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Abstract

The fluorescence dynamics of Rhodamine 6G (R6G) in ethylene glycol/water (EG/W) microdroplets dispersed in a polydimethylsiloxane
(PDMS) solid matrix were studied by picosecond time-resolved microspectroscopy. The large decrease in the fluorescence lifetime of R€
was observed for the droplets with the diametdri{elow 10um and at the R6G concentrations ([R6G]) above 0.1 mM. Absorption
microspectroscopy revealed that the dimer formation of R6G in EG/W microdroplets was facilitated with decteasihopcreasing
[R6G]. The size-dependent fluorescence lifetime of R6G was related to quenching of the monomer excited state by the R6G dimer. Tt
origin of size-dependent dimer formation and, thus, the size-dependent fluorescence lifetime of R6G in micrometer-sized droplets in tf
PDMS matrix was discussed in detail. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction decrease in the droplet diametat, d<8.m) through a
cavity-enhanced spontaneous emission rate [14]. In the
Chemical characteristics of dye molecules incorporated case of EG microdroplets in a silicon oil, Pandey and
in single micrometer-sized liquid droplets can be now stud- Hirayama also reported that the fluorescence lifetime of
ied directly by using a microspectroscopy technique com- R6G was shorter for smaller-sized droplets:10um [15].
bined with an optical- or electrodynamic-trapping method They attributed this size-dependent fluorescence lifetime to
for individual droplets [1]. Recent reports demonstrate that enhanced energy transfer between the R6G molecules in
the refractive index relation between a microdropled)(  the microdroplet with some contributions from the optical
and the surrounding mediunm) is one of the important  cavity effects.
factors deciding the optical and excited-state behaviors of On the other hand, it has been demonstrated that chemical
a dye in microdroplets. Ahg>np, it has been reported reactions and processes in a microdroplet or across a micro-
that dye emission from a droplet interior is reflected at droplet/solution interface are also dependentdorAs an
the droplet/medium interface through a total-internal re- example, our group reported previously that molecular
flection phenomenon and, thus, the microdroplet can actassociation of a dye molecule in individual water droplets
as a spherical cavity [2]. On the basis of such an effect, dispersed in dioctylphthalate or dibutylphthalate was
lasing emission [3-8], a modified-spontaneous emis- facilitated by decreasing the droplet size [16,17]. The rates
sion rate of a dye, [9-11] and enhanced energy transferof electron transfer and mass transfer across single micro-
[12,13] can be observed in microdroplets. Since the op- droplet/water interfaces have been also shown to depend
tical cavity effect is related to the size of a droplet, both on d [18-20]. Since a decrease in a droplet size renders
spectroscopic and dynamic properties of dye emissionan increase in the droplet surface area/volume ratio, the
is dependent on the size of a microdroplet. In practice, role of the surface or interface becomes important for
Barnes et al. reported that the fluorescence lifetime of smaller-sized droplets. Therefore, various phenomena in a
Rhodamine 6G (R6G) in an ethylene glycol (EG) micro- droplet or across a droplet/solution interface should depend
droplet levitated in air (i.e.ng>nm) decreased with a on the droplet size through both physical and chemical
effects. In order to understand characteristic phenomena in
* Corresponding author. micrometer dimensions, further detailed investigations are
1 Co-corresponding author. absolutely necessary.
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In this report, we demonstrate chemical size-effects on 2. Experimental
the fluorescence lifetime of R6G in microdroplets dispersed
in a polymer matrix. So far, spectroscopic and excited staté 2 1. Chemicals and sample preparation
properties of dye molecules in individual droplets have been
discussed based on dynamic fluorescence spectroscopy in

special reference toédependence of the fluorescence life- Water was purified by distillation and deionization prior

. . to use (GSR-200, Advantec Toyo Co., Ltd.). Rhodamine 6G
time. However, the droplet size effects are governed by many(RSG Tokyo Kasei: Ace grade) and ethylene glycol (EG

factors as mentioned earlier, S0 that complementary stUd_Wako Pure Chemical Industries, Ltd.) were used as supplied.
ies of the same system by available spectroscopies are de-

sired. In the present study, therefore, we applied both ab-The purity of R6G was checked by comparing the molar
. . . absorptivity at a maximum wavelength with the reported
sorption [18,21-24] and confocal dynamic fluorescence mi- e )
. value [29] and also by the fluorescence lifetime in a dilute
crospectroscopies [25,26]. As a dye molecule, we used R6G, . . :
. . . . aqueous solution [30]. Polydimethylsiloxane (PDMS, Dow
since droplet size effects have been studied widely by us- Corning) was used as received
ing R6G and the results were discussed in terms of the op- 9 i

