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Abstract We demonstrate long-wavelength operation
(>700 nm) of random dye lasers (using a methylene blue
dye) with the addition of rhodamine 6G and titania, ena-
bled by radiative and non-radiative energy transfer. The
pump energy is efficiently absorbed and transferred to the
acceptors, to support lasing in random dye lasers in the near
infrared. The optimum random laser performance with the
highest emission intensity and the lowest lasing threshold
was achieved for a concentration of methylene blue as the
acceptor equal to 6x the concentration of rhodamine 6G
(donor). Excessive levels of methylene blue increased the
lasing threshold and broadened the methylene blue emis-
sion linewidth due to dye quenching from re-absorption.
This is due to competition between the donor emission and
energy transfer and between absorption loss and fluores-
cence quenching. The radiative and non-radiative energy
transfer is analyzed as a function of the acceptor concen-
tration and pump energy density, with consideration of the
spectral overlap. The dependence of the radiative and non-
radiative transfer efficiency on the acceptor concentration is
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obtained, and the energy transfer parameters, including the
radiative and non-radiative energy transfer rate constants
(Kgr and Kyg), are investigated using Stern—Volmer analy-
sis. The analysis indicates that radiative energy transfer is
the dominant energy transfer mechanism in this system.

1 Introduction

Research into random dye lasers has grown rapidly since
the earliest report in 1966 [1]. Random dye lasers include
scatterers to scatter light and a dye medium for light ampli-
fication. These lasers have applications in sensing and
imaging [2—4]. Random dye lasers based on materials such
as dielectrics, metals, polymers and liquid crystals have
been reported [5-14]. Organic dyes such as rhodamine
are commonly used in random lasers due to their broad
absorption spectra, high gain and compatibility with avail-
able pump wavelengths (such as 532 nm), while methylene
blue, oxazine and nile blue dyes are not compatible with
blue and green pump light. We combine these dyes in a sin-
gle laser to extend the random laser emission to near infra-
red wavelengths through the process of energy transfer.
The energy transfer (redistribution of excitation energy
between a short-wavelength dye, donor and a long-wave-
length acceptor) is either radiative, where the donor mol-
ecule emits a photon which is subsequently absorbed by
the acceptor molecule, or non-radiative, where the excited
donor transfers its excitation energy to a ground-state
acceptor through a radiationless/non-radiative process.
Non-radiative energy transfer is also known as Forster
(fluorescence) resonance energy transfer (FRET) [15-17].
For both radiative and non-radiative energy transfer, a sig-
nificant overlap of the donor emission spectrum and the
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acceptor absorption spectrum is required to support long-
range multipole interactions [15—17].

Energy transfer-based random lasing was introduced
previously in Refs. [18-21]. Shi et al. [18] demonstrated
cascaded radiative energy transfer between three differ-
ent dyes in separate cuvettes. Luis et al. [19] and Alee
et al. [20] studied FRET random lasers using mixtures of
rhodamine 6G/Nile blue and coumarin/rhodamine 6G,
respectively. Luis et al. [19] observed laser emission from
a mirror cavity within the sample cell, and Alee et al. [20]
observed the enhancement of a FRET random laser by var-
ying the concentration of scatterers. Lopez et al. [21] stud-
ied FRET random lasing by doping a DNA-lipid complex
with two different dyes and tuning the emission wavelength
by varying sphere diameters. They observed a narrow emis-
sion peak (~15 nm) at ~700 nm at the acceptor wavelength.

Here, we report the following observations: (1) random
dye laser emission in the near infrared (>700 nm) with a nar-
row emission linewidth (~4 nm), ~3 x narrower than reported
in [21]. This was achieved in a random dye laser system
incorporating rhodamine 6G (Rh6G)/methylene blue (MB)/
titania pumped with 532-nm light. We attribute this infrared
emission to energy transfer between Rh6G and methylene
blue dye molecules. (2) We found that energy transfer influ-
ences the random lasing threshold, shifts the emission peak
wavelength and changes the emission linewidth, depending
on the dye concentration ratio. The optimum MB concentra-
tion was identified for a Rh6G concentration of 5 x 10™* M.
(3) We analyzed energy transfer based on the radiative,
dipole—dipole energy transfer and Stern—Volmer expressions,
taking into account the acceptor concentration and energy
density of the pump laser. Our theoretical analysis indi-
cates that the radiative energy transfer efficiency dominates
the non-radiative energy transfer efficiency for all acceptor
concentrations. We aim to analyze the influence of energy
transfer in random dye lasers, and this approach provides an
alternative to analyze FRET by using technically more chal-
lenging fluorescence lifetime measurements.

