

irradiance of the excitation source was monitored using a 

radiometer (Applied Physics) with asemiconductordetector. 

The fluorescence intensity was monitored at 532 nm. using a 

system described elsewhere [ 131. 

Excitation and prompt fluorescence at room temperature. 

and delayed fluorescence and phosphorescence spectra at 77 

K were performed in a PTI IS 100 (Photon Technology) 

spectrofluorimeter in the steady state mode. Delayed fluores- 

cence and phosphorescence decay curves were recorded after 

excitation with a pulsed xenon lamp. Prompt fluorescence 

decay curves were generated using nitrogen pulsed lamps. 

{electing an appropriate delay channel. A standard software 

supplied by the manufacturer was used to perform the decon- 

volution of the lamp pulse and the emission decay signal. 

3. Results and discussion 

Nortnalized absorption. excitation and prompt fluores- 

cence cpectra for FL/PVA in three compositions are shown 

in Fig. I. The fluorescence \pcctrum presents a band centered 

at 539 nm. for samples with the three concentrations. which 

can be assigned to the isolated molecule. Electronic absorp- 

tion and fluorescence emission can be compared with a pH 

6.1 and pH 8.2 aqueous solutions. respectively. leading to an 

assignment that Fluorescein in PVA is present in equilibrium 

involving the quinonoid and tnonoanionic forms in the elec- 

tronic ground state and the dianion form in the electronic 

excited state [ I4,15]. 

Excitation spectra of higher concentrated samples are blue 

shifted due to the excitonic <plitting of electronic states in 

dimcrs and higher aggregate\. suggesting a parallel orienta- 

tion of the transition dipole moments for both molecules 

forming the dimer (Fig. 1 ) [ 16-l X]. The species absorbing 

in these regions arc responsible for the fluorescence emission 

al higher wavelengths. 

Prompt fluorescence ( F) ( room temperature), delayed flu- 

orescence (F”) ( 77 K). phosphorescence (Ph) (77 K) emis- 

sion\ and excitation spectra for the three FL concentrations 

arc shown in Fig. 2. Phosphorescence and delayed fluores- 
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l;lg. 2. Excitation (solid line 1. prompt Huorescence (room temperarur~. 
~lashrd line ). delayed tluorescence (77 K. dotted line) and phoaphorewen~.e 

77 K. dabh-dotted line 1 spectra of FL in PVA in different compo>itim~\. 
I 0. I and 0.0 If4 by ma\\. 

b.:ence spectra were recorded with a 1 ms delay after the lamp 
l)ulse, in order to minimize the contribution of the prompt 
rluorescence. Both fluorescence and phosphorescence spectra 
.~re shifted toward higher wavelengths for concentrated sam- 
;)les and. in addition to the two prompt fluorescence signals. 
IWO phosphorescence signals were obtained, one at Al;, > 650 
:Im for isolated molecules and the other at h,:, > 700 nm for 
/aggregated molecules. 

Decay curves for FL/PVA prompt fluorescence emissions 
at room temperature) were deconvoluted from the lamp 

ilulse signal and fluorescence lifetimes were determined. ,4 
mono-exponential fluorescence decay curve is obtained for 
1 he dilute sample (0.0 I %) with a fluorescence lifetime value 
of 6.6 ns. which is higher than that for FL in 0.1 M KOH 
aqueous solution (Table I ) [ 19 1. A bi-exponential function 

Table I 

Emission lifetlme data for: 7 EM ( prompt Huorevxnce I, 7, hl’l (delayed Ruo- 

rewznce) and T,+~ (phosphorescence) fur FL m PVA 

Dye composition 

FL 1% 6.0 1.x I .o 
FI. 0.1’4 I .o 0.7 7.4 
FL 0.0 I ‘/r 6.6 ‘7 - -. 

“Room temperature. 

“77 K. 
7, M = 1 Y ns 1 5 I: T,,~ = O.Wms (0.1 M KOH) 151. 

is necessary to match the decay fluorescence curve for the 
0. I %. sample, and the two determined lifetime values were: 
6.0 ns. similar to the isolate molecule in the matrix and a 
shorter one. I .O ns. probably stemming from an effective self- 
quenching process [ 131. Decay curves for a 1% FL/PVA 
sample could not be fitted by multiple exponential functions. 

