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Highly luminescent 7n-conjugated polymeric micro-
spheres were fabricated through self-assembly of energy-donating
and energy-accepting polymers and their blends. To avoid macro-
scopic phase separation, the nucleation time and growth rate of each
polymer in the solution were properly adjusted. Photoluminescence
(PL) studies showed that efficient donor-to-acceptor energy transfer
takes place inside the microspheres, revealing that two polymers are l | I I
well-blended in the microspheres. Focused laser irradiation of a single

Energy-Donating Polymer Energy-Accepting Polymer

Donor Sphere

microsphere excites whispering gallery modes (WGMs), where PL gy Bend Sphere Ex
generated inside the sphere is confined and resonates. The | ) AAA
wavelengths of the PL lines are finely tuned by changing the blending A aWn A Al
ratio, accompanying the systematic yellow-to-red color change. J\j J i

Furthermore, when several microspheres are coupled linearly, the

confined PL propagates the microspheres through the contact point,

and a cascade-like process converts the PL color while maintaining the WGM characteristics. The self-assembly strategy for
the formation of polymeric nano- to microstructures with highly miscible polymer blends will be advantageous for
optoelectronic and photonic device applications.

conjugated polymer, polymer blend, microsphere, energy transfer, whispering gallery mode

ontrol of the mixing state and morphology of cules have to be located within a 10 nm distance.*™® In general,
conjugated polymers plays an important role in different polymers are immiscible with one another because of
polymer optoelectronic devices. For example, in the small mixing entropy and tend to form macroscopic phase

polymer solar cells, an appropriate nanophase segregation of
electron-donating polymers and electron-accepting small
molecules leads to efficient photoinduced charge separation
and subsequent charge carrier conduction, due to the large-area
heterointerfaces and bicontinuous charge-transporting path-
ways.' > Likewise, in polymer light-emitting devices, fluoro-

separation.7_11 Such separation gives rise to lowering the
efficiency of the device performance. Therefore, the combina-
tion of polymers with small molecules is often employed:
electron-donating polymers with fullerene derivatives for

phores are properly placed in the charge-transporting layers, March 27, 2016
and for efficient color conversion by Forster resonant energy May 2, 2016
transfer (FRET), energy-donating and energy-accepting mole- May 2, 2016
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Figure 1. (a,b) Molecular structures of 7-conjugated alternating copolymers P1 and P2. (c) Schematic representations of the assembling
structures from P1, P1/P2 blends (f = 0.2), and P2. (d—g) SEM micrographs of self-assembled precipitates from P14 (d), P1,3 (e), Plgy (f),
and P2 (g). Inset shows histogram of d. (h—j) SEM micrographs of self-assembled precipitates from blends of P1,/P2 (h), P1,;/P2 (i), and
Plgy/P2 (j) with f = 0.2. Inset shows optical micrographs of the precipitates.

organic solar cells'™> and charge-transporting polymers with
fluorescent small molecules in light-emitting diodes.

In this article, we report the self-assembly of highly
fluorescent energy-donating and energy-accepting polymers
from the mixture of a solution. Recently, we developed a
technique to fabricate well-defined microspheres by self-
assembly of 7-conjugated polymers.'”'® The key factors for
the formation of spherical structures are the low crystallinity of
the polymer main chain and a slow diffusion of the polar
nonsolvent into the solution of polymers. We found that these
microspheres act as both fluorophore and resonator; the
fluorescent microcavities exhibit resonant photoluminescence
(PL) from whispering gallery modes (WGMs) upon photo-
excitation.'*"> The polymers used in the present research,
when assembled alone (homotropic assembly), form well-
defined spheres with sub- to several micrometer diameters
depending on their molecular weight. On the other hand, when
assembled from their mixed solution (heterotropic assembly),
the polymers with mismatched molecular weights are
immiscible with one another, only giving irregular aggregates.
However, when molecular weights are identical and the
nucleation time and growth rate of the polymers match well
under the vapor diffusion condition, well-defined microspheres
are formed exclusively. PL experiments clearly show that an
efficient FRET occurs inside the microspheres, indicating that
these polymers are highly miscible with one another in the
microspheres. Upon focused laser excitation, a single micro-
sphere exhibits WGM PL as a result of the confinement of PL
inside the microsphere. The PL color shifts systematically,

5544

depending on the mixing ratio of the polymers. Furthermore,
by connecting the microspheres, long-range PL propagation
and subsequent color conversion are achieved. The self-
assembly strategy for obtaining highly miscible polymer blends
within nano- to microstructures will be advantageous for the
use of electronically and optically active polymers to
optoelectronic device applications.

