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Spectroscopic properties of Na-fluorescein in polyacrylic acid films 
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A~tract 

Na-fltmre~cin (NaF). when embedded in thin polyacrylic acid (PAA) films, .',shows a single ab~rption band Faking az 444 nm mid 
emission band peaking at 505 rim. The quamnm yield of fluorescence (Qt) of the NaF/PAA film is 0.65. These specn'escop~c pooper'des of 
NaF in PAA films can be attributed to the existence of a neutral zwittefionic form of NaF with a small percentage of a cationic form of NaF 
within the PAA film. © 1997 Elsevier Science S.A. 
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i, Introduction 

Na-fluorescein (NaF) is a well-known laser dye belonging 
to the xanthene ~fies [ I ] whose molecularstrueture is shown 
in Fig, I. It is also used as a solar energy concentrator [2,3]. 
Fluorescein derivatives are used as protein tag~; they have 
the same spectroscopic properties as that of the parent com- 
pound with the addit~eital capability of binding covalently to 
proteins [4]. The understanding of the basic photophysicai 
properties of these dyes is very important for their use in 
various applications. As a continuation of our study on laser 
dyes and thin film dye lasers [5-9], NaF was em~dded in 
polyacrylic acid (PAA) thin films (thickness, 35 p.m) by 
casting an a quartz plate from a solution of NaF/PAA in 
methanol (McOH). The spectroscopic properties shown by 
NaF in PAA films are different from those of NaF in PAA/ 
Me'OH and NaF in MeOH. The properfiesofNaF/PAA films, 
e,g. the large Stuke's shift (61 am) and moderate fluores- 
cence quantum yield (0.65), are useful for applications as 
lasing media in thin film dye lasers. To understand this dif- 
ferent behaviour of NaF in PAA films, a detailed spectro- 
scopic study of NaF was undertaken. As the changes in the 
spectroscopic properties of NaF in PAA films am the result 
of the solidification of the NaF/PAA/MeOH solution, the 
factors which change during the solidification, such as the 
concentration of PAA, viscosity and pH of the solution, are 
thought to be responsible for these changes. Therefore. we 
studied the influence of these factors separately on the spec- 
troscopic properties of NaF. From these studies, it was shown 
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Fig. I. Molecul~ stmc't'aRs. 

that the changes in pH of the solution during solidification 
arc mainly responsible for the observed spectroscopic prop 
cities of NaF in PAA films, 

2. Experimental details 

The purity oflas~ grade NaF (Lambda PhysikComoavy) 
was tested by UV-visibl, and IR specuozcopy and thin layer 
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chromatography. A Milto,~ Roy (model !201 ) spectropho- 
tometer was used for absorp:ion measurements. The extinc- 
tion coefficient of NaF was obtained from absorption 
measurements in MeOH (reproducible to within + 5% of the 
~ported value [10]). PAA (average molecular weight, 
250 000) was obtained from Aldrich Chemical Company. 
Spectroscopic grade MeOH was obtained from Merck 
(India). Films of P~A/MeOH were cast by dissolving the 
desired amount of polymer in MeOH and pouring the film- 
forming soMtion onto a horizontal quartz plate. The solvent 
was allowed to evaporate by air drying at room temperature 
(RT) (25 ~C). The transparency of the films was initially 
tested by transmission measurements in the 230-650 nm 
region (about 90% transparency ). Films of NaF in PAA were 
prepared froma solution of NaF/PAA/MeOH containing the 
desired coucentration of NaF (9.7 × 10- ~ mol 1- ' )  and 400 
mg of PAA in i0 ml of solution (pH 3.0+0.3). Films were 
cast by solvent evaporation at RT as described above [ I I ]. 

