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Abstract

Energy transfer from excited state donor to ground state acceptor dyes in polymer microparticles with a diameter of 30-60 um was
observed under lasing condition. The energy transfer efficiency was found to be higher with the increasing size of the particle. This result
indicates that the excitation energy transfer efficiency can be controlled by the particle size without varying temperature and dye
concentration. The dynamics of energy transfer was observed through picosecond time-resolved emission spectral measurements. © 1999

Elsevier Science S.A. All rights reserved.
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1. Introduction

Excitation energy transfer from an excited state donor dye
to a ground state acceptor dye plays an important role in the
initial process of various photochemical reactions such as
photosynthesis of green plants. The photosynthetic light-
harvesting antenna in plant can absorb light and transport
excitation energy through a stack of several kinds of chro-
moproteins to the reaction center. Langmuir-Blogett (LB)
multilayer films in artificial photosynthetic molecular sys-
tems and/or molecular devices have been studied in order to
control and enhance excitation energy transfer efficiency
[1]. On the other hand, such an enhancement of energy
transfer efficiency was observed in microparticle cavity
[2-5].

It has been reported that spherical microparticles such as
liquid droplets and polymer particles act as high-Q optical
cavities [6-11]. In the particle cavities, light repeats an
almost total internal reflection (TIR) at the boundary surface
of the particle [11]. When the wavelength is of an adequate
value, the light repeats TIR and returns to the starting point
with the same phase, then an optical resonance occurs. Such
resonances are called Morphology Dependent Resonance’s
(MDR’s) or Whispering Gallery Mode’s (WGM’s). There-
fore, compared with the case of the bulk materials, an
interaction between matter and light inside the particle is
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extremely enhanced by MDR’s [12—15]. Thus, the efficiency
of the energy transfer is expected to increase inside the
particle cavity.

Indeed, using such features of microparticle cavities, an
enhancement of the energy transfer efficiency has been
reported in dye-doped microdroplet. Arnold et al. have
investigated an energy transfer from Coumarin 1, which
acts as a donor, to Rhodamine 6G (acceptor) [2]. Such
energy transfer occurs during spontaneous emission of
donor dye in the dye-doped glycerol microdroplets. They
have shown that the efficiency of energy transfer inside the
particle was enhanced by more than 100 times as compared
with bulk solutions due to MDR. Furthermore, they have
calculated the photon lifetime from the energy transfer rate
dependence on acceptor concentration, and estimated Q-
value [15]. Armstrong also has reported fluorescence spec-
tral measurement data on the donor (Fluorescein 548)-doped
ethanol droplets in which acceptor (Rhodamine B)-doped
submicrometer particles of polystyrene were dispersed [3].
When the size of the polystyrene particles was large, the
lasing light of both acceptor and donor dyes were observed,
and the reabsorption mechanism was dominant for the
energy transfer. However, they found that Forster energy
transfer was a prominent mechanism when the size of the
polystyrene particles became small. On the other hand,
Leung et al. have theoretically examined the enhanced
energy transfer in the particle by assuming the reabsorption
mechanism, and reported that efficiency of energy transfer
strongly depended on its Q-value [4].
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Such enhanced energy transfer in individual microparti-
cles is very important in sensitized photochemistry and in
energy transfer near the surface of biological membranes. If
we could control this energy transfer efficiency arbitrarily,
construction of efficient micro-photochemical reactors, tun-
able micro-laser light source, and so on would be possible. In
this article, we report energy transfer efficiency dependence
on particle size by measuring emission spectra under lasing
condition in both donor and acceptor dyes-doped poly-
(methylmethacrylate) (PMMA) particles, which have stable
morphology and high optical quality. Also, time-resolved
fluorescence spectra were measured.

2. Experiment
2.1. Sample preparation

The crosslinked PMMA (Soken Kagaku, MR-60G, 30—
60 um diameters) particles were used in the present study.
Rhodamine 6G (Rh6G; Exciton) and 3,3’-diethyloxadicar-
bocyanine iodide (DODCI; Exciton) dyes were doped into
the particles as the donor and acceptor, respectively. The
PMMA particles (50 mg) were dispersed for 48 h in the
acetone—methanol solution (50/50 v/v, 5ml) of Rh6G
(1.0 x 1072 M) and DODCI (1.0 x 107> M) to make the
donor—acceptor doped polymer particles. Then, the dye-
doped particles were collected by filtration with a membrane
polycarbonate filter (ADVANTEC, pore size: 8§ um),
washed, and desiccated. After that, they were dispersed in
distilled water, and used for the experiments.