RESULTS AND DISCUSSION

Self-Assembly of Energy-Donating and Energy-Ac-
cepting Polymers and Their Blends. An alternating
copolymer P1 (Figure la), composed of 9,9-dioctylfluorene
and S-octylthieno[3,4-c]pyrrole-4,6-dione with a number-
average molecular weight (M,) of 16.2, 43.0, and 79.6 kg
mol™" (P14, Pl,y, and Plggy, respectively), was synthesized
according to the reported procedure.'® Another alternating
copolymer P2 (Figure 1b), comprising N-(2-heptylundecyl)-
carbazole and 4,8-bis[(dodecyl)carbonyl]benzo[1,2-b:4,5-b']-
dithiophene repeating unit and M, = 11.0 kg mol™, was newly
synthesized (see the Supporting Information). In the thin film
form, P2 exhibits maximum photoabsorption (4,,) and PL
(Aem) wavelengths of 533 and 622 nm, respectively (Table S1).
Because the PL band of Pl (4,, = 540 nm) overlaps
considerably with the photoabsorption band of P2 (Figure
Sla), photoinduced P1-to-P2 energy transfer possibly takes
place. Indeed, PL spectra of thin films of Pl,g and P2,
prepared from a solution of their blend by spin-casting, showed
that as little as 1—5 wt % of P2 resulted in a pronounced red
shift of A, (Figures 2a and S1b). The PL was not quenched
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Figure 2. (a) Plots of the maximum wavelength of PL (4,,) for
films of the microspheres (circles) and those formed by spin-
casting from CHCI, solution (triangles) versus f. Broken lines show
Aem of spin-cast thin films of P14 (green, A, = 537 nm) and P2
(red, Ae = 622 nm); A, = 450 nm. (b) Plot of ¢y, for films of the
microspheres versus f. (c—e) Schematic representations of energy
migration and energy transfer inside a single microsphere with f= 0

(c), f=0.2(d), and f > 0.3 (e).

but was instead enhanced by the addition of P2 (Figure Slc
and Table S2), indicating that photoinduced P1-to-P2 energy
transfer, rather than electron transfer, takes place efficiently.
Self-assembly of the polymers was conducted by a vapor
diffusion method (see Methods).'”" Scanning electron
microscopy (SEM) shows that P1 and P2 exclusively form
well-defined microspheres (Figure 1d—g). With increasing M,
the diameter (d) of the spheres decreases; the average
diameters d,, for P1,g, Pl,y, and Plgy are 2.79, 1.31, and
0.26 pm, respectively. Polymers with high M|, tend to have low

solubility, resulting in a rapid precipitation and thus yielding
small spheres.'”"” The d,, value of P2 is 3.10 um.

Heterotropic assembly of P1/P2 was investigated with the
weight fraction of P2 (f) set at 0.2. SEM of the resultant
precipitates showed that the P1,4/P2 blend produced well-
defined microspheres with d,, of 3.35 um (Figure 1h). In
contrast, blends from P1,3/P2 and Plgy /P2 only resulted in
irregular aggregates (Figure 1ij). Because P1,g and P2 have
nearly identical M, and their homotropic assemblies produce
spheres with similar d values (~3 um, Figure 1d,g), nucleation
of both polymers starts at the same time, and growth rate is also
similar. On the other hand, due to the larger M,, P1,3 and
Plgy have lower solubility in CHCl; compared with P14,
resulting in a rapid precipitation that inhibits formation of
microspheres by blending with P2.

With increasing M, of P1, PL spectra of the blended
precipitate showed a small red shift (Figure S1d). Fluorescence
microscopy (FM) of the precipitate from the Plgy/P2 blend
displayed a yellowish-orange PL color (Figure 1j, inset), which
was different from the reddish PL from microspheres of the
P1,4/P2 blend (Figure 1h, inset). The spectroscopic and
microscopic results indicate that P1,4 and P2 are homoge-
neously blended in the microspheres, whereas P13 and Plgy,
are less miscible with P2.