NaF/PAA filmswere subjected toabsolptiou, fluorescence 
and fiuorescence quant,,m yield measurements. The fluores- 
cence spectra of NaF/PAA films were recorded on a fluorom- 
etcr with excitation/emission grating monochromators of 
0.2 m. These measurements were also made for NaFIPAA/ 
MeOH and NaF/MeOH solutions at the same concentration. 
The fluorescence quantum yields (Qf) of NaFtPAA films 
were measured using the front surface excitation/emission 
geomeh-y. Nag in McOH (basic) with a Qf value of 0.93 
[ 12] was used as a standard in a 0.25 cm path length cuvette. 
The concentrations of the sample and reference were kept 
very high such that 99% of the excitation light was absorbed. 
The fluorescence spectra of the sample and reference were 
scanned by excitation at wavelengths of 430 nm and 480 nm 
respectively. The recorded emission spectra were corrected 
for the photomultiptier and monochromator sensitivity and 
for the refractive index. The absorbed intensity spectra were 
obtained by overlapping the excitation and absorption 
spectra. The areas under the emission and absorbed intensity 
spectra were used to calculate Qv 

The fluorescence quantum yields of NaF and Nag/PAA in 
MeOH at various pH values were measured using transverse 
excitation/emission in dilute solutions (optical density 
(OD) of less than 0,l in a I cm cuvette). HaF in MeOH 
(basic) was used as a reference [ 12]. The fluorescence spec- 
tra of" the sample and the reference were recorded for the 
measurement of the Qr values as described above. 

During solidification of the NaFIPAA/MeOH solution, 
various factors, such as the concentration of PAA with respect 
to MeOI-I, viscosity, and pH, change simultaneously. To 
understand the effect of each factor on the spectroscopic 
properties of NaF, the following experiments were 
performed. 

2.1. Effect of  PAA com'entration 

Various solutions of NaF/PAA/McOH were prepared by 
kegping the concentration of NaF fixed (9.7 x 10 -5 tool !-  l ) 

and varying the concentration of PAA from 360 mg to 
900 mg in 10 ml of solution. This is the highest limiting 
concentration possible practically. All solutions containing 
various concentrations of PAA showed a pH value of 
30:i:O.3. These solutions were subjected to absorption/ 
fluorescence measurements. 

ZZ Effect of viscosity 

An NaF/glycerol solution was used containing a fixed 
concentration of Nag (9.7× t0 -s tool 1 -~ ) at pH 3.0. The 
appropriate pH of the solution was obtained using a drop of 
0.1NHCI. 

2.3, Effect of  # t  

As PAA is a mild acid and an increasing concentration of 
PAA with respect to MeOH on solidification is thought to 
lead to a decrease in pH (more acidic), various solutions 
containing a fixed concentration ofl'laF (9.7 × 10- 5 mol 1- i ) 
and PAA (400 mg in 10 mi) were prepared with pH values 
in the range 3.0-1.6 using HCI. These NaF/PAA/MeOH 
solutions were subjected to spectroscopic studies. 

3. Results and discussion 

Fig+ 2 shows the absorp6on spectra of an NaF/PAA thin 
film and the NaF/PAA/MeOH solution from which it was 
cast. On the same plot, the absorption spectrum of Hal:/ 
MeOH (pH 3.0) containing the stone amount of Nag is also 
shown. From Fig. 2, it is clear that Nag in the PAA film 
shows one sharp absorption hand with a peak at 444 nm, 
whereas NaF in PAA/MeOH solution shows an absorption 
spectrum with peaks at 481,452 and 273 nm. The spectrum 
of the NaF/McOH solution also shows thcsc three peaks. 