Delayed fluorescence spectra were only significant under 
low temperature (77 K) condition\. These low temperature, 
delayed fluorescence decays were not expected for the usual 
thermally-activated processes reported for xanthene dyes ( E- 
type process ), since at this temperature. the thermal activation 
is not enough to reach the Fluorescein singlet-triplet energy 

gap. 
In order to explain this unusual behavior, we are assuming 

that this low temperature, delayed fluorescence emission 
involves a triplet-triplet annihilation process (P-type proc- 
ess) instead of a thermally-activated mechanism (E-type 
process). Nevertheless. since the PVA matrix is below its 7’, 
in this temperature range, mobility of FL through the matrix 
must be essentially nil and, then. some type of energy transfer 
process is required which could be either virtually static or 
involving ‘M” energy migration process [ I9 1. In addition, 
delayed fluorescence must be correlated with the micro-het- 
erogeneous distribution of dye molecules in the matrix, since 
it is observed even at low concentrations. where dimers are 
absent [ 12 J. 

It was also reported that the lif’etime for P-type delayed 
fluorescence ( T,+,“) of dyes in solutions are. theoretically, 
correlated with the phosphorescence lifetime ( T,+,) by the 
equation [ 19 ] : 

7;h.r=(l/2)TC,M. (1) 

However, this theoretical relationship is not followed by 
the FL/PVA systems, and the reason is probably related to 
the micro-heterogeneity of the material which introduces sev- 
eral different types of micro-environment for the dye mole- 
cules 1191. 

Bbttcher et al. [ 20.21 ] reported the existence of E-type 
delayed fluorescence for some dyes (including Erythrosin 
and Eosin) dissolved in polymers. at room temperature. and 
established that the diffusion controlled bimolecular triplet 
annihilation is improbable due to the restriction of triplet 
diffusion. However, since in our work. we are obtaining the 
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delayed fluorescence at low temperatures. thermally-acti- 

vated processes are rather improbable. Therefore. this unex- 

pected emission should involve a heterogeneous dye 

distribution in the matrix which allows a stochastic probabil- 

ity that some neighboring dye molecules are within an adc- 

quate distance to allow the triplet-triplet annihilation without 

diffusion. Actually. there is some experimenlal evidence that 

energy migration and transfer processes in polymer matrix 

seem to be much more complicated than in isotropic media 

I 1 2.11 I. 

These spectroscopic results show that a heterogeneous dis- 

tribution of the dye molecules in different location sites of 

the matrix is taking place. with some molecule{ more isolated 

than others and residing either in the amorphous or at the 

interface between crystalline and amorphous domains of the 

semicrystalline PVA matrix. Nevertheles\. the micro-heter- 

ogeneous distribution of the dye molecules in the sernicrys- 

talline polymer media leads to a distribution ofphotophysical 

and photochemical rate processes, without similarities with a 

homogeneous non-viscous medium [ 7.121. 

Fig. 3 shows the fluorescence spectra of FL/PVA samples 

at several temperatures. These spectra exhibit a red shift of 

their maximum on heating that is attributed to the inability of 

solvent reorientation during the lifetime of the electronic 

excited state ( I-S ns) [ 13 ] 

Fig. 3 also shows curves lhr the fluorescence intensity vs. 

temperature. These curves are dependent on the dye concen- 

tration, and, in a general description. they can be divided into 

three almost linear segments. changing their slopes at tern-- 

peratures around 130, X0-270 and 330-350 K ( Table 2). It 

is noteworthy that the slope changes at higher temperatures 

are more pronounced for the 0.0 I and 0. I % samples, exhib- 

iting a maximum fluorescence intensity at 3 IS K. Finally. at 



T> 330-350 K. we observed a pronounced decrease of’ the 

fluore\cencc intensity produced by the PVA glass transitIon 

temperature process. Similar to other systems. the tcmpcra- 

ture dependence of the iluorescence intensity can hc dih- 

cussed in terms of both photophysical and photochemical dye 

propel-tics and polymer matrix relaxation procesic\ 

[ 7,x. I2.22.14 1. 
Under steady-state conditions and in the ahacncc ot‘cithel 

added quenchers or ;I photochemical process. the Huorc~- 

cencc quantum yield, qIz,,,, of a molecule in a homogeneou\ 

medium. can be dehcrihed by a general and theoretical 

equation: 

+X, ,-[ ‘FL]‘}. (1) 

where the rate constants, k, are defined for: fluorescence emix- 

sion (k,:,,, ) ; radiationless internal conversion ( k,,,); intersyx- 

tern crossing (k,~,); quenching by collisional and Fijrstel 

mechanisms (X,,,, ) ; and triplet-triplet annihilation ( k,, , ). 

resulting in delayed fluorescence or fluorescence quenching 

[ 12.19,13]. 