Blends of P1,4/P2 with different ratios (f = 0.01, 0.02, 0.0,
0.1, 0.2, and 0.3) all formed microspheres with d,, values in the
range of 1.8—4.6 um (Figure S2 and Table S2). The surface
morphology of the microspheres with small blending ratios (f =
0.02 and 0.05) appears relatively disordered (Figure S2c,d)
compared to those with higher f. PL spectra showed that A,
values are strongly red-shifted upon blending with only a small
amount of P2 (Figures 2a and Sle and Table S2), and the FM
images also showed a clear color change from yellow to reddish
orange (Figure S2, inset). The PL spectrum of the thin film of
the blended microspheres with f = 0.3 closely resembles that of
the microspheres of P2 (Figures 2a and Sle). The
spectroscopic changes indicate that P1,q-to-P2 FRET takes
place efficiently inside the spheres. In general, polymer blends
tend to undergo phase separation when condensed from a
solution due to their small mixing entropies.””'" In the present
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Figure 3. (a,b) u-PL spectra of D (a) and A (b). Grating: 300 grooves mm ™'
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wavelengths and indices with TE (pink) and TM (blue) modes. Inset shows p-PL spectra of D and A with high resolution. Grating: 1200
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side. (d) Plots of Q,, (red) and Q,,,, (black) versus f.
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L. (c) p-PL spectra of D (green), A (red), and B (black). Grating: 300 grooves mm ™. The f and d values are denoted on the left
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Figure 4. Fluorescent micrographs of coupled two Ds (a,b), three Ds (c), four Ds (d), and five Ds (e), D—A (g,h), D-B (ij), and D-D-B
(k1), upon focused laser excitation (blue arrow). The graphs at the bottom of each micrograph show cross-section PL intensity profiles at the
broken white lines in each micrograph. Insets show optical micrographs. Images of (a) and (b), (g) and (h), (i) and (j), and (k) and (1) are the
same area with different excitation position. (f) Plots of the PL intensity ratio versus the number of the spheres, calculated from the cross-
section profiles. Black, coupled Ds; red filled, coupled D—A; red open, coupled D—B.

study, the nucleation timing and growth rate of two polymers
was properly adjusted, leading to the formation of microspheres
with highly miscible polymer blends.

The PL quantum yield (¢p.) of P1,4/P2 blend micro-
spheres was largely enhanced compared to those made from
homotropic assembly of P1, or P2 (Figure 2b and Table S2).
With increasing f, ¢py first increases to a maximum of 0.222 at f
= 0.2 and then decreases. In the homotropic microspheres from
P1,g and P2, P1 4-to-P1,4 and P2-to-P2 interpolymer energy
migration takes place (Figure 2c). This exciton migration
results in a decrease of ¢hp; (0.149 and 0.143 for microspheres
with f = 0 and 1, respectively) due to the concentration
quenching.” Meanwhile, heterotropic microspheres, produced
by blending a small amount of P2, undergo P1,4-to-P2 FRET
and subsequent exciton localization at P2, which is referred to
as the dilution effect, sensitization via FRET that suppresses the
quenching (Figure 2d).” A further increase in f to 0.3 resulted
in a decrease in ¢y to 0.170 (Figure 2b and Table S2) because
of the subsequent P2-to-P2 energy migration after P1,4-to-P2
FRET (Figure 2e). For dye-doped polymer microcavities,
several examples have so far been reported on FRET inside a
microsphere.' "' In comparison with the dye-doped systems,
our system utilizing blends of conjugated polymers is
outstanding in the following points: (1) high photoabsorption
efficiency, (2) high donor-to-acceptor energy transfer efficiency,
and (3) enhanced ¢p; upon blending two polymers.