2 Theoretical considerations

The radiative and non-radiative energy transfer in the sys-
tem under consideration is analyzed using rate equations
combined with Stern—Volmer plots. This allows us to esti-
mate the radiative (Ki) and non-radiative (Kyg) rate con-
stants. The rate equations of the donor—acceptor dye mix-
ture at the lasing threshold are [15]:

dN1p Nip
= NopopW () — KNRN1DNoA — —— (1)
dr ™
dNia Nia
= NoaoaW(t) + (Knr + KR)NiDNoa — —
dr TA )
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Np = Nop + Nip

Na = Noa + Nia

where Nyp, N, Nop and N, are the population densities
of donor (D) and acceptor (A) molecules in the ground
(0) and excited (1) states, respectively. o, and o, are the
absorption cross sections for donors and acceptors at the
pump wavelength (532 nm), 7, and 7, are the fluorescence
lifetimes of the donor and acceptor without energy transfer,
respectively, and W(¢) is the pump rate. Figure S1 illustrates
the above scheme (Supporting information).

Dipole—dipole, dipole—quadrupole and quadrupole—
quadrupole interactions among dye molecules contribute
to non-radiative energy transfer. Here, we assume only
dipole—dipole interactions. An oscillating dipole is gener-
ated when a fluorescent ‘donor’ probe is excited to resonate
with a dipole of an ‘acceptor’ probe in the near field. The
emission of the Rh6G fluorophores (donor) can couple to
the excitation of the MB fluorophores (acceptor) when the
acceptor dipole interacts with the donor dipole through
non-radiative energy transfer [16]. The non-radiative
energy transfer efficiency is given by [15, 22],

IR = 72X exp (X2) (1 — erf(X)) 3)

where X is the ratio of molar acceptor concentration [A] to
the critical molar acceptor concentration [A], as defined
below:(X = [A]/[A],). The function erf (X) is given by:

X
2
erf(X) = m/exp (—tz)dt 4)
0
and [A], is [22]:
A], = 3000
© 23IN(RY)? ©)

where N is Avogadro’s number and R, is the critical trans-
fer distance of donor and acceptor molecules. R, is given
by [15, 23]:

3000 \'? 7. :
R, = <) = —15 (in Angstroms, A)
4 N[AL /2 ([Al1)2)

(6)

where [A],, is the half-quenching concentration which can
be obtained under the condition [15]:

Ipa = Ip/2 (N

where I, and I, are the emission intensities of the donor
in the presence and absence of the acceptor, respectively.
According to the Forster energy transfer theory, R, (the
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Forster distance) is related to the energy transfer probabil-
ity (rate), Pp, as [15]:

1 /Ro\’®
Ppa = g <R> (8)

where s is 6 for dipole—dipole, 8 for dipole—quadrupole and
10 for quadrupole—quadrupole interactions, 7 is the fluo-
rescence lifetime of the donor molecules without accep-
tors, and R is the average distance between the donor and
acceptor.

The radiative energy transfer efficiency (ng) is obtained
from the total energy transfer efficiency, n [15]:

NT = MR + IINR C)
where
Ipa
r=1-— 24 (10)
Ip
nNR =1 — DA
oD (11)

where ¢p, and ¢, are the quantum yields with and without
acceptors.

The radiative and non-radiative rate constants can be
determined from Stern—Volmer plots, as shown by [15, 24]:

Ip

— =1+ KrtplA4] (12)
Ipa

¢D

—— =1+ KnrD[A]

$DA (13)

where K and Ky are the total and non-radiative rate con-
stants and [A] is the concentration of acceptors.

