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Abstract 

The absorption cross-section spectra, stimulated emission cross-section spectra, fluorescence quantum yields and degrees of fluorescence 
polarisation of the dyes rhodamine 6G and oxazine 750 in porous silicate sol-gel glasses and in methanol are determined. Gelsil glasses of 
2.5 nm, 5 nm, and 7.5 nm pore diameter are studied. For the investigated pore size range the absorption and emission spectroscopic parameters 
are independent of the pore size. Some concentration dependent effects are observed on the Gelsil glass fluorescence spectra due to 
chemisorption and physisorption. 0 1997 Elsevier Science S.A. 
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1. Introduction 

Dye-doped sol-gel glasses are used as laser media [ 1,2], 
non-linear optical materials [ 3,4] and optical sensors [ 3,4]. 
Spectroscopic studies of coloured sol-gel glasses have been 
performed [ 561. 

In this paper three silicate sol-gel glasses (Gelsil from 
Geltech [ 71) of average pore diameter of 2.5 nm (Gelsil25)) 
5 nm (Gelsil50)) and 7.5 nm (Gelsi175) have been doped 
with rhodamine 6G and oxazine 750. The absorption and 
emission spectroscopic behaviour of the dye-doped glasses 
is compared with methanolic solutions. The absorption and 
emission spectra, the fluorescence quantum yields, and the 
degrees of fluorescence polarisation are found to be inde- 
pendent of the pore size in the investigated range. The fluo- 
rescence studies indicate a concentration dependent change 
from chemisorption to physisorption. 

2. Experimental 

The porous silicate sol-gel glasses were purchased from 
Geltech [ 71. The porosity and density parameters are listed 
in Table 1 (from Ref. [ 71). The size of the disks was 1 cm 
diameter and 5 mm thickness. The dyes were purchased from 
Lambda Physik and used without further purification. The 
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porous glasses were doped with dye by bringing the samples 
into bottles with methanolic dye solution and putting the 
samples into an ultrasonic bath. Then the solvent was slowly 
evaporated in a heating chamber by rising the temperature to 
70 “C. Finally the temperature was increased shortly to 110 
“C to remove any water content. The samples are kept in a 
desiccator. The dye penetration rate decreases with decreas- 
ing pore size. For Gelsil 75 a homogeneous dye distribution 
was achieved after 6 h of ultrasonic shaking, for Gelsil50 an 
ultrasonic shaking of about 12 h was needed, while for Gelsil 
25 about 24 h of ultrasonic shaking resulted in a nearly homo- 
geneous dye distribution. 

The absorption cross-section spectra are determined by 
transmission measurements with a commercial spectro-pho- 
tometer (Beckman ACTA M4) The fluorescence measure- 
ments are performed with a self-assembled fluorometer [ 81 
using the front-face fluorescence collection technique. Rho- 
damine 6G in methanol is used as reference dye for the rho- 
damine 6G doped samples (fluorescence quantum yield 
&=0.90 [9] ), and rhodamine 800 in methanol is used as 
reference dye for the oxazine 750 doped samples ( & = 0.16 
[ lo] ). The degree of fluorescence polarisation of the sam- 
ples, P,= (S,, -S,) /(S,, +S,), where S,, (S,) is the fluo- 
rescence signal polarised parallel (perpendicular) to the 
excitation light, is normalised to the degree of fluorescence 
polarisation of the reference dyes. P, of the reference dyes is 
calculated from the reorientation time, TV,,, and fluorescence 
lifetime, rr, using the relation [ 1 1 ] 
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Table 1 
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Parameters of porous glasses and dye doped samples at room temperature 

Gelsil 25 Gelsil 50 G&i1 75 Methanol 

Pore diameter d,, (nm) ’ 
Porosity p a 
Density p (g cmm3) ’ 
Specific surface S (m* g ’ ) a 
Chemisorption sites Nch (g- ‘) h 
Dopand rhodamine 6G 
“a c 
%l ‘ 

C (mol dmm3) 
Nad cg-‘1 
4% 
PI. 
Trad (“S) 
TF (“S) 
7,r (ns) 
Dopand oxazine 750 
12, c 
Gil c 

C (mol dme3) 
N.d W’) 
4F 
PF 
TWd (“S) 
TF (“S) 
To, (“S) 

2.5 5.0 
0.48 0.63 
1.2 0.9 
610 580 
=4x IO” = 1.1 x 10” 

