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Abstract

Laser dyes perylene orange (p-orange) or perylene red (p-red) or pyrromethene 567 (p567) were co-doped with coumarin 440

(C440) or coumarin 500 (C500) into MTES- and VTES-derived organically modified silicates (ORMOSILs) by sol–gel process.

Energy transfer from both C440 and C500, energy donors, to p-red, p-orange and p567, acceptor, respectively, has been observed

and studied by steady-state emission measurement. The effect of donor concentration on energy transfer and its mechanism were

studied. The potential application as an energy transfer dye laser (ETDL) was also discussed. At least 1-fold increase in the slope

efficiency of p-red and 3-fold increase in the photostability of p567 was observed in such ETDLs.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Compared with other commercially available multi-

wavelength laser sources, dye laser has its obvious

advantages such as low-cost and high conversion effi-

ciency for a variety of applications, which require tun-

able high-power pulsed beams [1,2]. With a specific

dye, narrow linewidth laser output tunable in a range

of tens of nanometers with high efficiency can easily be

obtained [3–6]. In 1968, soon after the discovery of or-
ganic dye lasers, Peterson and Snavelly [7] demonstrated

the feasibility of a dye mixture laser with flash lamp exci-

tation. The goal of energy transfer in laser dye mixture

was to improve the efficiency and to broaden the tunable

spectral range of dye lasers [8,9]. Even more, under a

specific pump condition, the laser oscillation could be

observed for some dyes by energy transfer though they

did not lase previously. For decades, energy transfer
dye lasers using numerous donor–acceptor pairs and

the mechanisms have been demonstrated and reported
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[10–14]. The main mechanisms that have been proposed

for energy transfer are [15,16]:
(1) Radiative energy transfer, i.e., the absorption of

donor emission by an acceptor molecule. This process

can by represented by

D� ! Dþ hm;

Aþ hm ! A�;

where the asterisk indicates an electronically excited

state. In a radiative energy transfer process, the fluores-

cence lifetime of both the donor and the acceptor dye

molecules are kept unchanged.

(2) Diffusion-controlled collision and energy transfer,

this process is a nonradiative process and is viscosity
dependent.

(3) Resonance energy transfer due to long-range di-

pole–dipole interaction. All these processes contribute

to the donor fluorescence quenching and enhance the

acceptor fluorescence yield. The process of fluorescence

quenching is defined as, one that competes with the

spontaneous emission process and thereby reduces

the lifetime of the excited state of the donor molecule.
The process of fluorescence quenching of the donor,
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D, due to the interaction with the acceptor A can be rep-

resented by

D� þA !KET
DþA�;

where KET is the energy transfer rate constant. Energy

transfer reduces the emission intensity from D* and sen-

sitizes emission from A*.
In this work, the energy transfer from C440 and C500

laser dyes to perylene family laser dyes, such as p-red

and p-orange, and p567, respectively, in solid state

matrices were studied using steady-state emission mea-

surements. The effect of donor concentration on energy

transfer and its mechanism were studied and discussed.

The laser efficiency and the photostability of the ETDL

were also investigated.
400 500 600 700 800
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

800 900 1000

0.00

0.01

0.02

0.03

0.04

0.05
 

 

A
bs

or
ba

nc
e 

(a
rb

.)

Wavelength (nm)

P
L

 intensity (arb.)   

A
bs

or
ba

nc
e 

(a
rb

.)

Wavelength (nm)

Fig. 1. Absorption spectra of p-red (dash, 5 · 10�5 M), p567 (dash

dot, 1 · 10�4 M) and p-orange (solid, 1 · 10�4 M) and emission

spectra of C440 (dot) and C500 (short dash) doped in VTES-derived

ORMOSILs. (inset: absorption of C500 (5 · 10�4 M) in the 800–

1000 nm region).
2. Experimental details

2.1. Preparation of the dye doped ORMOSILs

The laser dye doped methyltriethoxysilane (MTES)-

and vinyltriethoxysilane (VTES)-derived samples were
prepared by hydrolysis–condensation of the MTES

and VTES precursors under acid-catalyzed hydrolysis

and basic-catalyzed condensation. The donor–acceptor

laser dye pairs, C440 and C500 as donors and p567, p-

orange and p-red as acceptors, were co-doped into

MTES- or VTES-derived ORMOSILs at various initial

concentrations, respectively. The initial concentration of

p-orange, p-red and p567 in all the samples were kept
constant at 1.0 · 10�4, 5.0 · 10�5 and 1.0 · 10�4 M,

respectively, whereas the donor (C440 and C500) con-

centration was given the values 5.0 · 10�4, 1.0 · 10�3

and 2.0 · 10�3 M. Hydrolysis was performed under acid

catalysis with HCl as acid catalyst and ethanol as sol-

vent. The pH value of the mixed solution was adjusted

to approximately 2. The initial molar ratio of MTES

(or VTES):ethanol:water was 1:3:3. After several hours
of hydrolysis, a small amount of amine-modified silane

