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Abstract: In this paper, radiative and nonradiative energy transfer from laser dye Rhodamine (Rh 6G) as a 
donor to Oxazine 9 (Oxz 9) as an acceptor in solid polymer matrices, namely modified poly methyl methacrylate 
(MPMMA) and new solid polymer host media, modified poly glycidyl methacrylate (MPGMA) are investigated 
by using the steady-state emission measurement and energy transfer at two types of concentrations (high and 
low). The fluorescence intensity of the acceptor is improved due to the introduction of the donor in both solid 
media. Energy transfer parameters, including the radiative and nonradiative energy transfer rate constants 
(Kr and Knr), quenching and energy transfer rate constant (Ksv and KET), critical distance (Ro), and energy transfer 
efficiency are investigated using the Stern-Volmer plots. The acceptor concentration dependencies of transfer 
efficiencies and probabilities are also obtained. The values of Kr for D-A in high concentrations system are 
larger than values of Knr, in two solid media, whereas nonradiative energy transfer is predominant in low 
concentrations. The results indicate that the dominant mechanism responsible for the energy transfer in the dye 
mixture systems is of the radiative type in high concentrations, and nonradiative type in low concentrations. 
 
Keywords: Radiative and nonradiative energy transfer, Fluorescence quantum yield, Energy transfer rate 
constants, Modified poly glycidyl methacrylate (MPGMA). 
 
 
 

1. Introduction 
 

Since the mid-1980s, intensive research efforts 
have been devoted to the solidification of organic 
laser dyes, which may bring benefits such as ease of 
handling, lack of flammability, lack of toxicity and 
maintenance free as compared with liquid dye lasers 
[1-4]. A number of recent research works have been 
performed using either polymers or silica gels as 
solid-state hosts for organic dyes [5-7]. Compared to 
inorganic glasses and crystals as host, transparent 
polymers exhibit superior optical homogeneity, 
which is of interest to several laser applications. One 
such commonly used polymer material as host is poly 
methyl methacrylate (PMMA) due to its excellent 

optical transparency and high laser damage resistance 
[2]. The development of new photosensitive materials 
with optical and optoelectronic properties is a field of 
great interest at the moment, due to the wide range of 
their possible applications, high technical and 
economic importance of these materials [5, 8]. By 
doping a dye pair using an appropriate mixture of 
dyes (donor and acceptor) into the solid matrix, the 
excitation of dye lasers through energy transfer 
processes is a more convenient means of extending 
the lasing wavelength region and improving the 
output efficiency [2, 7-8]. The energy transfer can be 
nonradiative, radiative and diffusion controlled 
collision. The nonradiative energy transfer is the 
transfer of the excited state energy from a donor (D) 
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to acceptor (A) without the appearance of photon and 
is a result of dipole–dipole interaction between the 
donor and the acceptor which called Forster type. The 
rate of energy transfer depends primarily upon the 
extent of overlap of the emission spectrum of the 
donor with the absorption spectrum of the acceptor 
and the distance between these molecules [10-11] 
with nonradiative energy transfer being effective over 
distance ranging of 50 A°. The second process is 
radiative process, which depends upon other 
properties of the sample, such as size of the sample, 
container, and optical densities of the sample at the 
excitation and emission wavelengths. The third 
process of energy transfer is diffusion controlled 
collision and energy transfer, which is a nonradiative 
process occurring during the excitation lifetime of the 
donor prior to its emission as a photon, this process is 
effective over intermolecular distances [12-15]. 
Recently, most of the results have been obtained with 
the common polymer (PMMA) as a solid host for 
laser dyes [16-21, 2, 6, 8-9], and only a few results 
used PMMA media in energy transfer solid state dye 
laser [2, 7, 19, 22]; no results used the polymer 
(PGMA). In this study, we used a new polymer poly 
glycidyl methacrylate (PGMA) for a first time as a 
solid state dye laser medium. 

The energy transfer studies in a binary dye 
mixture of Rhodamine 6G as donor and Oxazine 9 as 
acceptor, in MPMMA and MPGMA, have been 
studied successively [23]. To improve the transfer 
efficiency, PMMA and PGMA were modified 
(MPMMA, MPGMA) and used as host material. In 
order to improve the solubility and avoid 
photobleaching of the dyes in the both polymers, 
dyes were dissolved in ethanol, before adding to the 
monomers. 