1.2284 1.1574 
1.2241 1.1569 
2x lo-” 2x 1om4 
1 x 10” 1.3 x 10” 
0.79,O.l 0.72+0.1 
0.27 kO.03 0.30 f 0.03 
5.1 5.6 
4.0 4.0 
3.9 5.0 

1.2227 
1.2221 

4.9x 1om5 
2.5 x 10’6 
0.17kO.02 
0.44 + 0.04 
7.1 
1.2 
7.3 

1.156 
1.1555 
2.5 x 1om5 
1.7x IO’” 
O.lSkO.02 
0.47 f 0.02 
7.9 
1.4 
18.3 

7.5 
= 0.7 
= 0.7 

525 

1.1267 
1.1263 
4x lo-’ 
=3.4x IO’” 

0.7 * 0.1 
0.4 1 f 0.03 
5.7 
4.0 
15 

1.1256 
1.1253 

6x 10m5 1.7x 1om5 
4x 10lh =1.5x IOn’ 
0.15+0.02 0.15*0.02 
0.47 f 0.02 0.49 f 0.03 
8.1 8.5 
1.2 1.3 
15.7 53 

2x10 J 
= 1.7 x 10” 

0.75kO.l 
0.31 kO.03 
6.0 
4.5 
6.1 

6.6X 10 -5 
=5.7x lOI 

0.15+0.02 
0.47 f 0.03 
8.6 
1.3 
17 

1.331 (’ 
1.330 * 
1 x lo-’ 

0.9 c 
0.025 
4.3 
3.9 ’ 
0.17 g 

1.3277 d 
1.3273 ’ 
1 x lo-’ 

0.15iO.02 
0.09 1 
6.6 
1.0 
0.15 

‘Ref. [7]. 
hRef. [21]. 
’ From the Clausius Mossotti relation (n’ - 1) / ( n2 + 2) = ( 1 - p) (q; - 1) /(n,: + 1) [ 22 ] , where n, is the refractive index of fused silica [ 231; n,, the average 
refractive index in the S,-S, absorption band; n,,,, the average refractive index in the S,-.S, emission band. 
“Ref. [23]. 
‘Ref. [9]. 
‘Ref. [12]. 
“Ref. [13]. 

(1) 

with P F,O = 0.5. For rhodamine 6G in methanol the used par- 
ameters are rF = 3.9 ns [ 121 and r,, = 170 ps [ 131 giving 
PF = 0.025. For rhodamine 800 in methanol the used para- 
meters are rF= 1.54 ns [ lo] and r,,= 150 ps (assumed) 
giving PF = 0.05. 

3. Results 

3. I. Absorption studies 

The absorption cross-section spectrum of rhodamine 6G 
in Gelsil75 is shown in Fig. 1 (a). The 5,-S, absorption peak 
was measured with a sample of C= 2.5 X 10m5 mol dme3 
dye concentration and the rest of the spectrum was measured 
with a sample of C= 2 X lop4 mol dme3 dye concentration. 
For comparison the absorption cross-section spectrum of rho- 
damine 6G in methanol is displayed in Fig. 1 (b) The spec- 
trum of rhodamine 6G in Gelsil 75 is slightly broader and 

400 500 600 

Wavelength h (nm) 
Fig. 1. Absorption cross-section and stimulated emission cross-section spec- 
tra of rhodamine 6G in Gelsil 75 (a) and rhodamine 6G in methanol (b). 

, theoretical thermal population curve. Low concentration data are used. 
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shifted by 10 nm to shorter wavelengths compared to the 
spectrum of rhodamine 6G in methanol (SOS, absorption 
peak at A,,, = 5 17 nm for the Gelsil sample and at A,,, = 528 
nm for the methanolic sample). The experimentally deter- 
mined S,-S, absorption cross-section integral of rhodamine 
6G in the sol-gel glass and in methanol were found to be 
roughly equal. In Fig. 1 the absorption cross-section integral 
of rhodamine 6G in sol-gel glass is made equal to the value 
of rhodamine 6G in methanol. The dotted lines indicate the 
expected long-wavelength absorption cross-section slope for 
the thermal S, ground state level population assuming a con- 
stant Franck-Condon S,-S, state overlap in the displayed 
long-wavelength region. The dotted curves are determined 
by [I41 

a,(A) =a,(h,) 
-hc,(h,‘-A-‘) 

exp 
k,a 1 

(2) 

where A0 is a reference wavelength around the zero vibronic 
So-S, transition, h is the Planck constant, c0 is the velocity of 
light in vacuum, k, is the Boltzmann constant, and 6 is the 
temperature. The experimental long-wavelength slopes fit 
well to the expected thermal slopes. The absorption cross- 
section spectra of rhodamine 6G in Gelsil 50 and Gelsil 25 
coincide with the displayed Gelsil75 curve within our exper- 
imental accuracy (no curves shown). 

