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Color-tunable resonant photoluminescence (PL) was attained from

polystyrene microspheres doped with a single polymorphic fluorescent dye,
boron-dipyrrin (BODIPY) 1. The color of the resonant PL depends on the

assembling morphology of 1 in the microspheres, which can be selectively +
controlled from green to red by the initial concentration of 1 in the preparation ps "
process of the microspheres. Studies on intersphere PL propagation with |11 /mg mi- BODIPY 1

multicoupled microspheres, prepared by micromanipulation technique, revealed 0005 Toosotr Tozos 1210
that multistep photon transfer takes place through the microspheres, l l ' l R l '
accompanying energy transfer cascade with stepwise PL color change. The N N N

intersphere energy transfer cascade is direction selective, where energy donor-to- [, \
acceptor down conversion direction is only allowed. Such cavity-mediated long- W /
A N\

distance and multistep energy transfer will be advantageous for polymer photonics N,
device application.
BODIPY, microsphere, energy transfer, whispering gallery mode, photoluminescence
nergy transfer plays an important role in natural and energy transfer (FRET).>”~” In the nonradiative process, the
artificial photosynthesis systems' > and optoelectronic efficiency of energy transfer is high, but the effective distance is
devices,”’ in which light energy is harvested and short within only less than ten nanometers. Therefore, one of

converted into chemical and electric energies. Energy transfer
often accompanies down-conversion of photons with the
directional energy flow from energy donor to acceptor. In
general, energy transfer processes are categorized into two
mechanisms. One is radiative energy transfer, where photo-
luminescence (PL) from one fluorophore is reabsorbed by a
different chromophore that emits PL with different energy.®
Radiative energy transfer occurs at long-range, but the

promising ways to attain energy transfer at long-range with high
efficiency is to guide PL directionally from the energy-donating
fluorophore to the energy-accepting fluorophore.

In this article, we demonstrate long-range energy transfer and
its cascade by using polymorphic dye-doped polystyrene (PS)
microspheres. The dye we used was boron-dipyrrin (BODIPY)

efficiency per unit volume is quite low because of the May 13, 2016
dispersion of radiation. The other mechanism of energy June 27, 2016
transfer is nonradiative process such as fluorescence resonance June 27, 2016
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derivative 1."”"" Typically, the BODIPY frame emits green PL

in a diluted solution.'”™"* The PL color varies with the
molecular structure and aggregated state of BODIPY.'""> We
found that the 1-doped PS microspheres exhibit resonant PL
with various colors from green to red that depends on the
polymorph of 1, which can be controlled by the initial
concentration of 1 in the self-assembling process. Furthermore,
the connection of the 1-doped PS microspheres results in
cavity-mediated long-range FRET at ranges as long as several
micrometers. The energy transfer cascade occurs through two-
to-four coupled microspheres, where the photon transfer occurs
in a selective direction. The long-distance, direction-selective
photon transfer will be advantageous for fully polymeric optical

circuits.

RESULTS AND DISCUSSION

Preparation and PL Properties of Polymorphic
BODIPY-Doped PS Microspheres. The molecular structure

of 1is drawn in Figure 1a. The wavelengths of photoabsorption
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Figure 1. (a) Schematic representation of the formation of PS
microspheres with multicolor resonant PL with different doping
levels of 1 prepared by interface precipitation method. (b—e) FM
images of PS microspheres with different doping levels of 1. Initial
concentrations of 1 are 0.005 (b), 0.1 (c), 0.5 (d), and 1.0 mg mL™*
(e). Aex = 400—440 nm (stationary light). Insets show SEM images
of the corresponding microspheres.

and PL maxima (A, and A,,, respectively) of 1 in CHCl, are
503 and 517 nm, respectively, (Figure S1) with a fluorescence
quantum yield (¢p;) of 0.88 in solution. The 1-doped PS
microspheres were fabricated by the interface precipitation
method in an open system (Figure la, inset; for details, see
Experimental Section and Figure S2). Scanning electron
microscopy (SEM) images of the air-dried suspensions show
well-defined microspheres (Figure 1b—e, inset) with the
average diameters (d,,) of 2.4—4.4 ym (Figure S3a—d). Both
d,, values and its standard deviation (6) decrease when the
fraction of EtOH in the nonsolvent increased (Figure S3e—i).