Dye concentrations in microparticles could not be mea-
sured directly, so they were estimated by the following
experiment. PMMA (Mw: 5-10 x 10°) cast films were
prepared from 5 wt.% PMMA/chloroform solution and were
immersed in a Rh6G/methanol solution (10 ml, 1.0 x
1072 M) or in a DODCI/methanol solution (10 ml, 1.0 x
103 M) for 48 h. The dye-impregnated PMMA films were
washed, and desiccated. Then, the dye concentrations in
PMMA films were determined from absorption spectra and
thickness of films measured with spectrophotometer (SHI-
MADZU, UV-3100PC) and surface profiler (Sloan, DEK-
TAK 3030), respectively. As a result, dye concentrations
inside the particles were estimated to be 5.0 x 10~* M for
Rh6G and 5.0 x 10~ M for DODCI, respectively. Rh6G- or
DODICI- doped PMMA microparticles were also prepared
in the same way and were used for the experiments.

2.2. Experimental setup

The experimental setup in this study is schematically
illustrated in Fig. 1. The second harmonic (532 nm, fwhm
~30 ps) from a Q switched mode-lock Nd*":YAG laser
(EKSPLA, PL-2143-A) was used as a pumping beam. It
was introduced into an optical microscope (Nikon, OPTI-
PHOT-2), and directed to individual microparticles through
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Fig. 1. A schematic diagram of an optical setup. DM: dichroic mirror, L:
lens, OL: objective lens.

an objective lens (Nikon Fluor 40x, NA = 0.85). Emission
from the microparticle was collected by the same objective
lens, and analyzed by a polychromator (ORIEL, MULTI-
SPEC 257) and detected by an ICCD camera (HAMA-
MATSU Photonics, C6394-01). Spectral resolution was
0.25 nm for a 300 lines mm ™' grating. For time-resolved
measurements, a streak camera (HAMAMATSU Photonics,
C4334-01) was used. A total time resolution of the detection
system was ~50 ps. The behavior of the particle was
monitored by a CCD camera which was attached to the
microscope, and recorded by a video recorder.

3. Result and discussion

3.1. Emission spectra from Rh6G- or DODCI-doped
microparticles

Emission from individual Rh6G-doped PMMA particles
with various diameters was observed as shown in Fig. 2.
Several distinct peaks were superimposed over fluorescent
spectrum of Rh6G in each particle size (31, 48, and 56 pm).
However, peaks were not observed above 610 nm. The
intervals of these peaks (A\) were about 2.3, 1.5, and
1.3 nm for the particles with a diameter of 31, 48, and
56 pm, respectively (Table 1). According to the Mie scatter-
ing theory, the value of A\ is defined as follows [8-11]

_ MNtan~'(n? — 1)1/2
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Tnad(n? — 1)'/?
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where ) is the peak wavelength, n; = 1.49 is the refractive
index of the microparticle, n, = 1.33 is the refractive index

Table 1

Interval of the peaks for Rh6G-doped PMMA particles

Diameter (um) Peak wavelength Experimental Calculated
(nm) value (nm) value (nm)

31 580 2.3 2.3

48 580 1.5 1.6

56 580 1.3 1.3
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Fig. 2. Laser emission spectra (solid curve) of Rh6G-doped PMMA
particles with fluorescence (dotted curve) and absorption (dashed curve)
spectra of Rh6G-doped PMMA film. Diameter of particle: 31 pm (a),
48 um (b), and 56 pm (c).

of the surrounding medium, n = n,/n,, and d is the diameter
of the particle. The calculated values of A\ were about 2.3,
1.6, and 1.3 nm for the particles with a diameter of 31, 48,
and 56 um, respectively, and these values agreed well with
the observed values within the resolution of the polychro-
mator. Thus, it was concluded that these peaks were resonant
peaks due to MDR in the micro-cavity. In the case of dye-
doped microparticles lasing, not only (1) periodically spaced
peaks, but also (2) nonlinear pump-power dependence of
emission intensity and (3) shortening of emission decay time
should be observed [5,8-10]. All these observations proof
the peaks to be lasing peaks of micro-cavity. In addition,
when the particle size becomes large, the wavelength region
of lasing peaks are shifted to longer wavelength, since Q-
value of the microparticle cavity becomes higher with the
increasing diameter of particle, and, consequently, lasing
threshold becomes lower. However, such increment in Q-
value at the shorter wavelength range is suppressed due to
reabsorption of dye. As a result, the maximum of lasing
peaks shifts to the longer wavelength with increasing dia-
meter of the particle.