Taking into account the curve for 0.0 1 % FL/PVA smple. 

the fluorescence intcnhity is almost constant from I5 to I .30 

K. suggesting that all the terms of EC]. (2). neglecting rhc 

bimolecular processcs . arc, in this temperature range. almost 

independent of the temperature. The detectable slope change’ 

at 130 K should be related to the onset of some PVA rel;l~- 

ation process involving short segments ofthe polymerchains. 

Moreover. considering that this temperature ih below 7,. and 

the matrix is \ery rigid, molecular diffusion is essentially roil 

and. then.. the most important contribution to the dccreasc 01’ 

the fluorescence intensity should be the intramolecular IntoI’- 

nal conversion processes ( k,, ) 
The other slope change is observed around X0-170 K. 

suggesting the onset of an additional polymer relaxation proc- 

ess. Since the slope is higher than at lower temperatures. :I 

new competitive photophysical pathway is taking place. 

which rise\ the tluorescence intensity signal in spite of the 

increase of‘ the temperature. The fact that this Huorcsccnctb 

intensity increase is higher for 0. I% than for 0.0 I (/; sample5 

leads to the statement that there is a decrcasc ot‘the efficiency 

of the bimolecular sell’-quenching processes. 

Following the Garrett and Gruhh IX] proposition that 

PVA is suffering a relaxation process involving segmental 

motions ot the macromolecule which are not hydrogen 

bonded. and the dependence of the fluorescence intensity on 

the concentration, we suggest that the PVA relaxation process 

occurring at 260-270 K involve\ motions of polymer chain 

segments w,ith dimensions comparable to the FL molecular 

diameter. Ii‘ the molecular diffusion induced by the polymer 

relaxation process increase5 the average distance between 

neighbor dye molecules. the dimcr configuration would be 

destroyed and the jelt-quenching process would be drasti- 

cally reduced. In the case of the 1% FL/PVA triple. 

mucromolecuIar motions are not large enough to separate the 

molecules forming high order ;I,, ~‘~~gatcs of FL and, then. the 

fluorescence intensity is still controlled by the radiationlesa- 

lenipcr;iture dependent proce\\ ( f-if. 3 ) 

The third slope change i5 oh\erved between 130-350 K 

and suhqucnt heating product\; a11 additional decrease of 

the fluoracent process. III addition, FI _ photobleaching effi- 

cicncy is strongly enhanced at temperatures higher than the 

PVA glass transition tcmpcrature I7,1 I 1. Garrett and C;t-ubb 

[ 3 I reported that the PVA glaaj transition is occurring at 

35X K for melt-cast tilms. while l’or the dried isotropic sel, it 

i\ observed at lower temperatures I 320 K). in agreement 

with Nagai and Takayanagi [ 76 I. It is also known that this 

phenomenon is occurring prel’crcntially at the amorphous 

region of‘ the polymer matrix ad involves mobility of the 

polyn~er chains produced hy the breakage 01’ the hydrogen 

bonds 1 I I 1. 

Similar to other systems, the temperature dependence of 

the fluorescence intensity can hc discussed in terms of a 

synergy effect involving polymer rcluxation and either pho- 

tophysical or photochemical pl-ocesses of the dye molecules 

in polymer matrices. The curve profile\ for fluorescence 

intensity \x. temperature should be a result 01‘ a convolution 

among photophysical processes dcpondent on concentration. 

bimolecular quenching, unimolccular rate processes and pho- 

tochemical processes decreasing the dye concentration and 

mobility of polymer chains. Some 01’ these proccs5es can be 

minimi/ed at lower concentrations. leading us to expect that 

unimolccular photophysical and photochemical processes 

must be predominant for 0.0 1% FI./PVA than for higher 

conccntra:sd samples I7,8.12.12.2-1 ] 
It also \eems evident that in anihotropic media. such as a 

semicrystalline polymer. lemperalurc variations may change 

the ‘local concentration’ ofguest molecules. leading toaggre- 

(Tation or dispersion in amorphous and interfacial sitcs. which s 
arc induced by the thermal mobility of polymer segments 

with dil’l’crcnt sizes. Then. a5 ;I consequence of the presence 

01‘ both :I local concentration distribution and a very large 

difl‘erence between the fluorescence quantum yield for both 

isolated FL molecules and their dimers. we expect a very 

complex dependence of the fluorescence intensity on the tern- 

perature. at least for T< Tg I7.ti.IZ.12.14 I. 