The appearance of various peaks in the spec~m of NaF 
in MeOH solution (pH 3.0) cml be understood if it is assumed 

0.90 

~ 0,23 
~0.5J 

n.~ 

0-11 

200 

.+. N~tmethon~ (p~).0) 
-- t4oVli~,A Vi~ 

: - o -  H~" /m l~e ,M/PAA CpH~ 30)  

300 tOO SO0 ¢~0 
Wav~eng~ 0m',| 

Fig. 2. Absm-ption spcc~'~ of NaF in PAA film, PAA/McOH and McoH 
solution. 
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that various forms of NaF are present, as reported previously 
[ 13-20]. These forms, e.g. cation, neutral (lactoue, zwitter- 
ion and quinone), anion and dianion, are shown in Fig. i. As 
reported by Martin and Lindqvist [ 14] and Sjoback et at. 
[20], at pH 3.0, the most probable species is the neutral form 
of NaF. There are three types of neutral species, namely the 
quinone, zwitteriou and lactone, absorbing at 481 nm (qui- 
none), 452 am (zwitterion) and 2"/3 nm (iactoue). Hence 
the three absorption hams in the spectra of NaF/PAA/ 
MeOH and NaF/MeOH soluti~,,~ (Fig. 2) can be attributed 
to these three neutral species. As shown in Fig. 2, it is clear 
that, on solidification of the NaF/PAA/MeOH solution, the 
species present absorbs in the 444 nm region. 

Fig. 3 showstbe fluorescence spectra of the NaF/PAA film 
and the NaF/PAA/MeOH solution from which it was cast. 
The fluorescence spectrum of NaF/MeOH (pH 3.0) is also 
given. These spectra show two major overlapping bands 
peaking at 510 and 540 rim. There is a small shoulder at473 
nm. In the N # / P A A  film, the 505 nm fluorescence peak is 
more intense than the 540 nm peak (intensity ratio, 1.73), 
whereas in NaF/PAA/MeOH and NaF/MeOH solutions the 
two peak intensities are comparable. The solution spectra 
resemble the emission spectrum of &e monoaniouic species 
of NaF reported previously [ 14,20]. As pointed nut by Sin- 
back et al. [20], this is due to the conversion of the cationic 
or neutral species [o the monoanionic species in the excited 
state, which subsequently decays with its characteristic 
fluorescence bands. This can be expressed as 

)* * - , 

(E l i *  . . . . .  > {FR ~ . . . . . .  > {E l i  } 
3 2 

l! 1 1 
(FB + 1< . . . . .  > ( R I )  < . . . . . .  > ( F I - I ' )  

3 2 

Table I 
Specno~opic propertie~ ,ff NaY in PAA film. PAA/MeOH a,~ M¢O~ 
solution 

Sample a, f,m) -~-r (Rm) Q: 

NaF/M¢OH 273 473 0.20 
4~2 510 
481 540 

N~d:tPAAiMeOH 273 473 0.20 
4-52 5[0 
481 

N~F/PAA film 444 473 O.&'~ 
505 
549 

Unc~llainty: ,~ffAf ( ± Inm)'- Qf ( +O.I ). 

whcre Fl-l~', FH2 and FH- are ~ cationic, neutral E~I n-~- 
oanionic species of NaF respectively. Tim asmfisk dennis  
the excited state. 

The small contribution at473 nm is d~e to an tmi6emified 
species (higher cationic) as suggested by Sjoback ~ al. [ 20]. 
The quantum yields (Qr) calculated are shown in Table I, 
together with the other absorptiontfluo~scence data of N ~  
in PAA films, PAA/MeOH and MeOH solution. " l ~  Qr 
values are abot:.t 0.20-0.22 for NaF in PAA/MeOH or MeOH 
solution. However, the Qf value measur~ foe Ih¢ NaFtPAA 
fil m is 0.65. i n order to understand the increase in the Qf vah~ 
on solidificatien and the species responsible for this beha'~- 
lout, the effect of various factors, which might chtmge on 
solidification, on the spectroscopic prolx~ties was stmtied. 