Fluorescent microscopy (FM) observations indicate that the
PL color of the microspheres varies systematically with the
initial concentration of 1, and the microspheres prepared in the
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same batch show a homogeneous fluorescent color: Micro-
spheres prepared from tetrahydrofuran (THF) solution at [1] =
0.005 mg mL™' displayed green PL (Figure 1b). As [1]
increased to 0.1, 0.5, and 1.0 mg mL™!, the resultant
microspheres displayed PL with yellow, orange, and red colors,
respectively (Figure 1c—e). For comparison, when the vial was
capped during the self-assembly process (closed system), the
precipitation was not completed even after 12 h (Figure S4a—
f), and the fluorescent color of the resultant microspheres was
not homogeneous but varied within a single batch (Figure
S4g—k). Therefore, rapid precipitation in an open system is
appropriate for preparing microspheres that exhibit PL with
selected colors.

PL spectra of cast films of the resultant microspheres show a
systematic change of the PL bands with the initial
concentration of 1 (Figure 2a). Microspheres prepared with

(a) (c)

[1] /mg mL-1 [1] /mg mL-
AV_ (i) 0.002 M% (i) 0.005
ii) 0.05
s % < JMMJM (iii) 0.1
< (iii) 0.1 K
3 " ;: MM (v) 02
§ %@” 3 w (v) 0.3
S —
3 ™
T s /W,A,Mu w03
500 600 700 800 500 600 700 860
A (nm) A (nm)
(b) (d)
06-g @ 1, °* .
2 04 * . G 500 } { 3t
© ° * 2 0‘>“ 250 § ;
0.2 538 4
0 T T T 0 T T T
0.01 01 1 0.01 0.1 1
[1] (mg mL-7) [1] (mg mL-")

Figure 2. (a) Normalized Kubelka—Munk (KM, blue) and PL
(black) spectra of cast films of PS microspheres prepared at
different [1]. A, = 450 nm (stationary light). (b) Plots of ¢y of
cast films of PS microspheres (red squares) and those prepared
from PS solution (black circles) versus [1]. i, = 450 nm
(stationary light). (c) p-PL spectra of a single PS microsphere
prepared at different [1]. 4., = 470 nm (focused laser). The values
on the right side of the spectra indicate initial [1] in the
preparation process. (d) Plots of average (black) and maximum
(red) Q factors (Q,, and Q.. respectively) versus [1]. For
calculation of Q,,, 45—93 WGM PL lines from 5—7 microspheres
(d = 3.1-8.1 um) were used (error bars: the standard deviation).

[1] = 0.002 mg mL™" showed PL with 4., = 523 nm (Figure
2a(i)), which almost coincides with the PL spectrum of 1 in
CHCI; (Figure S1). This result indicates that 1 is molecularly
dispersed in the PS matrix. When [1] increased to 0.05 mg
mL™!, ., shifted to 547 nm (Figure 2a(ii)), originating from
the amorphous aggregates of 1 (Figure SS). In addition, a weak
shoulder band appeared at 600 nm in the PL spectrum, which
derives from the excimer emission from J-aggregated 1."
Further increase of [1] to 0.1 mg mL™" enhanced the PL peak
at 600 nm, accompanied by a new PL band at 700 nm (Figure
2a(iii)). The intensity of the PL band at 700 nm increased as

DOI: 10.1021/acsnano.6b03188
ACS Nano 2016, 10, 7058—7063


http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b03188/suppl_file/nn6b03188_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b03188/suppl_file/nn6b03188_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b03188/suppl_file/nn6b03188_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b03188/suppl_file/nn6b03188_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b03188/suppl_file/nn6b03188_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b03188/suppl_file/nn6b03188_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b03188/suppl_file/nn6b03188_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b03188/suppl_file/nn6b03188_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b03188/suppl_file/nn6b03188_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b03188/suppl_file/nn6b03188_si_001.pdf
http://dx.doi.org/10.1021/acsnano.6b03188