. : In the present study, the following procedures were em-
tical cavity effects. By the analogous reason, we employed loyed to prepare ethylene glycoliwater (EGAM1 wt.%)
an ethylene glycol/water (EG/W) mixture as drops. On the ploy brep Y gy '

. ; Lo : microdroplets in a PDMS solid film. PDMS was mixed with
other hand, manipulation of individual microdroplets has : . : .
been conducted in air or solution by an electrodynamic trap a hardening agent just before sample preparation (hardening
[27] or optical trapping technique [18], respectively. How- agent/PDMS-1/10 wt.%). An R6G ([R6GES, 2.5, 1, 0.1,
P pping q » €SP Y- . 0.01x 103 M) EG/W solution of 4Qul was injected into the

ever, solvent evaporation cannot be avoided for droplets in . ) !

; " PDMS solution (2 g), and the mixture was stirred by a me-
air [28]. Furtheremore, an application of confocal fluores-

. e oo . chanical stirrer for 1 min at room temperature. The resultant
cence microspectroscopy is in general difficult for levitated

droplets. Another possible approach to study individual mi- mixture was spread onto aslide glass, and heated &t i
piets. Another p PP wdy ind " 10 min to solidify PDMS: thickness of the filmy100m.
crodroplets is fixation of microdroplets in a solid matrix.

Therefore, we chose optically transparent (in the visible re- EG/W microdroplets witfd of 1-50,.m were obtained by

gion) polydimethyilsiloxane (PDMS) as a solid matrix. Al- these procedures.

though commercially available, PDMS is a viscous liquid at

room temperature, it solidifies upon heating t665so that ~ 2.2. Spectroscopic measurements

R6G—-EG/W microdroplets can be easily dispersed and fixed

in a PDMS solid matrix. Using R6G-EG/W microdroplets ~ Fluorescence decay profiles of R6G in single micro-
in PDMS as a sample, we report droplet size effects on the droplets were obtained by a system reported earlier [31] with
fluorescence lifetime of R6G, and the size effects are dis- some modifications by using a confocal fluorescence micro-
cussed in terms of the size-dependent dimer formation of scope (Fig. 1). Excitation laser pulses (Coherent, 500 nm,

R6G. FWHM=150fs, repetition rate100 kHz, s-polarized) were
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Fig. 1. Block diagram of a confocal fluorescence microspectroscopy system: OPA; optical parametric amplifier, P; polarizer, DP; depolarizer, MC;
monochromator, PMT; photomultiplier, PD; pin photodiode, HM; half-mirror, L; oil-immersion objective lens.
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10°

introduced to a confocal fluorescence microscope (Olympus,

BX-50) and irradiated onto a single microdroplet (spot size (a) 20 pm
~1um) through an objective lens<(L00 oil, N.A=1.35). ol oy 10
Incident laser power was kept as low as possible to avoid : ggg

photodegradation of R6G. The R6G emission from an in-

dividual microdroplet was collected by the same objective

and imaged onto a pinhole set in front of a polychromator.

The diameter of the pinhole was selected in between 0.1

and 2 mm to attain spatial resolution (along the laser beam 10°¢

(2) axis) of the spectroscopy in 1-g®n. Under such con- :

ditions, we observed the fluorescence from a whole or part

of a microdroplet with minimum background-noises caused 0 5 10 15 20 25

by other droplets. The fluorescence being passed through Time/ns

the pinhOI-e was analyzed-by a time-correlated single pho- Fig. 2. Fluorescence decay profiles of R6G ([R66k 103 M) in single

ton counting module (Edinburgh Instruments, SPC-300), £y microdroplets. Droplet diameters are (@) 20: (b) 10: (¢) 7: (d)

equipped with a microchannel plate photomultiplier (Hama- s; (¢) 3: and (f) 2.m. The solid curve shows the best fits by double

matsu Photonics, R3809U-50) and a polychromator (Jobin exponential functions.