 
 

2. Theoretical Considerations 
 
The room temperature fluorescence quantum 

yield φf was determined using the formula [24]: 
 

2 2( )( ( ) ) / ( ( ) )f f s s s r r rr F v dv A n F v dv A nφ φ= × × × ×   

(1) 
 

where the indices s and r refer to sample and 
reference respectively, the integrals represent the 
corrected fluorescence peak areas, A is the 
absorbance at the excitation wavelength (532 nm), 
and n is the refractive index of the solvent. 
Fluorescence was collected at right angles to the 
exciting radiation. In the determination of the 
fluorescence quantum yields φf care was taken to 
keep the concentrations of all the samples at a level 
low enough to avoid reabsorption of emitted photons. 
Fluorescence quantum yields were determined 
relative to fluorescence quantum yield φr (r) of Rh 6G 
in the P(MMA:HEMA) copolemer [16]. 
Fluorescence lifetime τf is evaluated using the well-
known Strickler-Berg formula [25]: 
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where ν is the wavenumber (in cm-1), F (ν) is the 
emitted fluorescence intensity and n is the refractive 
index of the medium, ε (ν) is the extinction 
coefficient of the dye. Based on the absorption and 
emission spectra, the fluorescence lifetime is 
calculated. The fluorescence lifetimes τf and quantum 
yields φf of Rh 6G and Oxz 9 have been measured in 
MPGMA and MPMMA and listed in Table 1. 

The Critical transfer radius (Ro), was calculated 
using the following expression [14]: 
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where φf is the fluorescence quantum yield of the 
donor in the absence of the acceptor, FD (ν) is the 
spectral distribution of the fluorescence of donor 
normalized to unity, ν is the wavenumber; εA is the 
molar extinction coefficient of the acceptor; No is 
Avogadro’s number, k2 the orientation factor equal to 
2/3 for isotropic media, and n is the refractive index 
of the medium. 

 
 

Table 1. Spectral data of Rh6G and OXZ 9 in MPMMA and MPGMA. 
 

 Rh6G OXZ 9 

Spectral data MPMMA MPGMA MPMMA MPGMA 

Absorption maximum, λ(max) nm 532 533 599 605 

Extinction Coefficient (εmax), L.M-1.CM-1(105) 1.47 1.16 0.9 0.5 

Absorption Cross-section, σa (10-16) cm2 5.3 4.2 0.89 0.51 

Emission maximum, λ(max) nm 566 566 638 642 

Emission Cross-section, σe (10-16) cm2 6.4 5.12 4.3 2.16 

Fluorescence lifetimes τf  2.3 2.5 0.51 2 

Fluorescence quantum yields φf 0.6 0.8 0.11 0.3 
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Rate constant KSV and the energy transfer  

rate KET can be determined from the Stern-Volmer 
relation [24, 26]: 

 

][1 AKII SVo += , (4) 
 

odEto AKII τ][1+= , (5) 

 
where Iod is the initial intensity of the donor in the 
absence of the acceptor which gets reduced to Id in 
the presence of the acceptor, τod and τd are the donor 
lifetimes in the absence and in the presence of 
acceptor having concentration [A], respectively. The 
total transfer efficiency η, non-radiative efficiency 
ηnr, radiative efficiency ηn and the energy transfer 
probability from donor to acceptor (PDA) are given by 
the known expressions [4, 27]: 

 
)(1 odd II−=η  (6) 

 

)(1 oddnr ττη −=  (7) 
 

rnr ηηη +=  (8) 
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The emission cross-section σe was calculated 

according to a known formula [25]: 
 

ffee cnE τπϕλλλσ 24 8/)()( =  (10) 

 
And the absorption cross-section σa of the two 

dyes are calculated according to [24]: 
 

ελσ ××= −211082356.3)(a , (11) 

 
where λe is the emission wavelength; n is the 
refractive index of the solvent; c is the velocity of 
light; E (ν) is the normalized fluorescence spectrum,  
( F (ν) dν=1, ε is the molar extinction coefficient; φf 

the fluorescence quantum yield, and τf is the 
fluorescence lifetime. The values of σa and σe for 
both donor and acceptor at the excitation wavelength 
(532 nm) are listed in Table 1. 
 