3 Method
3.1 Sample preparation

Methanol solutions with Rh6G (fixed concentra-
tion, 5 x 107* M) and MB (various concentrations,
1 x 1079 x 10~* M; Sigma-Aldrich) in dye ratios rang-
ing from 1:1 to 1:18 were added to titania nanoparticles
(200 nm particle diameter, number density 1 x 10'' cm™3)
(Sigma-Aldrich), and the solutions were placed in a cuvette
(1 cm x 1 cm). Gain is provided by both dyes, while tita-
nia exhibits scattering effects due to its large refractive
index contrast with the solvent, methanol (titania, 2.6 and
methanol, 1.33). The transport mean free path, [, of the
solution of titania nanoparticles without dyes, ~242 pum,
was estimated from a coherent backscattering (CBS)

experiment [25, 26]. The systems operated in the diffusive
regimes under the condition: the emission light wavelength,
A<l <L[27].

3.2 Optics experiments

The absorption and fluorescence spectra were measured
using a Cary spectrophotometer (Varian Australia) and
Fluorolog (Horiba Jobin Yvon) spectrofluorometer. For
random laser measurements, the samples were excited
with a Q-switched, frequency-doubled Nd:YAG laser
(532 nm, 10 Hz, 4 ns) with a 3-mm-diameter excitation
spot size at the sample (L) at an angle of 45° to the nor-
mal to the front face of the cuvette, and the emission light
was collected from the front face of the cuvette at 30° to
the normal by a lens (f = 5 cm) and measured by a fiber-
coupled spectrometer (Ocean Optics spectrometer with a
resolution ~1 nm). A thin Teflon sheet inside the cuvette
prevented back-reflection from the cuvette’s faces, and a
532-nm edge filter blocked residual pump light from the
spectrometer.

4 Experimental and theoretical results

4.1 Absorption and fluorescence spectra of donors
and acceptors

The fluorescence and absorption spectra for both dyes are
plotted in Fig. 1 (Rh6G and MB). This shows the spectral
overlap between the donor fluorescence spectrum (Rh6G)
and the acceptor absorption spectrum (MB) and indicates
the possibility of energy transfer between these two dye
molecules.
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Fig. 1 Absorption spectra of Rh6G (blue curve) and MB (red curve);
fluorescence spectra of Rh6G (black curve) and MB (olive curve).
Both dyes have the same concentration, 5 x 10™* M. The green line
shows the laser excitation at \ ~ 532 nm
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Fig. 2 Emission spectra of Rh6Gf/titania, MB/titania and Rh6G/tita-
nia/MB random lasers. A Rh6G (5 x 10~* M)/titania (1 x 10'! cm™)
random laser is shown by the black curve. A MB (3 x 1073 M)/tita-
nia (I x 10'"" em™3) random laser excited at 93 mJ/cm? is shown by
the red curve. The emission from the Rh6G (5 x 10™* M)/titania
(1 x 10" em™)/MB (3 x 103 M) random laser is shown by the blue
curve

4.2 Spectral narrowing for random lasers based
on dielectric nanoparticles

Due to the inefficient pump absorption of MB (see green
line in Fig. 1), a random laser with MB and titania nanopar-
ticles, pumped at 93 mJ/cm?, does not reach lasing thresh-
old. No spectral narrowing is observed in the MB/titania
emission (Fig. 2). However, the addition of Rh6G allows
this system to lase at ~710 nm with a low threshold.

Below the lasing threshold (figure S2 in Support-
ing information), the (Rh6G) emission intensity peaks at
~560 nm with no lasing emission at ~710 nm, but when the
system reaches threshold, it emits at ~710 nm (MB), with
reduced Rh6G fluorescence.

4.3 Rhodamine 6G emissions of rhodamine 6G/
methylene blue/titania random lasers for low
concentrations of MB (1 x 10~ to 5 x 1074 M)