Ybon, H-20). A polarizer was set in front of the detector

system at a magic angle (49)6to cancel fluorescence o

polarization effects on decay profies The monitoring ~ c@se at [R6GF5x10-°M, a deviation of the decay pro-

wavelength of the fluorescence was set at 560 nm through-fil® from a single exponential function became pronounced

out the study. Decay profiles were analyzed by using an with a decrease inl, and th_e decay profile was best ana-

iterative nonlinear least-squares deconvolution method.  lyZed by a double exponential function; as a typical example
Absorption spectra of R6G in individual microdroplets (d=5um), the time constants were 1.0 and 0.45ns.

were measured by a microspectroscopy system reported ear- [N the followings, we discuss the present results on the

lier [22—25,32]. The incident light intensity was determined Pasis of the average fluorescence lifetinte)) of R6G in

by passing the probe beam (Xe lamp) through a PDMS film Single droplets,

2

Intensity

1 I 1 1

without a microdroplet or a dye-free droplet whose size was Y a2

identical to that of the sample. All the experiments were per- (7) = =L Q)
formed under aerated conditions in a temperature-controlled 2T

room (294 K). where t; and a are the fluorescence lifetime and

pre-exponential factor of thi¢h decay componeni=£1, 2),
) ) respectively. The droplet size effects on the average lifetime
3. Results and discussion are shown in Fig. 3, in which the data obtained at other
R6G concentrations ([R6GJ.5, 1, 0.1, or 0.0¢10-3 M)
3.1. Droplet-size dependence of the R6G fluorescence are also included. Ad=20pm, the average lifetime was
lifetime shorter at a higher R6G concentration. However, in

. . the EG/W droplet was essentially the same with that
Fig. 2 shows a typical example of the fluorescence de-

cay curves of R6G ([R6GI5x 102 M) in individual mi-
crodroplets with different diametersl)( For the droplets
with d>20um, the fluorescence decay curves were coinci-
dent with that in a bulk solution. Whethwas smaller than
20pm, on the other hand, the fluorescence decay was faster
for smaller-sized droplets: ‘micrometer size-effects’. A flu-
orescence decay of R6G at a high concentration has often
been analyzed by a model which considers excitation en-
ergy migration between the monomers and subsequent en-
ergy trap by dimer sites [33—36]. In such a case, the fluores-
cence shows a non-single exponential decay. In the present

op
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2 Effects of fluorescence polarization on the decay curve observed under
a microscope are very complicated, since incident laser pulses are focused Diameter / pm
by a large N.A. objective lens. The polarization properties of a half
mirror used in this study also affect the fluorescence decay curve. In the Fig. 3. Droplet size dependence of the fluorescence lifetime of R6G.
present experimental setup, the fluorescence polarization effects could be]R6G]=5x10"2 (@), 2.5x103 (O), 1x10-3 (M), 1x10~* (), and
canceled by rotating a polarizer in front of a detector system at°49.6 1x10-5M(A).
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determined in the relevant bulk solution at a given [R6G].

This suggests that the [R6G] effects ¢r) are explained | (d) 3 pm

by quenching of the R6G monomer emission by the dimer - (c) 6 P

[35]. At d<20um, on the other hand;r) decreased with 2L §:§ 30

a decrease inl and the size effects were much lager at a E

higher R6G concentration. As an example, the lifetime de- 5

creased from-2 to ~0.3 ns on going frond=20 to 2um at 'g i

[R6G]=5x10"3M. At [R6G]<1x10°>M, it is worth not- el

ing that the fluorescence decays single-exponentially, and < I

the lifetime is independent of the droplet diameter. These 4

results demonstrate clearly that the photophysics of R6G in [omc o - : S
400 450 500 550 600