3.1. Effect of FAA concen!ration 

Fig. 4 show.'; the absorptio,~/fiuorescence specWa of 
NaF/PAA / MeOH solution at various cor, ccntrafions of PAA 
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Fig. 4. Absorption/fluorescence spectra of Na,FIPAAIMeOH soluliol~s at various PAA concentrations. 

but a~ fixed N ~ .  It can be seen that, as the concentration of 
P,~A is increased, the shorter wavelength absorption peak 
(corresponding to the zwittedonic species) increases signif- 
icantly relative to the longer wavelength absorption peak 
(corresponding to the quinoid form). Hence an increasing 
co~,:zntration of PAA in solution helps to increase the corz.- 
centration of th~ neutral zwitterionic species relative to the 
quinoid species. The quorescenee spectra show the presence 
of both peaks (510 and 540 nm) for all the studied concen- 
trations of PAA in solution, with a slight red shift of the 
loflger wavelength emission band with increasing eoncenir~- 
lion. These fluorescence spectra resemble the fluorescence 
spectrum of the monoa~fionic species. This shows that a 
change in PAA concentration may be effective in increasing 
the concentration of the neutral zwkterionic species relative 
t~ the other neutral species. 

3.2. Effect of viscosity 

The effect of the vi~osity on the absorption/fluorescence 
spectra w ~  studied by preparing a solution of NaFfglycerol 
at pH 3.0 with the same concentral.io,1 of NaF LtS that in the 
NaF/PAA/MeOH solution used for the preparation of the 
films. Fig. 5 shows the absorption/fluorescence spectra of 
NaFlglyceroi at pH 3.0, together with the spectra of the NaF/ 
PAA/MeOH solution containing the same concentration of 
NaF. It can be seen that the absorption, spectrum of NaF/ 
glycerol ~hows two peaks corresponding to the zwitterionic 
(454.6 nm) and quinoid (481.6 nm) species with nearly the 
same absorbanee values. Howe ver, in the NaF/PAA / MeOH 
solution, the absorption peak of the zwitterionic species (452 
nm) is stronger than the Longer wavelength peak correspond- 
ing to the quinoid species. The fluoresce nee spectrum of NaP/ 
glycerol shows two peaks, one at 510 nm and the other at 530 
nm, with equal intensities. "me fluorescence spectra of NaP/ 
glycerol (pH 3) and NaFtPAAIMeOH (pH 3) are almost 
comparable, except for the slight blue shift of the longer 

wavelength peak in NaF/glyceral. The Qf value of NaF/ 
glycerol (pH 3) is about 0.2, i.e. similar to that of the NaF/ 
PAA/MeOH (pH 3.0) solution. From these studies, it can 
be concluded that the viscosity is not responsible for the 
changes in the spectroscopic properties of NaF in PAA films. 

3.3. Effect of pH 

NaF/PAA/MeOH solutions containing the same amounts 
of PAA and NaF as that of the NaF/PAA/MeOH {pH 3.0) 
solution used for the preparation of the NaF/PAA films were 
prepared with pH values in th ,~ range 3.O--1.6 by the addition 
of ttCI. As PAA is acidic, an increasing concentration of 
PAA with respect to MeOH. on solidification, is thought to 
reduce the pH of the solution. Fig. 6 shows the absorption 
spectra of the NaF/PAA/MeOH solu',ion at various pH val- 
ues. With decreasing pH of the solution, the zwitterionic 
ab~rptiun band shifts slightly to the blue (452 nm 4 4 4 7  
nm). As the pH i:~ decreased, there is an increase in the 
abso~tion band peaking at 447 nm and a decrease in the 
ab~rption band peaking at 2?3 rim. In addition, the ratio of 
absorbance of the 447 nm peak to the 481 nm peak increases 
as the pH of the solution is decreased, showing that there is 
an increase in the concentration of the zwitterionic species 
relative to the other neutral species. A similar hehaviour is 
also observed tn NaF/MeOH solution. The fluorescence 
spectra of the NaF/PAA/MeOH solution at various pH val- 
ues were also scanned. No change in emission wavelength 
with pH v.,as observed, althc~k~h the contribution of the band 
peaking at 5 IO nm increased relative to the 54Onto band with 
decreasing pH of the solution ( ratio of the fluorescence inten- 
sity at 510 nm to thdt at 540 nrn increased from t.1 to 1.3 as 
t.h,e pH of the solution was changed from 3.0 to 1.60). The 
Qr values show no change with changing pH of the solution. 