3.3. l?fect of irradiation intensig 

We performed some experiments in order to study the 
dependence of the bleaching rate constant on the irradiation 
energy, using the 0. I’% FL/PVA sample. The irradiation 
intensity was changed from 0.6 to 1 SO W (Fig. 4) We are 
considering that, under continuous irradiation, the rate ofFL 
bleaching is proportional to the irradiation intensity: 

d[ FL] ldt=@l;;, (3) 

where /3 is a constant, and n is a number in the range 0 2 II I I. 
Making the assumption that the initial FL concentration is 

low enough that the ability to absorb the excitation light is 
governed by Beer’s law, the fluorescence intensity should be 
proportional to the number of FL molecules in the electronic 
ground state. and then Eq. ( 3) can be rewritten as: 

d[l,,]/dt=@l;;. (4) 

where: I,., is the fluorescence intensity, and n can be deter- 
mined by fitting the experimental curve protile. 

Experimental curves for the time dependence of Huores- 
cence intensity, assuming that the fluorescence intensity is 
proportional to the FL concentration in the electronic ground 
state, for several irradiation intensities, at T=300 K, are 
shown in Fig. 4. The first derivative of the experimental 
curves can be matched assuming that II = I in Eq. ( 4 ). There- 
fore. for samples in concentration range around 0. I % FL or 
lower, the light absorption is a linear optical proceja in agree- 
ment with Beer’s law. 

We have already demonstrated that: ( I ) FL photobleach- 
ing is the most important cause of the drop of the fluorescence 
intensity at higher temperatures; (2) the absorption process 
is governed by Beer’s law, and, (3) FL fluorescence intensity 
is considered proportional to the dye concentration in its 
electronic ground state. Then: 

d[l,:,.]/dt=-k,[FL]. (5) 

where I,;, is the fluorescence intensity; k,. is the photobleach- 
ing rate constant: and [FL ] is the concentration of the dye in 
the electronic ground state. 

E:xperimental plots for the time dependence of the tluores- 
cence intensity, for several temperatures, are shown in Fig. 5 
(left side ), The photobleaching rate constants can be deter- 
mined matching a multi-exponential kinetic model to the 
experimental data: 

Z,,(r)=C+CB,exp (-k,t). (6) 

where C is an arbitrary constant; B, is a pre-exponential factor 
for the ith component; and ki is the photobleaching rate con- 
stant for the ith component. 

The photobleaching curves for the time dependence of the 
fluorescence intensity for the 0.01% FL/PVA sample is best 

expressed by a mono-exponential function, in all temperature 
ranges. On the other hand, a bi-exponential function must be 
used to match the experimental curve profiles for the 0. I c/c 
FLiPVA sample. In this case, two photobleaching rate con- 
stants were determined. named k, (slower process) and k, 
(faster process). The associated pre-exponential factors, B,, 
in this case, should be considered as weighting factors for 
both slower and faster rate constants and. interestingly. they 
present a temperature dependence: while the pre-exponential 
factor B, (for the faster process) is predominant at higher 
temperatures, the opposite is observed at lower temperatures, 
where the slower process. B,, becomes more important. As 
an example. at 260 K: B, = 0.60 and B, = 0.40. 

The photobleaching curbes for I% FL sample exhibit an 
unusual curve profile which cannot be fitted by any multi- 
exponential function ( Fig. 5 ). In a general description, there 
is an initial increase of the Huorescence signal upon irradia- 
tion; followed by a subsequent fluorescence decrease. Those 
curves present an exponential-like behavior after a very long 
irradiation period. This unusual behavior can be interpreted, 
taking into account that dye molecules in higher concentra- 
tion samples are partitioned into isolated, dimeric and higher 
order aggregates (see the excitation and fluorescence spectra 
in Figs. 1 and 2), and their total fluorescence intensity are a 
convolution of the fluorescence quantum yields which are 
lower for dimers and aggregates than for the isolated mole- 
cule. As the photobleaching process develops. the corre- 
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rate 

,pondmg fluorescence intensity increases because thcrelativc 

iunount of dimers and higher order aggregate5 diminish. 

From the above results, we concluded that the faster pho- 

lobleaching processe\ are occurring with one molecule 

I)elonging to the dimer leading to a decrease in concentration 

‘md. in a first instant. to an increase in the net fluorescence 

Intensity. When phorohleaching of the isolated molecules 

:akes place. the usual kinetic behavior is dominant, and the 

i*xperimental curves can be fitted by a bi-exponential 

I’unction. 