The absorption cross-section spectrum of oxazine 750 in 
Gelsil75 is shown in Fig. 2(a) (So-S, absorption peak meas- 
ured with a sample of C= 2.5 X lo-” mol dm-?, other wave- 
length range measured with a sample of C= lop4 mol 
dm-“). The absorption cross-section spectrum of oxazine 
750 in methanol is displayed in Fig. 2(b) . The S,-S, absorp- 
tion cross-section integral ofthe sol-gel sample is made equal 
to the S,,S, absorption cross-section integral of the methan- 
olic sample. The spectral shapes are similar. The S,,S, 

Wavelength h (nm) 
Fig. 2. Absorption cross-section and stimulated emission cross-section spec- 
tra of oxazine 750 in Gelsil75 (a) and oxazine 750 in methanol (b) , 
theoretical thermal population curve. Low concentration data are used. 

absorption peak in the sol-gel glass sample is at 655 nm, and 
in methanol it is at 660 nm. The long-wavelength slope of 
the absorption cross-section spectrum of oxazine 750 in meth- 
anol follows the thermal population dependence of Eq. (1) 
(dotted curve). For oxazine 750 in Gelsil 75 some spectral 
broadening (inhomogeneous broadening) is observed in the 
long-wavelengthregion. The absorption cross-section spectra 
obtained for oxazine 750 in Gelsil50 and Gelsil25 are found 
to be the same as the displayed Gelsil75 spectrum within our 
experimental accuracy (curves not shown). 

3.2. Fluorescence studies 

The measured fluorescence quantum distributions, EF( A), 
for rhodamine 6G and oxazine 750 are displayed in Figs. 3 
and 4, respectively. The obtained fluorescence quantum 
yields, & = I&( A) dh, the degrees of fluorescence polaris- 
ation, P,, the radiative lifetimes, T,,~, the fluorescence life- 
times. TV = f#+~7,,~, and the molecular reorientation times, r,,,, 
are listed in Table 1. The radiative lifetimes are calculated by 
application of the Strickler-Berg formula [ 15,161 

I 
MA) dA 

1 
-=&Tc, rm 
Tvad 

I 

I 
g,A) 

-dA 
An(A) 

E,(A)A3n-‘(A) dA”h’ 

(3) 

em 

where n is the refractive index. The integrations extend over 
the S, --f S,, fluorescence region (em ) and the S, -+ S, absorp- 
tion region (abs) . The molecular reorientation times are cal- 
culated by the relation 

7,x = PFTF 
l/P,.o- l/3 
1 - PJP,,, 

(4) 

Wavelength h (nm) 
Fig. 3. Fluorescence quantum distributions of rhodamine 6G. -. 
4~ 10-5molarinGelsi175:-- -.2x 10~JmolarinGelsi175;- -,2x 10mm4 
molar in Gelsil 50: - -, 2 X 10m4 molar in Gelsil 25: ‘, I X lO-5 molar 
in methanol. 
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10.41.:’ , , ,y 
650 700 750 800 

Wavelength h (nm)’ 
Fig. 4. Fluorescence quantum distribution of oxazine 750. (a) Gelsil 75: 
-. C= 1.7X 10-j mol drn-‘; -, C=6.6~ 10.’ mol drn-‘. (b) 
Gelsil50: -, C=2.5~10~‘moldm~‘:---,C=6X10~“moldm~’. 
Cc) -. 4.9X 10m5 molar dye in Gelsil 25; ‘, 1 X lo-’ molar dye 
in methanol. 

which is obtained by rewriting Eq. ( 1). The stimulated emis- 
sion cross-section spectra are included in Figs. 1 and 2. They 
are calculated from the fluorescence quantum distribution and 
the radiative lifetime by the relation [ 171 

Fluorescence quantum distributions of rhodamine 6G are 
displayed in Fig. 3. Curves are shown for Gelsil 75 (solid 
curve, C=4X lo-’ mol dm-‘; dashedcurve, C=2X 10-j 
mol dm-3), Gelsil.50 (dash-dotted curve, C = 2 X 1 O-’ mol 
dm-‘), Gelsil 25 (double-dashed curve, C= 2 X lo-” mol 
dmm3), and methanol (dotted curve, C = 1O-5 mol dm-‘). 
The spectral shapes of the Gelsil and methanol samples are 
similar. Around the emission peak the porous glass spectra 
are slightly more structured than the methanolic spectrum. 
The Gelsil sample with the lowest dye concentration (Gelsil 
75, C=4 X IO-” mol drn-‘) gives the steepest long-wave- 
length fluorescence decay. 