For Rh6G/MB titania random lasers with low MB concen-
trations (1 x 107%=5 x 10™* M), a narrow emission peak
appears at ~560 nm instead of ~710 nm. Figure 3 shows the
emission spectra of Rh6G (5 x 107 M)/MB (5 x 10~* M)/
titania (1 x 10! cm’3) random lasers, excited at ~42 ml/
cm?. The emission intensity of Rh6G decreases (figure S3
in Supporting information) and the Rh6G lasing threshold
increases (Fig. 4) when the MB concentration is increased
from 1 x 107 to 5 x 107* M. This is attributed to the
energy transfer from Rh6G to MB. Rh6G affects not only
the MB emission but also its lasing threshold. For MB con-
centrations from 1 x 107*to 5 x 107* M, Rh6G lasing is
observed, but no MB emissions are observed (figures S3 in
supporting information). At these low MB concentrations,
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Fig. 3 Emission spectra of Rh6G (5 x 107 M)/MB (5 x 1074 M)/
titania (1 x 10'' cm™>) random lasers, excited at ~42 mJ/cm?
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Fig. 4 Comparison of Rh6G threshold of Rh6G/titania/MB random
lasers for low concentrations of MB (1 x 107*-5 x 10~* M). The
concentration of Rh6G is fixed at 5 x 1074 M

there is insufficient gain for MB, resulting in lasing at
~560 nm.

4.4 Methylene blue and rhodamine 6G emissions
of rhodamine 6G/methylene blue/titania random
lasers for increased concentrations of MB
(1x1073-9 x 10 M)

Increasing the MB concentration to 1 x 107> M produces
lasing with a narrow emission peak at ~710 nm (Fig. 5)
because the energy is efficiently transferred from the donor
(Rh6G) to the acceptor (MB). For a MB concentration of
3 x 1073 M, the emission spectrum at ~560 nm substan-
tially reduces (4x lower than that for | mM concentra-
tion MB) because the energy absorbed by the Rh6G dye is
mostly transferred to the MB. Adding more MB broadens
the emission at ~710 nm (Fig. 5c—e). The MB emission
spectrum for MB concentration above 12x Rh6G is broad
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Fig. 6 Lasing thresholds of  Rh6G/titania/MB random
lasers (~710 nm emission) for increased MB concentrations
(1 x 10735 x 1073 M). The concentration of Rh6G is fixed at
5x107*M

even for the highest pump energy density, indicating no las-
ing is achieved (figure S4 in supporting information).

When the MB concentrations increase from 1 x 1072
to 5 x 1073 M, we observe MB lasing (figure S5 in sup-
porting information). Lasing thresholds for MB emission
are clearly observed when the emission peak intensity
increases nonlinearly with the pump energy density. The
Rh6G emission intensity shows a linear increase with the
pump energy density compared with the MB emission
intensity, so no lasing threshold for Rh6G emission. The
lasing thresholds of MB emission for different concen-
trations of MB are evident in Fig. 6 where 3 mM of MB
achieves the lowest lasing threshold in the present system.
No lasing is observed for MB concentrations above 12x
Rh6G (figure S7, supporting information).

MB has a fluorescence quantum yield of 4 % in water
and a high proportion of dimer (with a characteristic
absorption peak, N, ~590 nm) [28] as shown in Fig. 1. In
contrast, the Rh6G quantum yield is substantially higher
(95 % [29]). We find that the optimum MB concentra-
tion for our near infrared random dye lasers should be 6x
greater than that of Rh6G (3 mM MB concentration). At
3 mM MB concentration, we obtained the lowest lasing
threshold with the highest MB emission peak intensity. The
corresponding slope of the threshold curves for 3 mM con-
centration MB is 1.3x and 3x higher than that for 2 and
4 mM concentration MB, respectively (figures S5 and S6 in
Supporting information).

4.5 Theoretical analysis
In this study, the theoretical analysis is done for MB

concentrations from 5 x 107 to 5 x 107> M. The 75y
is calculated from Eq. (3) with [A;] being estimated as
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0.56 M. The rnyy increases linearly from 0.002 to 0.02 for
MB concentrations 5 x 1075 x 1072 M. The radiative
energy transfer efficiency, 7, versus pump energy density
is shown in Fig. 7; here, 5y increases with acceptor con-
centration. Figure 7 shows that 7 is reduced for low MB
concentration (5 x 10~* M) compared with higher MB
concentrations because there is no lasing emission at the
acceptor wavelength (see Fig. 3). When the MB concen-
tration is increased, the radiative energy transfer efficiency
approaches 1 following the appearance of emission peaks
at ~710 nm (see Fig. 5). This shows that radiative energy
transfer plays a crucial role in supporting lasing emission at
the acceptor wavelength.