EG/W droplets is dependent strongly on bdthnd [R6G].
Thed and [R6G] dependencies af) resemble with those
observed in EG _drOpletS reported by F_)andey and HIr"':"yamaFig. 4. Absorption spectra of R6G ([R665x 103 M) in single micro-
[15]. They explained the phenomena in terms of enhancedgroplets. Droplet diameters are (a) 20; (b) 8; (c) 6; and (g3
energy transfer from an R6G monomer to a dimer with some
contribution from optical-cavity effects of a microdroplet as sults are summarized in Fig. 4, in which the absorbance of
described before. If the optical-cavity effects participate in a R6G is normalized to that at the peak wavelength (around
microdroplet, the fluorescence spectrum of a dye should ex-530 nm) for comparison. The absorption spectrum for the
hibit size-dependent sharp structures in addition to a broaddroplet withd=20u.m (a) shows the peak at around 530 nm
background spectrum [37,38]. In the present case, howeverand the shoulder around 500 nm. The spectrum determined
R6G (5x<1073M) in a single microdropletd=2um) did for the microdroplet agreed very well with that in a bulk
not show structured fluorescence and, the shape and peakolution. Since the dye concentration is high, the bands at
wavelength of the spectrum agreed satisfactorily with those around 530 and 500 nm are easily assigned as the monomer
observed in a bulk solution. Also, the fluorescence spectraland dimer of R6G, respectively [40]. When the droplet di-
band shape was independentddq®2~20..m). An excitation ameter is smaller than 20m, on the other hand, it is clear
laser power dependence of the fluorescence lifetime was alsdrom Fig. 4 that the peak at around 500 nm increases with
not observed. Furthermore, optical-cavity effects are known decrease iml. This result indicates that dimer formation of
to be observed only when the refractive index of a micro- R6G in the microdroplet is facilitated with decreasthd@on
droplet was higher than that of the surrounding medium [39]. the basis of these results, the droplet size dependenge of
In the present case, the refractive index of EG/W (1.38) is could be explained in terms of that of the dimer formation
smaller than that of PDMS (1.41), so that we conclude that efficiency in EG/W microdroplets.
optical-cavity effects are not the origin of tdedlependence
of the fluorescence lifetime of R6G in Figs. 2 and 3. Chem- 3.3. Monomer/dimer equilibrium of R6G in a bulk EG/W
ical processes or phenomena in individual droplets could be solution
the primary origin of the present results. Since the reaction
systems studied by us and Pandey and Hirayama are dif- For quantitative discussion on tdedependent dimer for-
ferent slightly (the refractive index of EG (1.43) is slightly mation, a monomer/dimer equilibrium of R6G in a bulk so-
larger than that of a silicon oil (1.41)), we cannot compare lution should be known. Therefore, we conducted absorp-
the results directly. Nonetheless, analogous results betweerion spectroscopy on homogeneous R6G-EG/W solutions.
the two systems might suggest that chemical size-effects dis-Fig. 5 shows the absorption spectra of R6G in EG/W liquid
cussed further play a role in deciding tHedlependence of  films at various [R6G]. The absorbance ratio of the dimer
the fluorescence lifetime of R6G in EG droplets dispersed to the monomer increased with increasing in [R6G]. The
in a silicon oil, other than the cavity effects. dimer formation constank() can be thus determined on the
basis of the results in Fig. 5. The R6G dimer formation is
expressed as

Wavelength / nm

3.2. Absorption spectroscopy of single R6G-EG/W
microdroplets R6G+ R6G < (R60); 2

In order to obtain a direct evidence of tdeand [R6G]  andK is given by
effects on(r), we conducted absorption spectroscopy of in- [D] 1—x
dividual R6G (5¢10~3M) EG/W microdroplets. There- K = M2~ 2Ce

®)

3We reported earlier that the absorption spectrum of a dye in a mi- glected since the difference in the refractive index between a droplet and
croparticle withd<10m was strongly affected by a probe beam size PDMS was very small. Furthermore, we discussed on the absorption ra-
and refraction/reflection of a probe beam by the particle. In the present tio of the monomer to the dimer, so that the present discussion is not
study, the effect of refraction/reflection of a probe beam was almost ne- influenced largely by such experimental conditions.
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Fig. 5. Absorption spectra of bulk R6G EG/W solutions. [RE6G]) Fig. 7. Concentrgtion dependence of the fluorescence lifetime in bulk
1x10°5; (b) 1x10°3; (c) 5x10°3; (d) 1x1072 (e) 2x10°2; and (f) R6G-EG/W solutions.