On the other hand, lasing MDR peaks were not observed
in DODCI-doped PMMA microparticles, and weak sponta-
neous emission band was observed at the same pumping
power. This phenomenon is ascribed to weak absorption of
DODCI at the pumping wavelength.
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Fig. 3. Laser emission spectra (solid curve) of Rh6G-DODCI-doped
PMMA particles with fluorescence (dotted curve) and absorption (dashed
curve) spectra of DODCI-doped PMMA film. Diameter of particle: 30 pm
(a), 40 pm (b), and 56 pm (c).

3.2. Farticle cavity size dependence of the emission spectra
in Rh6G-DODCI-doped PMMA microparticles

The individual particle of different diameters doped by
both donor and acceptor dyes (Rh6G-DODCI-doped
PMMA) was irradiated by the pumping laser beam
(0.64 J cm ™2 pulse ') and the emission spectra was mea-
sured as shown in Fig. 3. For each particle, the spectrum
consisted of mainly two bands at 570-590 nm and 610-
630 nm, and several sharp peaks were observed in the both
spectral ranges. As shown later, these peaks were found to be
lasing peaks. In the range of 610-630 nm, emission band
was not observed for the Rh6G-doped PMMA particles
(Fig. 2). Consequently, the 610-630 nm band was attributed
to the emission from DODCI. The presence of the 610-
630 nm band in Rh6G-DODCI-doped PMMA particles
showed that an energy transfer from Rh6G to DODCI took
place in these particles. On the other hand, in the range of
570-590 nm, emission band was not seen for the DODCI-
doped PMMA particles, while the Rh6G-doped PMMA
particles showed lasing peaks. From these results, the
570-590 nm band of the Rh6G-DODCI-doped PMMA
particles was attributed to the emission from Rh6G. In
the wavelength range of 590-610 nm, weak or no peaks
were observed in the Rh6G-DODCI-doped PMMA parti-
cles, although Rh6G-doped PMMA particles showed several
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Table 2
Interval of the peaks for Rh6G-DODCI-doped PMMA particles
Diameter (1m) Peak wavelength Experimental Calculated
(nm) value (nm) value (nm)
33 580 2.1 23
620 2.4 2.6
40 580 1.7 1.9
620 2.0 2.1
56 580 1.2 1.3
620 1.5 1.5

lasing peaks in this range. This is because the lasing of Rh6G
was restrained by the absorption of DODCI at this wave-
length range. Accordingly, the lasing peaks of the 610-
630 nm band, which is not seen in DODCI-doped PMMA
particles, were observed in Rh6G-DODCI-doped PMMA
particles. These results indicate that an efficient energy
transfer from excited Rh6G to DODCI in the microparticle
cavity enables a lasing of DODCI.

The interval of the peaks around 580 nm was A\ =24,
2.0, and 1.5 nm, while those around 620 nm was A\ = 2.1,
1.7, and 1.2 nm for the microparticles with diameter of 33,
40, and 56 pm, respectively (Table 2). The calculated values
of AX from the Eq. (1) around 580 nm were A\, = 2.6,2.1,
and 1.5 nm and those around 620 nm were A\, = 2.3, 1.9,
and 1.3 nm. These values were found to be again in agree-
ment with the experimental values within the resolution.
Accordingly, we have concluded that these peaks were also
resonant peaks due to MDR.

To confirm that the observed peaks were due to laser
oscillation, the pumping power dependence of the resonance
peak intensity was measured. The results for the Rh6G-
DODCI-doped PMMA particle are shown in Fig. 4. As seen,
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Fig. 4. Pumping power dependence of the emission peak intensity of
Rh6G-DODCI-doped PMMA particle (diameter = 40 pm). The emission
intensity was measured at 578.0 nm (a) and 609.4 nm (b). Inset: emission
spectrum of the same particle.

the peak intensity at 578.0 nm, which was in the emission
band of Rh6G, was not proportional to the pumping power,
but increased rapidly when the power was larger than
0.19 J cm ™2 pulse . This result clearly showed that origin
of the emission peaks of Rh6G was not spontaneous emis-
sion, but induced emission due to the laser oscillation. In
addition, the peak intensity was also increased in nonlinear
way with the pumping power and intensity of Rh6G emis-
sion for the emission range of DODCI (609.4 nm), while the
emission intensity increased linearly with the pumping
power for the DODCI-doped PMMA particles. This result
suggested that an efficient energy transfer between Rh6G
and DODCI in microparticle cavity was inducing laser
oscillation from DODCI.