ACS Nano

[1] increased to 0.3 and 0.5 mg mL™" (Figure 2a(iv) and (v))
and became comparable to that at 600 nm when [1] reached
1.0 mg mL™" (Figure 2a(vi)). The PL at 700 nm possibly
originates from the modulation of the reflection by a crystalline
habit of 1 in the PS microsphere.15 Concomitantly, as [1]
increased, the absorption edge shifted from 525 to 560 nm
(Figure 2a, blue). Because ¢hpy of the microspheres coincides
well with that of thin films prepared by drop-cast solutions of
PS and 1 (Figure 2b), the doping level of 1 in the microspheres
is considered nearly identical to the initial weight ratio of 1 to
PS. A concentration quenching causes a drop of ¢p upon
increasing [1] (Figure 2b).

Resonant PL from BODIPY-Doped Single Micro-
sphere. PL spectra of a single microsphere were measured
by the y-PL technique under an ambient condition by focused
laser excitation on the perimeter of the microspheres (4, = 470
nm, Zpot size ~0.5 pm, see Experimental Section and Figure
$6).'°~" Each microsphere exhibited sharp and periodic PL
lines superimposing on the broad PL band (Figure 2c). The
sharp PL lines derive from the whispering gallery mode
(WGM) caused by the confinement via total internal reflection
at the polymer—air interface.'°"** The resonance occurs when
the wavelength of the PL is an integer multiple of the
circumference of the microspheres. The sharp and periodic
peaks are identified as transverse electric (TE) and magnetic
(TM) modes, which are indexed in Figure S7.”> As the
diameter (d) of the microspheres increases, the spacing
between the WGMs decreases because of the longer optical
path around the microspheres’ circumference.

The observed PL wavelength range and Q-factor of the
WGM PL lines depend on the doping level of 1. The
microspheres prepared at [1] = 0.005 mg mL™' displayed
strong WGM PL peaks at $20—600 nm (Figure 2c(i)), which
roughly coincides with the wavelength region observed from PL
spectra of the cast film of the corresponding microspheres
(Figure 2a(i)). For microspheres prepared at [1] = 0.05 mg
mL™!, intense WGM lines appeared at $550—600 nm, and weak
lines were observed up to 750 nm (Figure 2c(ii)). Further
increase of [1] to 0.1 mg mL™" resulted in the intense WGM
lines with a wide wavelength region at 550—750 nm (Figure
2¢(iii)). When [1] was higher than 0.3, the WGM lines were
mainly observed at 700—750 nm (Figure 2c(v)—(vii)), which is
in contrast with the PL spectra of cast films of the
microspheres, where a broad PL band appeared at 550—750
nm (Figure 2a(iv)—(vi)). In the case of u-PL, the confined PL
in the short wavelength region tends to be reabsorbed
efficiently, and thus WGM lines appeared only in the long
wavelength region. It is worth noting that Q-factors, defined by
the wavelength of a PL peak divided by the full width at half-
maximum, decreased when [1] increased above 0.1 mg mL™"
(Figures 2d and S8), which possibly resulted from the Rayleigh
scattering by crystalline nanodomains of 1 in the microspheres.

Cavity-Mediated Intersphere Energy Transfer in Bi-
spheres. We conducted intersphere propagation and color
conversion of the confined PL using coupled microspheres.
Hereafter, microspheres with green, yellow, orange, and red PL
are abbreviated as G, Y, O, and R, respectively. First, two
microspheres with the identical PL color were coupled (G—G,
Y—Y, 0—0, and R—R), and the perimeter of one side of the
bisphere was photoexcited by a focused laser beam. For the
bisphere of G—G, green PL was observed at the excitation
point, contact point, and even at the opposite side to the
contact point (Figure S9a). On the basis of the cross-section
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profile of the FM images upon focused laser excitation, we
evaluate the average ratio of the PL transfer (r) as

_ Iy

Ly, (1)
where Iy, and I, represent the gray value of the PL intensity
from the position of the photoexcitation and that opposite to
the connected point of the adjacent microsphere, respectively
(Figure S9a bottom). The rg_, value is evaluated as 0.58. On
the other hand, in the case of Y=Y, O—0, and R—R, the ratio is
smaller with ry_y, ro_o, and rg_g of 0.50, 0.25, and 0.26,
respectively (Figure S9b—d). In general, intersphere prop-
agation of WGM is not efficient because the peak positions are
not identical owing to the size mismatch of the spheres.