N-(3-(triethoxysily)-propyl)-ethylenediamine) was

added to neutralize the acidity of the sol thereby to in-

crease the condensation reaction rate. After several

more hours of stirring, the obtained sol were sealed in

cuvettes and removed into 40 �C oven for drying and

aging. The MTES- and VTES-derived ORMOSILs

doped with donor–acceptor dye pair could be machine
or hand polished.

2.2. Measurements

The UV–Vis absorption spectra were taken by a Pek-

erin–Elmer Lamda 20 spectrometer. The scan speed was

120 nm/min. The excitation and photoluminescence

(PL) spectra were taken by a Hitachi 850 fluorescence
spectrometer. The scan speed was 60 nm/min and the slit
width was 1.0 nm. The laser induced fluorescence (LIF)

spectra were taken by a SP 750 monochromator fol-

lowed by a CCD camera with a Q-switched Nd:YAG la-

ser as excitation source.

The laser performances such as slope efficiency and

laser threshold of the dye doped ORMOSILs were also
obtained in this work. The laser cavity parameters were

previously reported in detail [6]. A longitudinal configu-

ration was adopted including a dichroic mirror with

high transmission at both 355 and 532 nm and high

reflectance between 570 and 650 nm, and an output cou-

pler with 60–70% transmission at the laser wavelength.

The cavity length was 5.0 cm. The samples studied in

the laser properties experiments were the same used in
spectra measurements. The minor differences in surface

quality between various samples were neglected.
3. Results and discussions

The typical absorption and PL spectra of the dyes

doped into ORMOSILs were presented in Fig. 1, by
which the possibility of energy transfer process between

donor and acceptor could be ascertained with the over-

laps of the absorption and emission spectrum of the do-

nor and acceptor, respectively. It should be mentioned

that the high absorption of the dyes near 300 nm is attri-

bute to the absorption of matrix.

In Fig. 2, the PL spectra of p-red doped in VTES-

derived ORMOSILs in the absence and presence of
C440, the donor, were presented and the variation of

the peak PL intensity of the acceptor with donor con-

centration was shown. The maximum peak fluorescence

intensity was observed at the donor concentration of

1.0 · 10�3 M. At lower donor concentration, the peak
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Fig. 2. PL spectra (excited at 355 nm) of p-red doped in VTES-derived

ORMOSILs in the absence and presence of C440 or C500. (solid:

C440(5.0 · 10�4 M) + p-red; dash: C440(1.0 · 10�3 M) + p-red; dot:

C440(2.0 · 10�3 M) + p-red; dash dot: p-red; dash dot dot:

C500(5.0 · 10�4 M) + p-red).
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fluorescence intensity of the acceptor laser dye increased

with the increase of the donor concentration because the

intermolecular distance between the donor and acceptor
molecules was large and reduced continuously with the

addition of donor dye. Above a certain concentration,

the peak fluorescence intensity decreased. This decrease

might be attributed to the effect of a non-radiative fluo-

rescence–quenching interaction between the donor mol-

ecules. As the concentration of the donor molecules

increases, the effective distance between the donor mol-

ecules decreases and thereby causes energy transfer to
take place within the donor system itself [17]. In other

words, increasing the donor concentration up to a par-

ticular value will not in any way enhance energy transfer

to the acceptor.

C500 is another laser dye used as donor in this work.

The fluorescence spectra of p-red and p-orange doped in

VTES-derived ORMOSILs in the absence and presence

of C500 was presented in Fig. 2 and Fig. 3, respectively.
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Fig. 3. PL spectra (excited at 355 nm) of p-orange doped in VTES-

derived ORMOSILs in the absence and presence of C500.
Greater enhancement in the peak fluorescence intensity

of the acceptors in the presence of C500 was observed

compared with that using C440 as donor, which could

be attributed to the greater overlap between the fluores-

cence and absorption bands of C500 and the acceptors.