 

3. Experimental Details 
 

3.1. Materials 
 

Methyl methacrylate (MMA) and Glycidyl 
methacrylate (GMA) were purchased from Aldrich. 
Both monomers were distilled before use. A thermal 
initiator N, N'-Azobis (isobutyronitrile) (AIBN), 
ethanol (99 % purity), Rhodamine 6G (laser grade) 
and Oxazine 9 (laser grade) from Fluka were 
employed as received. 

3.2. Synthesis 
 

The solid state dye doped samples of modified 
poly methyl methacrylate (MPMMA) and modified 
poly glycidyl methacrylate (MPGEMA) were 
prepared. The dye was dissolved in freshly purified 
MMA (or GMA) monomer solvent, AIBN was added 
in an appropriate concentration (3 g/L). Varying the 
dye concentration gives differently doped solid state 
samples. The solution was poured into cylindrical 
polypropylene moulds. After careful deaeration by 
bubbling dry argon, the moulds were sealed. The 
polymerization was performed in the dark at 35 oC 
for two days, 40 oC for two days and 50 oC for a 
week, Finally, the temperature was reduced in steps 
of 5 oC per day until room temperature was reached, 
and only then were the samples unmolded. The rods 
were sliced to produce discs with a 2 mm thickness 
and 13 mm in diameter. Optical quality surfaces were 
obtained by conventional grinding and polishing, the 
discs were mounted into air tight fused silica cell in 
order to avoid surface contamination and water 
contact. Since we found that Rh 6G and Oxz 9 dyes 
lose some of their color (photobleaching) after 
polymerization in pure poly glycidyl methacrylate, 
dyes were dissolved in 10 % ethanol solvent before 
adding to both monomers in order to decrease 
aggregation and enhance the dissolving process. The 
molecular structure of the monomers and the dyes are 
displayed in Fig. 1. 

 
 

GMA 
2CH2CH

CH3

C C

O

O 2CH CH

O

MMA 

 

Rh 6G 

Oxz(9) 
 

 
Fig. 1. Molecular structure of the monomers (MMA) 

(GMA) and the dyes Rh 6G, Oxz (9). 
 
 

3.3. Experimental Methods 
 

The absorption measurements were carried out 
with Jasco-Spectrophotometer type V-570 from 
Ishikama Company. Fluorescence measurements 
were obtained with excitation at 532 nm using Jasco-
Spectrofluorometer type FP-6200 from Ishikama 
Company. The refractive indexes, n, of the two 
polymers were measured with an abbe refractometer. 
A value n=1.5 was determined for (MPMMA) and 
n=1.56 for (MPGMA), the dielectric constants for the 
two polymers (MPMMA) and (MPGMA) were 
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measured with LCZ meter, values of 5.2 and 5.97 
were determined respectively. 

 
4. Results and Discussion 
 

4.1. Absorption and Fluorescence Spectral 
Characteristics 

 

Fig. 2 shows the fluorescence and absorption 
spectra of the dyes in both solid media and the 
overlap between the absorption and fluorescence 
spectra of Rh 6G and Oxz 9 at a concentration of 
1×10-4 mol.dm-3, in MPMMA and MPGMA. The 
spectral parameters were calculated from Fig. 2 and 
listed in Table 1 and Table 2. The absorption and 
emission spectra of Rh 6G showed no remarkable 
change between the two solid media, due to the rigid 
structure of Rh 6G dye [28]. The maximum 

wavelength of the absorption and emission peak in 
Oxz 9 shifts by nearly 6 nm and 4 nm respectively, 
when going from MPMMA to MPGMA, this small 
red shift in the position of the absorption and 
emission spectra can be clarified as the increase in 
both the refractive index and the polarity in MPGMA 
[16, 29]. As shown in Table 1, the values of 
fluorescence quantum yields and the fluorescence 
lifetimes in MPGMA are larger than in MPMMA. 
The fluorescence lifetimes of donor Rh 6G in both 
media decreased in the presence of acceptor Oxz 9 as 
shown in Table 2, also the fluorescence quantum 
yields of acceptor increased in the presence of donor 
in both media. This decrease in the fluorescence 
lifetimes of a donor and increase of the quantum 
yields of acceptor when mixing the two dyes in the 
two host media, indicated that there was transfer of 
energy from the donor to the acceptor [19, 30].  