Next, PL transfer of coupled microspheres with different PL
properties was investigated. When G and Y were in contact, and
the perimeter of G was excited, green PL was observed from G,
whereas yellow PL was observed from Y (Figure 3a). This
result indicates that the green PL generated inside G propagates
along the circumference, which is reabsorbed by Y at the
contact point, and then Y emits the yellow PL. Judging from
the cross section PL intensity profile, the yellow PL from Y is of
similar intensity or even stronger than the green PL from G
(Figure 3a, bottom). The rg_y value is evaluated as 1.00, which
is much higher than r¢_ ¢ (0.58). In contrast, upon excitation at
Y, yellow PL was observed from both Y and G, but the PL
intensity from G was very weak (Figure 3b). The cross section
profile shows that the PL intensity is largely decreased after
propagation to G with the ry_g value of 0.39 (Figure 3b,
bottom).

We found that PL from the adjacent microsphere involves
WGM after the color conversion. Upon excitation at G of the
bisphere of G—Y, the WGM character from G was less
pronounced (Figure 3¢, black) than that from the isolated G
(Figure 2c(i)). In contrast, the PL spectrum from the adjacent
Y showed a clear WGM fingerprint (Figure 3c, red), which is
almost identical as that from Y upon excitation at Y (Figure 3d,
black). Note that, upon excitation at Y, yellow WGM PL was
observed from G without wavelength conversion (Figure 3d,
red), though the PL intensity became very weak after
propagation.

The asymmetric photon transfer behavior (i. e., rg_y > ry_g)
was also observed from the coupled G—O (Figure S10a and b)
and G—R (Figure S10c and d). The average PL intensity ratios,
rg—o and rg_ g, are 1.02 and 0.79, respectively, whereas those of
the reverse direction, ro_ g and rg_g, are only 0.16 and 0.18,
respectively. The degree of the asymmetric photon transfer,
expressed as rg_x/rx_.g (X =Y, O, and R), is evaluated to be in
the range of 2.5—6.4. On the other hand, combinations of the
bispheres such as Y—0O, Y—R, and O—R displayed rather small
r values (<0.5) for both forward and reverse directions, and the
degrees of asymmetric photon transfer are only within 1.0-2.1
(Figure SlOe—j). One reason is referred to the energy transfer
efficiency; PL from G (A, = 523 nm, Figure 2a(i)) largely
overlaps with the photoabsorption bands of Y, O, and R
(Figure 2a(jii)—(vi) blue), and thereby the excitation energy in
G is transferrable to Y, O, and R. On the other hand, the Stokes
shift in Y and O is large in comparison with that of G, which
causes small overlap with the absorption bands of O and R
(Figure 2a(v)—(vi)), leading to low efficiencies of Y-to-O, Y-to-
R, and O-to-R energy transfer. The WGM spectral change was
observed for the bisphere of G—O (Figure S11a and b) and Y—
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Figure 3. (a, b) FM images of a bisphere of G—Y upon focused laser
excitation (A, = 470 nm) at the perimeters of one sphere (blue
arrow). The bottom graphs show cross-section profiles of the PL
intensities. Scale bars: 3 gm. (¢, d) PL spectra of a bisphere of G—Y
upon focused laser excitation (A, = 405 nm) at G (c) and Y (d).
The black and red spectra indicate PL at the excitation position and
that from the adjacent microsphere, respectively. (e) Bar chart of
the average ratio of the PL intensity (r) for bispheres. Each value is
evaluated from measurements of 8—20 bispheres (error bars: the
standard deviation). The data are listed in Table S1. The green plot
shows relative values of the product of the area of the spectral
overlap A and ¢y of the energy-accepting microspheres. Inset
shows table of the degree of r: ©, r > 0.75; A\, 0.45 < r < 0.6; X, r <
0.4.