In Fig. 2, blue shifts of the emission peak from the
donor-sensitized p-red were observed, typically about

11–12 nm. Similar blue shifts in dye mixtures had also

been observed and reported by other authors [11,18,19].

In this work, the most important energy transfer

parameters, the transfer efficiency (m), transfer probabil-
ity (Pda) and energy transfer rate constant (KET) were

also calculated, as shown in Table 1. Their definitions

and calculation formula were shown below.

g ¼ 1� ID
IOD

;

P da ¼ sODð Þ�1 IOD

ID � 1
;

IOD

ID
¼ 1þ KETsOD½A�;

where IOD and ID are the fluorescence intensities of the

donor in the absence and presence of the acceptor,

respectively, [A] is the concentration of the acceptor

dye, and sOD is the lifetime of the donor in the absence

of the acceptor which can be obtained experimentally or

calculated using the well-known Strickler–Berg formula

1

sOD

¼ 8pc0/
�1
f

R
em

E kð Þ dkR
em

E kð Þk3n�3 kð Þ dk

Z
abs

rA kð Þ
kn kð Þ dk;

where c0 is the speed of light in vacuum, n(k) is the
refractive index of the host medium at wavelength k,
/f is the quantum yield, and rA(k) is the absorption

cross-section distribution of the dye. The integrals ex-

tend over the S1 ! S0 fluorescence band (em) and

S0 ! S1 absorption band (abs).

Due to the lack of measuring equipment, the fluores-

cence lifetime of the C440 and C500 doped into VTES-

derived ORMOSIL with relatively high concentration
was hard to obtain and we calculated that of the C440

and C500 dissolved in ethanol at the concentration of
Table 1

Energy transfer parameters calculated

Dye pair

(molar ratio)

Transfer

efficiency

g (%)

Transfer

probability

Pda (10
�8 s�1)

Energy transfer

rate constant

KET (10�12 M�1 s�1)

C440:p-red/10:1 50.9 4.24 4.32

C440:p-red/20:1 – – –

C440:p-red/40:1 30.8 3.01 1.86

C500:p-red/10:1 44.8 9.54 8.54

C500:p-orange/5:1 69.7 17.38 12.1

C500:p-orange/10:1 63.5 14.42 9.16

C500:p-orange/20:1 49.4 10.40 5.04
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1.0 · 10�6 M through the above Strickler–Berg equation

as alternatives. The calculation results were 4.8 and

1.9 ns, respectively.

The half quenching concentration [A]0 can be ob-

tained under the condition

IOD

ID
¼ 2:

The critical distance R0 can also be evaluated by the

expression

R0 ¼
3

4p

� �1
3

ð½A�0Þ
�1

3:

The results of calculations were also shown in Table

1. It should be noted that the energy transfer rate con-
stants (KET) obtained in this work were relatively high,

about 1 order of magnitude above that reported by

other authors recently [20]. The critical distance R0 of

the C440/p-red pair and C500/p-orange pair were calcu-

lated, 109.7 and 138.3 Å, respectively. The large value of

R0 indicated that the dominant mechanism responsible

for the energy transfer was long-range dipole–dipole en-

ergy transfer.
One of the main purposes of this work was to develop

a dye laser with higher efficiency or extended tunable

range, and higher laser efficiencies were obtained with

the perylene family dyes in the presence of coumarin

dyes as shown in Table 2. Without consideration of

the minor variation in sample thickness, at least 60%

improvements in the slope efficiency of the perylene fam-

ily dyes have been observed in the presence of C440 or
C500 dyes at the optimized dye concentration, especially

in that of the p-red, which increased at least 1-fold.