4x1072 M.

where [M] and [D] represent the concentrations of the R6G 3.4. Droplet size-effects on R6G dimer formation
monomer and dimer, respectively.is the mole fraction

of the monomer at a given concentrati@ At a cer- In order to reveal the origin of theé dependence ofr),
tain wavelength, both monomer and dimer absorb, so thatthe implication between the dimer formation efficiency and
an observed molar extinction coefficient) (is expressed (t) should be clarified. First, we calculated the concentra-

as tion ratio of the dimer to the monomer ([D]/[M]) in individ-
ual droplets on the basis of the absorption spectra of R6G
& =¢emX +edh(l—x) 4) in Fig. 5 and, the:y, andeq values. The results are summa-

) rized in Fig. 6 as & dependence of [D]/[M] (open symbols).
where em;, and ¢q, are e of the monomer and dimer  Ag seen clearly, [D)/[M] increased sharply with a decrease
of R6G, respectively. Them, value at a given wave- jn d. At [R6G]=5mM, the value increased from0.4 to
length can be determined for a dilute R6G solution. The g g with a decrease id from 10 to 2um. On the other
concentration-dependent spectrum in Fig. 5 was then ana-hand, the [DJ/[M] values ati>10um were almost constant
lyzed by Egs. (3) and (4) withq andK as fitting parameters 4t 0.35, 0.26, and 0.13 at [R6S5, 2.5, and 1 mM, respec-
[41]. The observed data were best reproduced by the fol-tjely. The [D]/[M] value at a given concentration can be

|0Wi”%3"13|U833K=110 M, ‘9r5n:012= 11x 10, i%oz =_§~7 x also calculated from Eq. (3). The calculated [D}/[M] values
10% 5% = 2.9 x 10%, and ¢3%°=6.7x10*M~tcm™. were almost comparable to the observed value; as an exam-

ple, the values were 0.33, 0.20, and 0.09 at [R6§]2.5,
and 1 mM, respectively. The [D)/[M] ratio of R6G in a

0 microdroplet withd>10u.m is essentially independent of
This coincides very well with the absence af dependence
08| of the fluorescence lifetime of R6G dt10um.
An alternate way to estimate [D]/[M] is to compare ob-
— 06 served in an individual droplet with a concentration-dependent
§ fluorescence decay of R6G in a bulk solution. For this pur-
5 04t pose, we measured fluorescence lifetimes of R6G at various
- concentrations as shown in Fig. 7. The lifetime)] de-
02k creased significantly at [R6G]>1 mM owing to Forster-type
energy transfer from the monomer to the dimer [35]. Know-
0.0 ing the concentration dependence(ef and theK value,

one can evaluate [D]/[M] in single microdroplets on the
Diameter / um basis of the observe¢r) in the droplets and the data in
Fig. 7. The [D]/[M] values calculated by such procedures

Fig. 6. Droplet size dependence of the dimer/monomer concentration ratio
of R6G in single EG/W microdroplets. Open symbols; calculated from ab-

sorption spectra at the concentrations of [R66% 1073 (O), 2.5x103 4At a low R6G concentration, the observed [D}/[M] ratio was slightly
(A), and 1x10-3M (0). Closed symbols; calculated from fluorescence deviated from the calculated value. This is probably due to the exper-
lifetimes at the concentrations of [R6E§x 1072 (@), 2.5x10°3 (A), imental errors in determining [D], since the absorbance change of the