 
 

Table 2. Spectroscopic parameters of Rh 6G (Donor) and OXz 9 (Acceptor) in MPMMA and MPGMA, at 1×10-4 mol.dm-3. 
 

Spectroscopic parameters MPMMA MPGMA 
Donor life time τd=2.3 ns τd=2.5 ns 
Acceptor life time τa=0.51 ns τa =2 ns 
Donor life time in presence of acceptor τd=1.5 ns τd=1.77 ns 
Donor fluorescence quantum yield in presence of acceptor φf=0.15 φf=0.33 
Acceptor life time in binary dye mixture τa=2.9 ns τa=3.3 ns 
Acceptor fluorescence quantum yield  
in Rh 6G-Oxz 9 mixture 

φf=0.135 φf=0.64 

Overlap integral GDA = 3.55×10-13mol-1cm3 GDA = 1.7×10-13mol-1cm3

Absorption cross section of donor dye molecules at the 
pumping wavelength (532 nm) 

σ
abs,d=4.8×10-16 cm2

 
σ

abs,d=4.1×10-16 cm2
 

Absorption cross section of acceptor dye molecules at the 
pumping wavelength (532 nm) 

σ
abs,a=0.94×10-16 cm2 σ

abs,a=0.54×10-16 cm2

Emission cross section of donor dye molecules at their peak 
fluorescence wavelength (566 nm) 

σ
em,d=3.9×10-16 cm2 σ

em,d=3.37×10-16 cm2

Ground-state absorption cross section of acceptor dye 
molecules at the donor peak fluorescence wavelength 
(566 nm) 

σ
abs,a,em,d=2.13×10-16 cm2

 
σ

abs,a,em,d=1.1×10-16 cm2
 

Emission cross section of acceptor dye molecules at the 
donor peak fluorescence wavelength (566 nm) 

σ
em,a,em,d=0.01×10-16 cm2 σ

em,a,em,d=0.14×10-16 cm2

Emission cross section of acceptor dye molecules at their 
peak fluorescence wavelength (640 nm) 

σ
em,a=4.22×10-16 cm2 σ

em,a=1.23×10-16 cm2

Refractive index of the host media n=1.5 n=1.56 
 

 
4.2. Energy Transfer Characteristics 
 

The fluorescence spectra of the two dye mixture, 
in MPMMA and MPGMA, as a function of acceptor 
concentration [A] were recorded and shown in  
Figs. 3 and 4, for high and low D-A concentrations, 
respectively. As noticed from Figs. 3 and 4 adding 
the acceptor to the donor shows no new band or 
peaks, which indicates the absence of complex 
formation between the two dyes in both solid media 
[31-32], also the emission intensities of the donor are 
continuously decreasing with a gradual increase in 
acceptor emission intensities. 

The effect of concentration [A] on the 
fluorescence spectra of the donor dye in the absence 
(Iod) and presence (Id) of acceptor was analyzed from  
Figs. 2, 3 and 4, respectively. Figs. 3 and 4 showed 

the fluorescence quenching of donor Rh 6G by the 
acceptor Oxz 9, when the acceptor was added, the 
fluorescence intensity of the donor decreased from 
(Iod) to (Id) as a function of acceptor concentration 
[A], in both solid media.  