O (Figure S1lc and d), yet in the latter case, the PL intensity
after propagation became very small because of the low energy
transfer efficiency. Note that, according to the results on an
excitation of bispheres of coupled nondoped and doped PS
microspheres, the influence of the direct excitation of the
adjacent sphere by the propagation of the laser beam is
negligible. Upon laser irradiation to the nondoped PS
microsphere, PL from the adjacent G, Y, and O were very
weak in comparison with PL by the excitation of the 1-doped
microspheres (Figure S12).

Figure 3e shows a bar chart of r for the bispheres with all
combinations. The r values, listed in Table S1, are high for G-
to-Y, G-to-O, and G-to-R in comparison with the bispheres
with the opposite direction and the other combinations. As
plotted in Figure 3e (green squares), the tendency of r for the
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intersphere donor-to-acceptor energy transfer can be qual-
itatively reproduced by numerical calculation of a product of
two parameters: the area (A) of the spectral overlap between
PL of energy-donating spheres and photoabsorption of energy-
accepting spheres (Figure S13) and ¢y of the energy-accepting
spheres (Figure 2b).

Direction-selective, Long-Range Energy Transfer
Cascade with Multicoupled Microspheres. The direc-
tion-selective PL transfer was clearly observed using a triple
sphere arrangement. For connecting microspheres with differ-
ent PL colors, we used a micromanipulation technique with an
electrically controlled stepping stage and a thin microneedle.
For a linearly connected G, G, and O (G—G—0), excitation at
the central G resulted in the selective G-to-O PL transfer
(Figure 4a). The cross section profiles of the PL intensity show
that rg_o is 1.2—1.7, whereas rg_¢ is only ~0.27 (Figure 4a,
bottom). This result clearly indicates that PL transfer occurs
selectively in the energy-transferrable direction. As expected
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Figure 4. (a, b) FM images of coupled three spheres of G—G—O
upon focused laser excitation (4., = 470 nm) at the central G (a)
and O (b). The bottom graphs show cross section profiles of the PL
intensities. (c, d) PL spectra of coupled three spheres of G-Y—O
upon focused laser excitation (4., = 405 nm) at G (c) and O (d).
The black, green, and red spectra indicate PL at the excitation
position and that from the center and the opposite side,
respectively. Insets show schematic illustrations of the coupled
three spheres. (e, f) PL spectra of coupled four spheres of G, Y, O,
and R with linear (e) and T-shaped (f) configurations upon focused
laser excitation at G (4., = 405 nm). The black, green, orange, and
red spectra indicate PL from G, Y, O, and R, respectively. Insets
show schematic illustrations of the coupled four spheres.
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from the bisphere experiments, excitation at O hardly
transferred PL to the adjacent G (ro_.g = 0.1S, Figure 4b).

Multistep energy transfer cascade was found for triply
connected microspheres with linearly connected G, Y, and O
(G—=Y—0). Upon laser excitation of G, stepwise G-to-Y and Y-
to-O energy transfer occurs, yet the transfer efficiency of the
latter is smaller than that of the former (Figure 4c). However,
the WGM character was still observed after the PL transfer,
along with a certain red shift of the PL spectra (Figure S14a).
The PL transfer in the opposite direction was very poor (Figure
4d). Similarly, energy cascade and PL spectral shift were
observed for four microspheres of G, Y, O, and R with linear
and T-shaped configuration (Figure 4e and f, respectively)
while involving the WGM character corresponding to each
microsphere (Figure Sl4c, d).

CONCLUSIONS

In summary, single polymorphic dye-doped polystyrene
microspheres display whispering gallery mode (WGM)
resonant photoluminescence with multiple colors from green
to red. The coupled bispheres show cavity-mediated long-range
energy transfer, where confined photons transfer only one way
from the energy-donating sphere to the energy-accepting
sphere. The multicoupled microspheres exhibit cascading
energy transfer, accompanying the multistep color conversion
while maintaining the WGM character even after the transfer.
The reciprocal transfer of photons on the micrometer scale will
be advantageous for applications to compact optical integrated
devices.