The fluorescence quantum yield, $F, is somewhat lower in 
the sol-gel glasses compared to methanol. The radiative life- 
times, 7rad, are larger in the sol-gel glasses than in methanol 
because of the reduced refractive index in the porous glasses 
(Eq. (3) ) The degree of fluorescence polarisation, P,. is 
much larger in the sol-gel glasses than in the methanolic 
solution. The obtained reorientation times, T,,., are in the nan- 
osecond region. They indicate a restricted motion of the dye 
molecules by adsorption to the pore walls. The sample with 

the lowest dye concentration gives the largest degree of flu- 
orescence polarisation and the largest molecularreorientation 
time. 

Fluorescence quantum distributions, &(A), of oxazine 
750 in Gelsil 75 (a). Gelsil 50 ( b), Gelsil 25 and methanol 
(c) are displayed in Fig. 4. At low dye concentration (solid 
curves in (a) and (b) ) the fluorescence spectra of the Gelsil 
samples are sharper than the fluorescence spectrum of the 
methanolic sample. At high dye concentration (dashed 
curves in (a) and (b) ) the fluorescence spectra of the Gelsil 
samples become broadened. The shapes of the fluorescence 
spectra the of the Gelsil 25 sample were found to be site 
dependent. The spectral peak position varied in the range 
from 675 nm to 683 nm at different locations (excitation 
spotsize was approximately 0.3 mm). 

The fluorescence quantum yields, &, of oxazine 750 in 
the sol-gel glasses are similar to the fluorescence quantum 
yield of oxazine 750 in methanol. They are independent of 
pore size within our experimental accuracy. The degree of 
fluorescence polarisation of oxazine 750 in the Gelsil glasses 
is rather high (theoretical limit is PF = 0.5 for 7,, = =) 

4. Discussion 

For both dyes the pure electronic S,-S, transition wave- 
number (position where (T, and ucm are equal) is shifted 
approximately 200 cm- ’ to higher wavenumbers in the 
porous glasses compared to the methanolic samples. This 
behaviour is in agreement with a solvent induced spectral 
shift due to dispersion force interaction which is proportional 
to (n2- 1)/(2n’-t 1) [l&19]. 

The spectral shapes of the fluorescence quantum distribu- 
tions of rhodamine 6G and oxazine 750 in the porous Gelsil 
samples have been found to be concentration dependent. A 
specific pore size dependence could not be resolved. The 
specific number densities of adsorbed dye molecules [ 201, 
N,, = CN,41 ( IOOOp) (C, concentration in mol dm -‘; 
NA = 6.022045 X 10” mol. ’ is the Avogadro constant; p is 
the mass density in g cm “) of the studied samples are listed 
in Table 1. These number densities are less or comparable to 
the number densities of chemisorption sites, Nch, of the 
applied Gelsil glasses [ 2 I 1. At low dye concentration the 
most strongly binding chemisorption sites will be occupied 
leading to sharpened fluorescence spectra. With rising dye 
concentration different chemisorption sites will be occupied 
and physisorption will start to occur. The concentration 
dependent change of adsorption strength leads to increased 
inhomogeneous broadening with rising dye concentration. 

The chemisorption hinders rotational molecular motion. 
The molecular reorientation time becomes long and the 
degree of fluorescence polarisation becomes large. The 
experimental results indicate a decrease of molecular reorien- 
tation time with rising dye concentration. 



P. &thy, A. Pen~kqfer/Journal qfPhotochemist~ and Photobiology A: Chemistry 109 (1997) 53-57 57 

5. Conclusions 

A comparative absorption and emission spectroscopic 
study of two organic dyes in silicate sol-gel glasses of dif- 
ferent pore size and in methanol have been performed. Within 
the available pore diameter range from 2.5 nm to 7.5 nm no 
pore size dependence has been observed. The spectral shapes 
of the fluorescence spectra of the dye doped Gelsil glasses 
were found to be concentration dependent. They indicate at 
low dye concentration an adsorption to chemisorption sites 
of highest chemical binding, followed by adsorption to less 
strongly binding chemisorption sites and a change over to 
physisorption. 
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