In general. the requirement for a bi-exponential function 

ior the kinetic description of any process in a polymer matrix 

c:an be interpreted by the presence of at least two different 

\orption sites for the guest molecules, where the sorbed dye 

molecules should assume different spectroscopic. photo- 

physical and photochemical properties [ 27-X)]. 

Using the calculated rate constant values, and, based on 

the Arrhenius equation for the temperature dependence ofthe 

rate constants, the apparent activation energy for the photo- 

bleaching process can be determined: 

In /(=ln,/-- E,, 
RT 

(7) 

where A is a frequency factor, and 15, is an apparent activation 

energy. 

While a single value for the apparent activation energy 

(20.7 kJ molt ’ ) is obtained for the 0.0 1% FL/PVA sample, 

for the 0. I % sample. two different values were determined. 

In addition. while the Arrhenius plot t Fig. 5. right side ) for 

the faster rate constant shows twto linear segments. with dif- 

ferent slopes. with a well-defined break point at 342 K. the 

slower rate constant follows a single linear dependence on 



temperature. Calculated values for apparent activation cner- 

gies for both linear segments were 20.9 kJ mot ’ I’or the 

lower and 7.0 kJ mol ’ for- the higher temperature rqions. 

respectively. 

It i\ remarkubte that the same value 1Or activation cne~-gy 

for both the tower tcmpcrature region of the Arrhenius’ plot 

for 0. I and 0.01% FL/PVA samples (20.0 kJ mol ’ ) were 

obtained. This result suggests that the slo~\er photohlcaching 

process i5 occurring Lvith isolated FL ~~~olccules. all ot’them 

interacting with PVA chain5 in the s;ltnc day and located iti 

sites submitted to similar restraints produced by the matrix. 

Since :I biphasic kinetic tnodcl must be used to fit the pho- 

tobleaching proccs’, for the 0. I’2 FL/PVA sample. :uld ;I 

faster photohlcachir~g process takes place. an additioual type 

of location situ tnust he ;l\ailablc for dye molc’cuI~~~. which 

is able to accotvrnoJate ditner forms of the dye. 

According to these resutth. we rnu>t conxider two diI‘li:rcnt 

types of‘mcchanistns: one for the isolated molecules ;rnd othct 

allowing dye-dye interactions. It is notc\\r)rthy that both of‘ 

them are occurring in the absence 01‘ singlet oxyvn. hince 

our experiment\ were pcrl’ormcd under \ XLIUIN ( = IO ’ 

mtnHg ) and with continuous pumping. Since dye molecule\ 

are isolated in lower concentration s:unplc\. the mo\t proba- 

ble photobleaching mechanism would not involve 13-D inter- 

action. Following the statement propo\cd by l.eclcrc et aI. 

[ 5 1. we suggest that PVA itself is acting a\ :III electron-donor 

system and the production 01‘ the leuco-l’or~n 01‘ the dy is ;I 

consequence of the electron-transfer procc\s f‘rom the OWII 

polymer matrix. since no other electron-donor addiG\ c was 

incorporated into the system. Thcrcl’ore. thi\ +ould be the 

tnost important contribution to the slow rate photoblcaching 

process. 

On the other hand. the additional faster photobleachinf 

process for higher concentration samples. 0 I and I Cc should 

invc)l\ e a dye-dye ( II-D) interaction and the primary proccs~ 

could bc the production 01’ scm-reduced ( K I and \cm-oxi- 

dired ( X ) radicals 1 2 ] Son g et al. 13 1 1 pro\ idcd direct 

photophysical evidence that. although the quantum yield f’o~ 

the FL triplet state is very ma11. its Ion g lil’ctimeh pro\/idcs 

for a significant accumulation of‘ long-lived triplet excitod- 

state molecule\. leading to the formation of’the \cmi-oxidized 

and of’semi-reduced radical forms through triplet--triplet and 

triplet-ground state reactions. They also sbowcd that the 

probability ofthe D D reaction incre:lhe\ for f-1. immobiti/cd 

in a subaato due to the dccrcase of the intermolecular dis- 

tance. Moreover. ground state FL molecule\ can he razovercd 

by dil‘l’ercnt quenchin? mechanisms. such as triplet-triplet 

annihilation. triplet Iquenching by ground state tmlcculc~ ot 

by \emi-oxidized and semi-reduced radical\. They alw 

a\sumcd that the deviation from a single-e~ponenti;ll photo- 

bleaching beha~iorwascaused by the~~r(~xi~71it~-induccd trip- 

let-triplet and triplet-ground state dye ( II&D mechani~nl ) 

reactions. 