Kumar et al. [15] reported energy transfer from donors
to acceptors for the situation when the concentration of
donor > concentration of acceptor and they observed
negative slopes of xp as a function of pump energy den-
sity. In the present system, we observe positive slopes
of 5z as a function of pump energy density because the
system operates in a different regime (concentration of
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Fig. 9 Calculated ¢p/¢p, versus various acceptor concentrations
at 65 mJ/cm?. The blue line is fitted to the data indicating a linear
increase

donor < concentration of acceptor). The positive slope
arises because of the increased efficiency of energy trans-
fer as a function of pump excitation since every pump pho-
ton can excite donor molecules which readily transfer the
energy to an adjacent dye acceptor.

Stern—Volmer plots (Figs. 8, 9) are used to analyze the
energy transfer in this system by calculating radiative and
non-radiative rate constants in order to estimate the photo-
physical intermolecular deactivation process (fluorescence
quenching) [15, 24]. Here, the fluorescence lifetime of the
donor molecules without acceptors, tp,, is ~4 ns [30].

Both ratios Ip/I, and ¢p/¢p, are linearly propor-
tional to the acceptor concentration, consistent with the
Stern—Volmer expressions (Eqs. 12, 13). K and Kyg val-
ues can be found from the gradient, while Ky can be cal-
culated from K; = Ky + Kyg. Here, Ky is estimated
as 3 x 10" M~! s7! and K ranges from 7 x 10'! to
4 x 10”2 M~! s7! where 1}, is ~4 ns.

5 Discussion

We analyze the radiative and non-radiative energy transfer
in this random laser due to the overlap of the donor fluores-
cence spectrum with the absorption spectrum of the accep-
tor, MB.

5.1 Experiment and theoretical analysis

The energy transfer from Rh6G dye molecules (donor) to
MB dye molecules (acceptor) can be described by both
radiative and non-radiative processes evaluated from the
rate equations and the Stern—Volmer plots. The optimum
random laser performance is observed at an acceptor con-
centration of 3 mM. We calculate the radiative energy
transfer efficiency to be almost ~1, while the non-radiative

energy transfer efficiency is much less. From the Stern—
Volmer plots, the radiative energy transfer rate constant Ky
(7 x 10" to 4 x 10" M~! s7!) is ~20x higher than Ky
(3 x 10! M~! s71) for all measured pump levels, showing
that radiative energy transfer dominates the energy transfer
from Rh6G to MB dye molecules.

5.2 FRET contribution in Rh6G/MB random lasers

Rh6G/MB/titania random lasers offer the probability of
laser emission in both Rh6G and MB wavelength ranges.
Because the Rh6G is a very efficient fluorescence emitter,
it may lase over a wide range of conditions and transfer
energy both radiatively and non-radiatively to MB which is
a less efficient emitter.

We find at low MB concentrations
(1 x 107*=5 x 10~* M), Rh6G lases and shows evidence
of non-radiative energy transfer (with decreased Rh6G
emission peak intensity and increased Rh6G threshold as a
function of increased MB concentration) [21].

As the MB concentration is increased
(1 x 107°=5 x 1072 M), lasing occurs at the MB emis-
sion since every pump photon contributes to more excita-
tion. Laser emission develops at the MB emission peak and
may compete with Rh6G for the available gain. At these
MB/Rh6G concentration ratios, radiative energy transfer
appears to dominate over non-radiative energy transfer as
demonstrated by the radiative energy transfer efficiency
for a concentration >1 mM (Fig. 7). In a mixture of two
laser dyes, the Forster energy transfer occurs efficiently if
the distance between the donor and acceptor is small <30 A
[31]. We estimflte the average intermolecular spacing (ﬁ,
[20]) is ~80 A where N (total donor and acceptor mol-
ecules) ~2.1 x 10'® molecules/cm® when the MB concen-
tration is 6x greater than the Rh6G concentration. At these
concentrations, FRET may not be efficient for energy trans-
fer. We note that it is challenging to create random lasers
relying on the FRET mechanism with this pair of dyes due
to their disparate fluorescence quantum yields.