EXPERIMENTAL SECTION

General. Unless otherwise noted, reagents and solvents were used
as received from Sigma-Aldrich Co. LLC, Tokyo Chemical Industry
Co. Ltd. and Nakarai Tesque Co. Polystyrene (PS) was purchased
from Sigma-Aldrich Co. LLC (weight-average molecular weight M, =
35000). The N,N'-difluoroboryl-S-mesityldipyrrin (BODIPY) 1 was
synthesized according to the reported procedures.'® Photoabsorption
spectra were recorded on a JASCO V-570 spectrophotometer, and
diffuse reflectance spectra were recorded on the same apparatus
equipped with a JASCO model ISN-470 integrating sphere option.
Fluorescence spectra were recorded on a JASCO FP-8300
spectrofluorometer. Fluorescence quantum yield (¢bp;) was recorded
on a Hamamatsu model C9920—02 absolute PL quantum yield
measurement system. SEM was performed on a Hitachi model SU-
8020 FE-SEM and JEOL model JSM-5610 SEM operating at 10 and
20 kV, respectively. Silicon was used as a substrate and Au for coating.
Optical and fluorescent microscope observation was carried out using
an Olympus model BXS3 Upright Microscope. For the fluorescent
microscopy observation with stationary light excitation, the excitation
light with wavelength 4., = 400—440 nm was used, and long-pass filter
(>460 nm) was used for the detection of the images. Powder X-ray
diffraction (PXRD) patterns were recorded at 25 °C on RIGAKU
model Miniflex600 with a CuKa radiation source (40 kV and 15 mA).

Preparation of 1-Doped PS Microspheres. The 1-doped PS
microspheres were prepared by interface precipitation method (Figure
1a, inset). Typically, a THF solution of a mixture of PS ([PS] = 1.0 mg
mL™) and 1 ([1] = 0.002-1.0 mg mL™" = 6.4—3200 uM) was
carefully added onto a nonsolvent layer of a water/EtOH mixture (6/1
v/v, 1 mL). A slow diffusion of the solvents, along with simultaneous
evaporation of THF to air, resulted in a precipitation after 6 h of aging.

p-PL Measurements. ;-PL measurements of single microspheres
were carried out using a y-PL measurement system (Figure S6).17 An
optical microscope was used with a long-distance 100X objective (NA
= 0.8) to identify suitable particles and determine their diameters (d).
For measurements, a WITec u-PL system was used with a model
Alpha 300S microscope combined with a Princeton Instruments
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model Action SP2300 monochromator (grating: 300 grooves mm™")
and an Andor iDus model DU-401A BR-DD-352 CCD camera cooled
to —60 °C. The perimeter of a single microsphere was photoexcited at
25 °C under an ambient condition by a diode pulsed laser (a
PicoQuant model LDH-D-C-470B with a PDL 828 “Sepia II” driver)
with the wavelength, power, integration time, frequency, pulse
duration, and spot size of 470 nm, 1.5 uW, 0.1 s, 2.5 MHz, 70 ps,
and ~0.5 pum, respectively.

For p-PL measurements with different excitation and detection
positions, the spheres were excited by a 405 nm Linos Nano-405-80
CW laser, and the light was collected within a confocal setup by a 50X
objective with NA = 0.5 and detected by a 500 mm Acton SpectraPro
2500i spectrometer with a liquid-nitrogen-cooled CCD camera at
—120 °C and a 150 grooves mm™" grating.'* Spot size, laser power,
and integration time were 0.5 ym, 0.5 yW, and 1 s, respectively. To
separate the detection spot from the excitation, the collimator optics of
the excitation laser beam was tilted with respect to the optical axis of
the detection path. In order to connect three and four microspheres,
handmade micromanipulation apparatus with an electrically controlled
stepping stage and a thin microneedle was used.
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