In the present work. we obtained several evidence\ that the 

D-D mechanism for the photobleaching pt-occsses becomes 

important for concentrated FL/PVA utmpIc\: ( I ) the pres- 

ence of a low temperature. delayed fluorescence ascribed to 

triplet-triplet annihilation; (2) the presence of’ a 

phosphorescence emission indicating that there is a signifi- 

cant population of triplet state: (3 ) B short-lived fluorescence 

species due to a self-quenching processes; (4) hi-exponential 

photobleaching processes l’or higher concentration samples. 

As indicated earlier. the photobleaching rate constant for 

the I’aster process 4iow5 two tincar segments \hith a intersec- 

tion at 3d1 K. This tempcraturc corresponds to the PVA glass 

transition [ I I.33 ] indicating that the thermally induced 

motions of the polymer matrix affct both photophysicul and 

photochemical propcrtics of‘ the t (yucst motecutc>. Below 7,. 

the 4tt’ric constrains inhibited an efficient distribution 01‘ the 

radiant energy that WI\ absorbed by the syaem and photo- 

physical pathways for deactivation are relatively more impor- 

tiittt. A5 ;I consequence. any excess energy cannot he 

ctnptoycd by other molecutcs. On the other hand. above: 7,,. 

the polymeric mcdiurn behaLes as a thermally viscou\ hath. 

rcdistrihuting the cncrgy :111d increasing the average energy 

v;duc\ of the FL moleculc~. Additionally. abwc the gtas\ 

tt-ansition. there is :I dramatic increase in the polymer f’ree- 

\~lume. allowing dif’f’usion 01‘ FL molecules to distance\ 

greater than their own radius. Consequently. after the glass 

tran\ition. there is a remar-kahle increase of all non-fluore\- 

cent processcc. including ptlotobleaching, internal conver- 

sion. iriterxystem crossing and bimolecular diffu\ional 

quenching. 

Moreover, if’ the material is above its gta5s tranGtion. the 

polymeric matrix sites tend to equalize their propertie\. and 

the time dependence of’the\e properties can bc described by 

;I sit@ exponential function. a\ in a viscous homogeneous 

medium [ 33.3134 1. 

4. Conclusions 

PVA dyed with Fluorcscein <how/s tluoresccnce spectra 

dependent on the concentration and on the temperature. Spec- 

tra I’or low concentration samples are characteristic ot‘isolated 

molecules, being composed ot‘ prompt and delayed fluorcs- 

cence and phosphorescence components. mainly at Iow tetn- 

peratures. The\e sample\ atso exhibited photobleachin~ 

which becomes more important at higher temperatures. It is 

noteworthy that the photobleaching rate is only significant at 

temperatures higher than 2X0 K. in agreetncnt with the dcple- 

tion of‘ the fluorevzence intensities ( Fig. 3 ), 

Kinetic description of photophysical or photochemical 

proces5ek can be perfortned by a mono-exponential function. 

Single value\ iiv photophyhical lifetime processes and a sin- 

flc rate constant li)r the ph~)tobleachinF process wet-e detcr- 

mined. Nevertheless. the kinetic description f’or eithet 

fluorcsccncc lil‘ctitne or photoblcaching processes can only 

be carried out using hi-cxponcntiat f‘unctions. III thi\ C;ISC. 

two rate constants were determined: the slower one related 

to the bleaching of isolated dye molecule\ and a t’aster one 

involving interaction between two neighbor dye molecules. 



‘Therefore. a heterogeneous distribution of dye molecules 

I)ccurs in this semicrystalline medium. with some dye tnole- 

cules tnore isolated by the macromolecules undet-going the 

<low bleaching process and others being bleached more rap- 

1d1y due to D-D interaction\. For the most isolated molecules. 

the bleaching tnechanistn probably involves an electron tran5- 

Cer step from the polymer matrix to the dye molecules. since 

the system docs not contain any extrinsic electron-donot 

.tdditive. 

Temperature dependence of the fluorescence intensity c;tn 

be described by three linear segments with different slopes 

,.tnd with intersections at temperatures related to the polymet 

i-claxation procases. Finally. we showed that both photo- 

Dhysical and photochetnical rate constant5 are strongly 

(dependent on the cooperative motions ofpolymerchains and. 

itsing these dye properties. WC were able to dctertninc (en- 

neratures I‘or WA relaxation processes in agreement with 

l:hose determined by other techniques. 
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