The decrease in fluorescence intensities of the 
donor in the presence of acceptor and the 
enhancement of the acceptor fluorescence intensities 
was a result of energy transfer from the donor to the 
acceptor [27, 33]. It can be clearly noticed from Fig. 
3 that the position of the peak emission wavelength 
of the donor and acceptor as a function of acceptor 
concentrations changed in the energy transfer 
process. In both media, the donor Rh 6G 
fluorescence peak wavelength showed a blue shift 
while the acceptor Oxz 9 fluorescence peak 
wavelength showed a red shift with increasing 
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acceptor concentration. To explain this change in the 
position of peak emission wavelengths in both donor 
and acceptor dyes, one can be consider that there is 
an effective process occurred, radiative energy 
transfer to the acceptor which is responsible for the 
observed blue shift in donor fluorescence with 
increasing [A], and a radiative migration due to the 
reabsorption of the fluorescence emission by the 
acceptor molecules which is responsible for the red 
shift in the fluorescence maximum of the acceptor 
[14, 19]. For the dye mixture in both media as shown 
in Fig. 3, the emission intensity of the donor is 
quenched to more than 50 % its maximum value at 
the acceptor concentration of 1×10-4 mol.dm-3and 
2×10-4 mol.dm-3 in MPMMA and MPGMA, 
respectively, the fluorescence intensity of the donor 

is almost decreased and the acceptor intensity is 
increased. In Fig. 4, no blue shift in the emission 
spectrum of the donor, which suggests that radiative 
process is less compared to it in high concentrations, 
in addition, the energy transferred to the acceptor 
molecule is not emitted as fluorescence in the dye 
mixture in MPGMA. The Oxz 9 molecules are 
behaving as a dark quencher without any 
fluorescence [14]. For both media the prominent 
mechanism behind the quenching of the fluorescence 
intensity of the donor, is a non-radiative dipole-
dipole interaction that exists between the molecules 
of the D-A pairs. Table 3 shows the transfer 
efficiencies and energy transfer rate constants for the 
non-radiative and radiative energy transfer in the two 
media. 

 
 

 
 

 
 

 
Fig. 2. The absorption (-----) and fluorescence ( __ ) 
spectra of donor Rh6G (a) and acceptor Oxz 9 (b) at a 
concentration of 1×10-5 mol.dm-3, in MPMMA and 
MPGMA. 

 
Fig. 3. Emission spectra of 1×10−4 mol dm−3 Rh6G in 
MPMMA and MPGMA (λ=532 nm) in the absence and in 
the presence of Oxz 9. The concentrations of Oxz 9 are 0, 
1, 3 and 4×10-4 mol dm−3.
 
 

4.2.1. Energy Transfer Efficiencies and Rate 
Constants 

 

Stern-Volmer relations are measured from the 
fluorescence intensity of the donor with absence and 
presence of acceptor as a function of acceptor 

concentration [A] and used to calculate the transfer 
efficiencies and energy transfer rate constants. The 
total transfer efficiency and also the transfer 
probability are plotted in Figs. 5, 6 as a function of 
acceptor concentration. At low concentrations, total 
transfer efficiency was found to be less than it at high 
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concentrations. Fig. 7 shows the variation of Iod/ Id 
versus [A] as a function of [A]. The energy transfer 
rate constant kET and the quenching constant kSV 

were calculated using Stern Volmer plots, and the 
values for those rates are given in Table 3. At high 

concentrations, in both solid media, the radiative 
energy transfer mechanism predominated the non 
radiative energy transfer mechanism, wherein low 
concentrations the dipole mechanism is 
predominated. 

 
 

 
Fig. 4. Emission spectra of 1×10−6 mol dm−3 Rh6G in MPMMA and MPGMA (λ=532 nm) in the absence 

and in the presence of Oxz 9. The concentrations of Oxz 9 are 0, 1, 3, 4 and 5×10-6 mol dm−3. 
 

 
Table 3. Energy transfer properties for Rh 6G –Oxz 9 mixture in MPMMA and MPGMA in low and high concentrations. 