From these observations, it is cle,'u" that the, change in pH 
is, by and large, responsible for the increasing ab:iorbance at 
shorter wavelength (444 nm) re[arty: o the other absorption 
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Fig, 5. Absorption/fluorescence spectra of NaF/PAA/MeOH solution (pH 3 } and N:~/glycerol solution ( p H  3). 

peaks, i.e. at 481 and 273 nm. in addition, a change in pH 
results in a greater fluorescence intensity at 510 nm compared 
with that at 540 rim, as ob~rved in the NaF/PAA film. If 
earlier reports on the various forra~, of NaF a~e considered 
[ 14-20], ~,e can infer that the neuh-,q] zwiucriouie and cati- 
onic species of N ~  are responsible for the absorption at 
rim. At pH 3.0, most of the contribution at 444 am is due to 
the neutral form of NaF, but as the pH is decre.,ased there is 
some contribmion from the cationic species. 

In solutions of NaF/PAA/MeOH and NaF/MeOH m the 
various pH values studied, the Qr value remains almost 
unchanged. This obsen'ation agrees with earlier repor|s 
[ 14,20] and with the above-mentioned scheme of con eersion 
of one form of NaF to another. In solution, the conversion/ 
decay scheme does not end with the monoanion, and |bert is 
the possibility of conversion to the dianion, in the NaF/PAA 
film, once the NaF molecules are separated in the micro- 
domains, as suggested by .Fones and Rcheman [21,22], the 
possibility of conversion to another species is reduced. Hance 
the conversion 

Q ,g 
Ic 2c 

~( : :~ t lon~*  . . . . .  • ( i ~ l ~ t e ~ l c n ,  neotral)* . . . . . .  • ( ~ o n o a m l o n )  ¢ 
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(Ca|ton} ..... ~ (~tC~erton, neutral) ...... • Cmonoanlon) 

and 

Q~( N aF/PAA film ) 

( 1 - or)QzeQr. . . . . .  ioa+ aQ,cO:~Qc . . . . .  ~oa 

takes place, so that emission is observed from monoanionic 
NaF (in the pH range 3.0-1.6, no possibility oflhe dianion). 
in the above equation, a is the fraction of cationic absorbing 
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~ O.~l 

0.11 
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Fig. 6- Absorptionlfluoresce~e spectra of NaF/PAA/MeO[I solutions a¢ 
various pH vaiues. 

species relative to zwittefionic species. From the Qf value of 
the NaF/PAA film, we can infer |hal the Qe v a l ~  o f  the 
monoanion must be very high. in addition, the court,okra 
coefficient (Q~)  of (zwinerio~)* - ,  (monoanion)* mus~" 
very high (close ~o unity). Moreover, cation fo~adou mast 

fairly low ( a  very small) relative to the formation of the 
neutral zw,;terionic species. Otbe~ise a moder~e vah~ 
of  Qt in the NaF/PAA film would noc be observed. This 
is because (cat ion)*~izwih' .~don)*~(monoanion) * 
reduces the conversion yield 

Qc- , ~  ~ Q,cQ2c 

Hence most of the species cona'ibudng to the 444 nm band 
are the neutral zwitterionic species ofNaFin NaF/PAA films. 
Some conWl~dou from the cation leads to a modera~ voice 
ofQf. lfcatiouic species were absent, ahigber Qf value would 
have been observed in NaF/PAA films. i 
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4. Conclm~ons 

The NaF/PAA film shows a single absorption band peak- 
ing at 444 nm, an emission band peaking at 505 nm with a 
shoulder at 540 nm and a moderate Qr value of 0.65. These 
properties are ata'ibuted to the existence oft.he neutral zwit- 
terionic species of NaF in large concentration, with a small 
con~batio~ of the cationic species, in NaFIPAA films. These 
properties :tre verj useful for applications as lasing media in 
dye lasers. 
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