However, the slope efficiencies were still too low to be

practically meaningful, due to the less efficient pumping

by the 355 nm laser. In previous research, the laser per-

formances of p567, p-orange and p-red doped into

ORMOSILs pumped by the second harmonic of

Nd:YAG laser were investigated [21]. The perylene fam-
Table 2

Laser performances of the dyes doped into ORMOSILs

Dye pair

(molar ratio)

Host matrix

(thickness)

Slope

efficiency (%)

Laser

threshold (lJ)

C440:p-red (10:1)a VTES (7 mm) 3.4 518.6

C500:p-red (10:1)a VTES (8 mm) 3.6 567.1

p-reda VTES (8 mm) 1.4 498.2

C500:p-orange (5:1)a VTES (6 mm) 9.9 115.1

p-orangea VTES (6 mm) 6.3 120.7

C440:p-red (10:1)b VTES (7 mm) 15.5 333.3

C500:p-red (10:1)b VTES (8 mm) 15.1 379.0

p-redb VTES (8 mm) 6.2 324.9

C440:p567 (5:1)b MTES (8 mm) 40.9 121.1

C500:p567 (5:1)b MTES (8 mm) 37.3 156.9

P567b MTES (8 mm) 34.6 138.7

a Pumped by 355 nm Nd:YAG laser.
b Pumped by 532 nm Nd:YAG laser.
ily dyes were highly stable, but their conversion efficien-

cies were fairly low, whilst the p567 dye was highly

efficient, but less stable than perylene dyes. For instance,

normalized photostability as high as 466 GJ/mol was

obtained with p-red doped in VTES-derived ORMO-

SIL, but its slope efficiency was 7.6%. Slope efficiency
as high as 78.8% was obtained with p567 doped in

MTES-derived ORMOSIL, but the normalized photo-

stability was 50 GJ/mol. So, in this regard, the possibil-

ity of improving the efficiency of p-red and the stability

of p567 through energy transfer between dyes were

investigated in this work.

In Fig. 4a, the PL spectra of p-red doped in VTES-

derived ORMOSILs and p567 doped in MTES-derived
ORMOSILs in the absence and presence of C440 were

presented. It should be mentioned that the dyes were ex-

cited at the wavelength of 532 nm. It is obvious that the

PL intensity of p-red in the presence of C440 was consid-

erably higher than that of p-red in the absence of C440.

Marginal increase in PL intensity of p567 in the presence

of C440 was also observed. These increases in PL inten-

sity of p-red and p567 in the presence of coumarin dyes
could be observed as far as the wavelength of excitation

source was longer than 470 nm.

So as to evaluate the influence of increased fluores-

cence intensity on laser performance, the laser character-

istics of these dyes co-doped in ORMOSILs were

studied in this work, which agreed well with the above

increase in fluorescence intensity, as shown in Table 2.

Without consideration of the influence of the minor var-
iation in sample thickness on the laser parameters, the

slope efficiencies of p-red in the presence of C440 and

C500 dyes improved at least 1-fold, compared with that

of p-red in the absence of coumarin dyes. Only marginal

improvements in slope efficiencies of p567 were observed

in the presence of coumarin dyes.
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Fig. 4. (a) PL spectra (excited at 532 nm) of p-red and p567 doped in

VTES- and MTES-derived ORMOSILs, respectively, in the absence

and presence of C440 (5 · 10�4 mol/l). (b) LIF spectra (excited at

532 nm) of C440 (5.0 · 10�4 mol/l) and C500 (5.0 · 10�4 mol/l) in the

presence of p567 or p-red.
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Fig. 5. Exposure time dependence of fluorescence intensity of p567

doped in MTES-derived ORMOSILs in absence and presence of C440.
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In order to clarify the mechanism of fluorescence

intensity and laser efficiency enhancement, the p-red/

coumarin and p567/coumarin co-doped solid samples

were irradiated by 532 nm laser. As a result, the fluores-

cence spectra of C440 and C500 were found in the 400–

500 nm region, as shown in Fig. 4b. It was obvious that
the coumarin dyes were also excited when co-doped with

p-red and p567 under the excitation of 532 nm laser

through multi-photon absorption mechanism (MPA).

There exist several possible sources for the MPA of

coumarin dyes. However, the absorbance of coumarin

at 532 nm or fluorescence region of p567 and p-red is lit-

tle. Moreover, such mechanisms would lead to the com-

petition in absorption or fluorescence quenching and
thereby the addition of coumarin dyes will not enhance

the PL intensity and laser efficiency of p567 and p-red.