 
Energy transfer data MPMMA MPGMA 

Low concentrations 

Critical transfer radius (Ro) Ao 56.94 50.63 

Quenching rate constant  
(kSV×104) (mol-1.dm3) 

2.9 4.4 

Energy transfer rate constant  
(kET×1013) (mol-1.dm3.S-1) 

2.63 3.4 

Non-radiative rate constant (knr×108) (S-1) 7.3 5.3 

Radiative rate constant (kr×108) (S-1) 1.8 2.3 

Transfer Efficiency (η) (%) 9.4 8 

Non-radiative transfer efficiency (ηnr) (%) 9 7.7 

Radiative transfer efficiency (ηr) (%) 0.4 0.3 

High concentration 

Critical transfer radius (Ro) Ao 55.7 47.4 

Quenching rate constant  
(kSV×104) (mol-1.dm3) 

9 6.8 

Energy transfer rate constant  
(kET×1013) (mol-1.dm3.S-1) 

3.9 2.7 

Non-radiative rate constant (knr×108) (S-1) 1.7 0.8 

Radiative rate constant (kr×108) (S-1) 2.6 3.2 

Transfer Efficiency (η) (%) 93 62 

Non-radiative transfer efficiency (ηnr) (%) 34 29 

Radiative transfer efficiency (ηr) (%) 59 33 
 

 

5. Conclusions 
 

In conclusion, a dye pair combination consisting 
of Rh 6G dye as donor and Oxz 9 dye as acceptor are 
employed as dopants to incorporate into solid-state 

host materials via thermal polymerization process. 
We have analyzed in detail the energy transfer 
process in the dye pair Rh 6G-Oxz 9 in the known 
polymer (MPMMA) and the new one (MPGMA). 
The absorption and fluorescence spectral profiles of 
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the dyes and dye mixtures, in the two solid 
environments, were identical. Enhancements of 
lifetimes and fluorescence quantum yields were 

observed for the pure donor and acceptor dyes in 
MPGMA matrix.  
 

 

 
 

 
 

 
Fig. 5. Dependence of transfer efficiency on acceptor 

(Oxz 9) concentrations in (a) low concentrations, 
(b) high concentrations. 

 
Fig. 6. Dependence of transfer probability on acceptor (Oxz 

9) concentrations in (a) low concentrations, 
(b) high concentrations. 

 
 

 
 

Fig. 7. Stern-Volmer plots for fluorescence quenching of Rh 6G as a function of Oxz 9 concentrations  
in (a) low concentrations, (b) high concentrations.

 
 
The spectral overlap of the donor and the acceptor 

dyes, in the new solid media, showed that energy 
transfer from the donor to the acceptor was possible 
and also indicated the presence of radiative and non-
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radiative energy transfer processes. A decrease in the 
fluorescence lifetime of the donor in the presence of 
acceptor was observed, indicating the transfer of 
energy from donor to acceptor. The effect of acceptor 
concentration on the fluorescence spectra of the 
donor dye in the absence and presence of acceptor 
dye was studied. It was observed that, the 
fluorescence intensities of the acceptor dyes were 
increased more remarkably within the range of high 
acceptor concentrations than in low acceptor 
concentrations. The acceptor concentration 
dependence of the energy transfer, the blue shift in 
the donor molecules and the variations in the donor's 
lifetime clearly show that the radiative type energy 
transfer mechanism predominated the non-radiative 
energy transfer mechanism under the high 
concentration ranges considered in both solid media. 
The energy transfer rate constants and critical transfer 
radius (Ro) are calculated by using Stern – Volmer 
plots and concentration dependence of radiative and 
nonradiative transfer efficiencies have also been 
determined. The values of the energy transfer rate 
constants KEt at high concentrations in MPMMA and 
MPGMA are found to be 3.9×1013 mol-1.dm3.S-1 and 
2.7×1013 mol-1.dm3.S-1, respectively, and the same for 
low concentrations as 2.63×1013 mol-1.dm3.S-1 and 
3.4×1013 mol-1.dm3.S-1. The experimental results 
indicate that the dominant mechanism responsible for 
the efficient excitation transfer in these mixtures at 
low concentrations is of non-radiative nature and is 
due to long-range dipole–dipole interaction. At low 
concentrations, the values of the energy transfer rate 
of the predominant energy transfer Knr, are  
7.3×108 mol-1.dm3.S-1 and 5.3×108 mol-1.dm3.S-1 for 
MPMMA and MPGMA, respectively, for the 
predominant type, radiative energy transfer in high 
cocentrations, the values of Kr are found to be  
2.6×108 mol-1.dm3.S-1 and 3.2×108 mol-1.dm3.S-1 for 
MPMMA and MPGMA, respectively. 
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