and 1x10°3M (H). dimer band is very small.
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are also included in Fig. 6 (closed symbols). Fig. 6 indi- demonstrate that adsorption of R6G on the droplet/PDMS
cates that the [D]/[M] values calculated from the absorption interface is not the reason for tidedependence ofr).
spectrum and the fluorescence lifetime agreed very well One might expect changes in the physical properties of
with each other at any droplet size and R6G concentration. the solvents themselves (EG and/or W). Although such an
Therefore, we concluded that the droplet size dependenceeffect could be very important in submicrometer/nanometer
of the fluorescence lifetime of R6G was ascribed to that of regions, the present size-dependent dimer formation in mi-
the dimer formation efficiency in each droplet. crometer dimension can not be explained by such the con-
text. Vaporization of the solvent molecules should be also
3.5. Origin of the droplet size dependencegof and R6G considered, because the samples are prepared by heating to
dimer formation 65°C to obtain solid PDMS/droplet films and this might lead
to concentration of R6G—EG/W droplet solutions. Vaporiza-
The d dependence of the dimer formation could be ap- tion of ethylene glycol is not likely under the present condi-
peared either by adsorption of R6G on the droplet/matrix tions, since the boiling point of EG is 19Z. Vaporization
interface or concentration of the droplet solution. of water will make the droplet medium less polar. If this is
Adsorption of a dye on a solid/liquid or liquid/liquid in-  the case, the dimer formation of R6G in the droplet should
terface is a well known phenomenon. In particular, dye ad- be suppressed since that is favored in a polar medium [42].
sorption on a droplet/solution interface is facilitated in a Clearly, this is opposite to what is observed in this study.
smaller water droplet, since the surface area/volume ratio of On the other hand, permeation of EG and/or W molecules
a droplet increases with decreasinglirindeed, it has been  to a PDMS film might be the reason for the present re-
reported that dimer formation of Malachite Green is facili- sults, since this also renders concentration of an R6G droplet
tated in a smaller water droplet dispersed in an oil through solution. In practice, PDMS has been used as a permse-
surface adsorption of the dye on the droplet/solution inter- lective membrane for gases and liquids owing to its large
face [16—-17]. Therefore, the dimer formation at the interface three-dimensional network structures, as demonstrated for
or a heterogeneous distribution of R6G in a microdroplet removal of aroma compounds from waste-water [43]. It has
is worth elucidating in detail to discuss the origin of tthe = been reported that, permeability of water to PDMS is very
dependence ofr). inefficient [44], so that such an effect is neglected. If per-
Dye distribution characteristics in single microparticles meation of EG to the film occurs, the droplet medium be-
can be studied on the basis ofdadependence of dye ab- comes more polar and this should render the increase in the
sorbance as reported previously [22]. If a dye distributes ho- dimer formation efficiency. In order to test such a possibil-
mogeneously in a single partickkcorresponds to the optical  ity, we measured an aging time dependence of the fluores-
path length for absorption measurements, while this is not cence decay of R6G in the droplet: just after preparation
the case for an inhomogeneous dye distribution in a particle. (i.e., solidification) and after several hours. However, these
When a dye adsorbs on a thin surface layer of a particle, atwo measurements gave almost analogbdgpendence of
theoretical consideration predicts that observed absorbancer). The results indicate that permeation of ethylene gly-
becomes one-third of that at a homogeneous dye distribu-col into PDMS is much slower than our measurements time
tion [22]. In the present case, however, absorbance of R6Gscale. EG/W droplets are considered to be very stable after
in individual EG/W droplets agreed very well with that pre-  solidification of PDMS and, therefore, concentration of R6G
dicted from the molar absorptivity of the dye determined in in each droplet could be originated before solidification of
a bulk solution. This indicates a homogeneous distribution PDMS.
of the dye in each EG/W droplet. Distribution of solvent molecules (EG and/or W) to
Further direct information about a dye distribution in a PDMS before solidification will be the most probable rea-
droplet can be obtained by using confocal fluorescence mi-son for concentration of R6G in each droplet and, therefore,
crospectroscopy with three-dimensional spatial resolution. for the d dependence ofz). Distribution of EG and/or W
We measured therefore fluorescence decays of R6G both ato PDMS proceeds by diffusion of the molecules across
around the center of a droplet and near the droplet/PDMS the droplet/matrix interface. In oil-in-water or water-in-oil
interface ¢=5um). Although the data are not shown here, emulsions, mass transfer across the droplet/solution inter-
the two decay profiles showed analogous results. It is worth face becomes more efficient with decreasihgwing to an
noting that the spatial resolutioz-éxis; along the excita- increase in the surface area/volume ratio of the droplet. In
tion beam axis) of the spectroscopy system jigi, so that the present case, droplet-to-PDMS solvent distribution be-
the results do not necessarily imply the absence of surfacefore solidification of PDMS should proceed more efficiently
adsorption of R6G. Nonetheless, if the dimer formation at for smaller-sized droplets, so that this brings about a higher
the interface is the major factor determinifg, the decay R6G concentration in a smaller-sized droplet. The ratio of
profile should be more or less dependent on the observationthe estimated R6G concentration in an individual droplet to
position in the droplet. Therefore, the dimer formation of that for the relevant mother solution is summarized in Fig. 8.
R6G proceeds in the whole of an EG/W microdroplet. Both The ratio increased sharply with decreasthgt d<10pm
absorption and confocal fluorescence microspectroscopiesand, as an example, the concentration of R6G in the droplet
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ity effects). Although further systematic investigations are

= needed to reveal spectroscopic and excited state properties
of a molecule in micrometer-sized droplets, we suppose that
@ both chemical and physical characteristics of a microdroplet
should be considered as the possible origin of droplet size
. dependent phenomena. The works along the line mentioned
earlier are now in progress in this laboratory.

Concentration Ratio
(@]
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