5.3 Effects of energy transfer on emission intensity,
emission linewidth and emission peak wavelength

Energy transfer affects the emission intensity of both donor
(Rh6G) and acceptor (MB) (Figs. 3, 5) since the emission
intensity varies based on increasing MB concentrations.
The emission intensity is quantitatively related to the radia-
tive and non-radiative transfer efficiency. At 5 x 10~* M of
MB concentration in Rh6G/MB/titania random lasers, the
energy is not efficiently transferred from the donor to the
acceptor as emission occurs at the Rh6G emission wave-
length, but not at the MB emission wavelength. At this
MB concentration, the radiative and non-radiative energy

@ Springer
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transfer efficiencies are small (1 ~0.6 and 5z ~0.002).
When more acceptor molecules (~3 mM of acceptor con-
centration) are added, the radiative and non-radiative energy
transfer rates increase, leading to higher emission intensity
at the MB wavelength (16x higher at ~65 mJ/cm?) and
reduced emission intensity at the Rh6G wavelength (12x
lower at ~42 mJ/cm?) than 0.5 mM of acceptor concentra-
tion (Figs. 3, 5). The emission intensity at the MB emis-
sion wavelength reaches the maximum value when most
of the absorbed photons are re-emitted (see Fig. 5b). With
the increased MB concentration (4 mM), the MB emission
intensity reduces 4x (Fig. 5) than that for 3 mM MB con-
centration due to self-quenching acceptor—acceptor interac-
tions due to re-absorption processes. Self-quenching arises
with the increase in the non-radiative energy transfer effi-
ciency [15]. Dye quenching not only decreases the emission
intensity but also broadens the emission linewidth (Fig. 5).

The MB emission peak wavelength is red-shifted by
about ~20 nm (from 1 x 1073 to 6 x 107> M) at higher
MB concentrations, due to self-absorption of MB leading
to red-shifted emission (Fig. 5). The intermolecular sepa-
ration between Rh6G and the MB molecules reduces with
increasing MB concentration.

5.4 Effect of energy transfer on lasing threshold

Radiative and non-radiative energy transfer also sig-
nificantly influences the Rh6G/MB/titania random laser
threshold. Higher non-radiative energy transfer leads to
losses when the energy is released in the form of heat rather
than light.

When Rh6G dye molecules are not effectively pump-
ing MB molecules, the lasing occurs at the Rh6G emission
wavelength (Figs. 3, 4). As the MB concentration increases,
the MB molecules absorb Rh6G emission more effectively,
resulting in sufficient gain for the MB to lase. Increasing
acceptor concentration provides more gain for lasing, with
a reduced lasing threshold (55 mJ/cm? for 1 mM of MB
concentration to 43 mJ/cm? for 3 mM of MB concentra-
tion). However, excess acceptor molecules experience self-
quenching, which increases the lasing threshold (Fig. 6)
or prevents lasing at the acceptor wavelength. Excess MB
may also hinder efficient pump absorption by Rh6G, thus
resulting in a higher lasing threshold.

6 Conclusions

Random lasing emission with a narrow emission peak
(~4 nm) beyond 700 nm is achieved by combining two
dyes with scatterers. Methylene blue (MB) dye is a less
efficient dye for random lasers excited with 532 nm green
light, but with the addition of rhodamine 6G (Rh6G), MB
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can reach the laser threshold. For low MB concentra-
tions (1 x 107*=5 x 10™* M), the random laser emission
is from Rh6G at ~560 nm, whereas for MB concentra-
tions (1 x 107°=5 x 1072 M), the emission is from MB at
~710 nm. Both random laser emissions are affected by radia-
tive and non-radiative energy transfer. The MB lasing emis-
sion intensity at ~710 nm is enhanced as the Rh6G emission
intensity at ~560 nm reduces for MB concentrations from
1 x 1073 to 5 x 107> M. A MB concentration (3 x 107> M)
at 6x the Rh6G concentration is needed to achieve optimum
random lasing. The radiative and non-radiative energy trans-
fer efficiencies are compared using Stern—Volmer plots. Both
radiative and non-radiative energy transfers influence the las-
ing threshold and spectral emission of random lasers depend-
ing on the acceptor concentration. Radiative energy transfer
dominates in the present systems since Ky is 20 times higher
than Kyi. Adding acceptors to facilitate energy transfer can
improve the efficiency of random dye lasers, but an excess
concentration of acceptors leads to fluorescence quenching.
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