However, there still exist another pathway to explain

the excitation of coumarin dyes co-doped with p-red and

p567 under the excitation of 532 nm laser, and the p567-

coumarin dye pair were chosen to be illustrated as fol-

lows. In details, the triplet-state p567 molecules might

be quenched by the coumarin dye molecules to
ground-state (as shown in the inset of Fig. 1, a absorp-

tion peak of C500 was observed in 860–950 nm while the

triplet-state of p567 was centered at 920 nm [22]), and

then as a result, the coumarin molecules were excited

to excited-state, which consequently excited the

ground-state p567 molecules leading to the increase of

PL intensity of p567. It have been determined that the

main path of the photo-degradation of p567 in solid
host is the interaction between its triplet-state with the

ground-state oxygen, leading the form of singlet-state

oxygen, which may photo-chemically reacted with the

ground-state p567 molecules [22,23]. If the above mech-

anism involving the interaction between triplet-state

p567 and ground-state coumarin dye is valid, as a trip-

let-state quencher, the coumarin dyes may help to in-

crease the laser efficiency due to the reduction in
excited-state absorption and reduce the possibility of

photochemical reactions leading to photo-degradation

of p567 dye molecules.

To verify the mechanism proposed above, the photo-

stability of p567 doped in MTES-derived ORMOSILs in

absence and presence of C440 under the irradiation of

UV lamp was determined. The peak wavelength of the

UV lamp is 254 nm. The PL spectra were obtained after
various time of irradiation. The fluorescence intensity of

p567 in absence and presence of coumarin 440 as a func-

tion of the irradiation time were obtained, as shown in

Fig. 5. In the case of p567 solely doped in ORMOSIL,

the PL intensity decreased with the increase of irradia-

tion time, reflecting the permanent photo-degradation

of p567. After 200 h of exposure, the PL intensity of

p567 decreased to half of its initial value before UV irra-
diation. After 1200 h of irradiation, the excited region

was nearly colorless and its PL intensity approaches
zero. However, in the presence of C440, the PL intensity

of p567 began to decrease after 600 h of irradiation and
approached 50% after 821 h of irradiation. It is evident

that the addition of C440 leads to at least 3-fold of in-

crease in the photostability of p567. This observation af-

firms the interactions between the triplet-state of

pyrromethene and ground-state coumarin dye molecules

to be valid.

Recently, the influences of photostable additives,

DABCO and TMP, which act as singlet-state oxygen
quencher, on the photostability of p567 were studied

in our lab. About 1-fold increase in photostability of

p567 was observed by co-doping DABCO or TMP with

laser dye [24]. Compared with the 3-fold increase in

photostability of p567 and 1-fold increase in slope effi-

ciency of p-red by co-doping C440, adopting coumarin

dyes as photostable agents on laser performances seems

advantageous.
Also recently, improved photostability was achieved

with p567 incorporated into MPMMA polymer with

C540A laser dye and this effect was attributed to the

quenching of singlet-state oxygen by C540A by the

authors [25]. However, no detailed information about

the quenching of singlet-state oxygen by C540A dye

and the quenching rate of C540A dye to singlet-state

oxygen was offered. In a previous report [26], it is found
that singlet oxygen accelerates the photo-degradation of

p-orange. If the coumarin dyes could act as singlet-

oxygen quenchers, it is obvious that the addition of cou-

marin dyes might lead to the increase in photostability

of p-orange. However, no improvement in photostabil-

ity of p-orange in the presence of C440 or C500 was

observed in this work, suggesting that the role of couma-

rin dyes should be further investigated.
Considering the high accordance between the results

and energy transfer mechanism we suggested in this

work, further investigation on the interaction between

pyrromethene, perylene dyes and coumarin dyes are cur-

rently underway in our lab. Moreover, it is worth noting
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that if the above mechanisms were confirmed to be va-

lid, the improvement on the laser efficiency and photo-

stability of p-red and p567 may depend on the energy

level compatibility and dye concentration. These new

findings may lead to a new class of solid-state dye laser

possessing both high laser efficiency and photo-stability.
This work now is underway.
4. Conclusion

Laser dyes p-orange or p-red or p567 were co-doped

with C440 or C500 into MTES- and VTES-derived

ORMOSILs by sol–gel process. Energy transfer from
energy donor, C440 or C500, to acceptor, p-red or p-or-

ange or p-567 has been observed. The effect of donor

concentration on energy transfer and its mechanism

were studied. The large value of R0 indicated that the

dominant mechanism responsible for the energy transfer

was long-range dipole–dipole energy transfer. 3-Fold in-

crease in photostability of p567 and 1-fold increase in la-

ser efficiency of p-red in the presence of coumarin dyes
compared with that in the absence of coumarin dyes

were also observed. Laser dyes co-doped materials have

potential application as ETDL to improve the efficiency

and photostability.
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