As shown in Fig. 3, the intensity of the 610-630 nm
emission band increased with the particle size, that is, the
energy transfer efficiency was higher in the larger particles.
This is caused by the following two reasons. First, the
efficiency of the light confinement in the microparticle
cavity was enhanced, that is, the Q-value was higher, for
larger particles. Second, the wavelength region of Rh6G
lasing peaks shifts to longer wavelength with the increase of
the particles diameter as shown in Fig. 2 and overlapped
with the absorption maximum of the DODCI. Consequently,
it is concluded that the energy transfer efficiency in micro-
particle cavities can be controlled by the particle size.

This is a new technique to control the energy transfer. It is
known that the energy transfer efficiency in homogeneous
systems such as bulk solutions can be controlled by the dye
concentration, temperature, dye orientation, and so forth.
The present results show that the size is an another parameter
which affects the energy transfer efficiency in microparticle
cavities. Hence, this technique is expected to be applied for
new photonic devices such as a minute light source where
emission wavelength range can be chosen.

3.3. Measurements of time-resolved emission spectra

Measurements of time-resolved emission spectra from
donor and acceptor doped microparticles reveal the
dynamics of energy transfer. However, picosecond time-
resolved emission spectra from such particle cavities have
not been reported so far. Thus, time-resolved emission
spectra in the induced emission process were measured
by using a streak camera. Fig. 5 shows time-resolved spec-
tra, in which a spectral shift to longer wavelength with time
is clearly seen. Fig. 6 shows time-profile of (a) pumping
pulse, (b) emission of Rh6G, and (c) emission of DODCI.
The peak of the emission of Rh6G comes ~20 ps after the
peak of pumping pulse, and the peak of the emission of
DODCI is ~50 ps after the peak of Rh6G emission, as
shown in Fig. 6. The time constants of the decay curves,
7, were 10 and 63 ps for the lasing emission of Rh6G and
DODCI, respectively. The precise analysis of the observed
laser pulses by curve fittings with the rate equations was
hampered by experimental errors ascribed to jitters and the
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Fig. 5. Time-resolved spectra of pumping pulse (a) and emission of
Rh6G-DODCI-doped PMMA particle (diameter = 55 um) (b).
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Fig. 6. Temporal profiles of pumping pulse at 532 nm (a), emission of
Rh6G at 575-585 nm (b), and emission of DODCI at 621-625 nm (c). The
same sample as in the case of data on Fig. 6. Each profile was normalized
at its maximum.

fluctuation of measurement system. Therefore, experimental
decay time constants were estimated as difference between
pump and emission pulses of width at the height of exp(—1)
[8].

In the particle cavities, the pulse light of induced emission
is confined in the particle. Because the Q-value of such
particle cavities is very high, light inside the particle decays
mainly due to the reabsorption of the dyes present in the
particle, rather than the loss at the total reflection. The time
constant 7, of the decay by the reabsorption is described as
follows from the Lambert—Beer’s law [8]

nj

" T 10e(N)ac’ @

where n; = 1.49 is the refractive index of the particle, £()) is
a molar extinction coefficient at the wavelength A\ [erpeg
(580 nm) = 9.4 x 10° M~ em ™', egrpeg (620 nm) = 0.3 x
10°M 'em ™!, epoper (580 nm) =5.7 x 10° M~ em ™!,
and epopcy (620 nm) = 1.3 x 10°M! cm_l], a is concen-
tration of dyes (arpeg =35.0 X 107*M, apopcr = 5.0 x
107> M), ¢ is the velocity of light in vacuum. From the
equation, the time constant of decay is calculated as 7,
(580 nm) =3 ps and 7, (620 nm) = 27 ps considering an
absorption by both donor and acceptor dyes. The values
obtained experimentally were in agreement with the values
calculated by Eq. (2) within the experimental error.

The peak of temporal profile of DODCI was late for
~50 ps in comparison with that of Rh6G, and the delay time
was larger than the decay time constant of lasing of Rh6G
(r =10 ps). This delay also indicates that DODCI was
excited through the energy transfer from Rh6G. However,
since the time profile under lasing condition is not propor-
tional to the number of excited dyes, it cannot be judged
whether the energy transfer occurs from reabsorption pro-
cess or Forster mechanism.

4. Conclusions

In donor and acceptor doped PMMA microparticles, an
enhanced excitation energy transfer from the donor dye of
Rh6G to the acceptor dye of DODCI was observed under the
lasing conditions. It was found that the energy transfer
efficiency could be controlled by the particle size, whereas
in the case of bulk materials it can be done controlling the
dye concentration and temperature. Picosecond time-
resolved spectral measurements revealed that laser oscilla-
tion of Rh6G was directly induced by the pump irradiation,
and then that of DODCI occurred through an efficient energy
transfer from Rh6G to DODCI.
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