The enhanced ¢py, resulting from blending P14 and P2, is
also confirmed from the change of the PL lifetimes (Figure S3
and Table S3). As fincreased from O to 0.1, the PL decay at 520
nm (PL mainly from P1,4) occurred more rapidly because of
the P14 to-P2 energy transfer (Figure S3a). Meanwhile, the
PL at 670 nm (PL mainly from P2) decayed much more slowly
as f increased from 0 to 0.3 (Figure S3b). This increase of the
PL lifetime (7) indicates that the nonradiative decay is certainly
suppressed by blending P1,, and P2. The average lifetime (z,,)
at 670 nm (Figure S3b, inset) follows the same trend of ¢hp;
(Figure 2b) as f is changed.
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Resonant PL from a Single Microsphere and Intra-
sphere FRET. Using a y-PL experimental setup (see Methods
and Figure S4), PL spectra from a single microsphere of P14,
P2, and their blends (hereafter, these microspheres are
abbreviated as D, A, and B, respectively) were measured.
Figure 3a,b shows PL spectra of single D and A with a d of 3.9
and 3.5 um, respectively, upon focused laser irradiation (4., =
470 nm) at the perimeter of the microsphere. Both D and A
exhibit sharp and periodic PL lines within the wavelength
region of their intrinsic PL. These characteristic PL lines are
attributed to WGM, where PL generated inside the sphere is
confined via total internal reflection at the polymer/air
interface. The resonance occurs when the wavelength of the
light is an intesger multiple of the circumference of the
microspheres.' !>~

The observed PL lines correspond well to the simulated
transverse electric (TE, pink) and transverse magnetic (TM,
blue) modes (Figure 3ab) using eqs S1 and S2*° and the
average refractive indices (17) of 1.8 and 2.0 for P1,4 and P2,
respectively, evaluated by spectroscopic ellipsometry (Figure
S5). The Q-factors of the WGM PL lines, defined as the
wavelength divided by the full width at half-maximum of a
cavity resonance, are as large as 2200 for D. By contrast, the
highest Q-factor (Qu.) of A is only 320. The difference
between these values is attributed to the surface structure: D
possesses a smooth surface (Figure 1d), whereas the surface of
A is relatively rough (Figure 1g), which results in a scattering
loss at the surface.”

The PL spectra of B with different f values exhibit WGM PL
peaks (Figure 3c). Similar to the case with the PL shift for thin
films of the microspheres, WGM PL from a single sphere shifts
to the longer wavelength region as f increases (Figure 3c). The
wavelength region of the WGM PL of B with f = 0.3 nearly
coincides with that of A, indicating that PL is generated from
the P2 species via P1,4-to-P2 FRET inside B. Figure 3d shows
plots of Q. and the average Q-factor (Q,,) evaluated from the
high-resolution PL spectra (Figure S6). A small weight fraction
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of P2 (f=0.02 and 0.05) results in an abrupt decrease in the Q-
factors, possibly caused by the scattering at the disordered
surfaces of the microspheres (Figure S2¢,d).*° A further
increase in f enhances Q-factors and displays a local maximum
at f = 0.2 (Quax = 1460), which is 4.5-fold larger in comparison
with that of A (Quu = 320). The high values of both ¢p
(Figure 2b) and Q-factor (Figure 3d) for B at f = 0.2 indicate
that heterotropic assembly occurs successfully at this ratio,
giving the microspheres with homogeneously blended P1,¢
and P2 a highly smooth surface morphology.

Long-Range Energy Transfer through Coupled Micro-
spheres. Laser excitation at the perimeter of D results in bright
PL at both the excited position and its diametrically opposed
position because all confined light passes through the position
opposed to the excited spot (Figure S7a). Accordingly, two
peaks appear in the cross-section profile of the PL intensity of
D (Figure S7a, bottom); the broad peak near the excitation
spot involves both direct PL (not confined) and WGM PL
(confined), whereas the sharp peak at the right side of the
sphere is mainly derived from WGM. Similarly, A also shows
two peaks (Figure S7b). However, the intensity at the opposed
position to the excitation spot is rather weak because of the
weaker light confinement of A compared with that of D. By
contrast, B (hereafter, B indicates microspheres with f = 0.2)
shows a much sharper peak compared to that of A due to the
stronger confinement due to the higher sphericity (Figure S7c).

When two Ds are coupled and the left side of one D is
photoexcited, the confined PL propagates to the other D
through the contact point, resulting in a yellow PL at the
opposite side (Figure 4a). According to the cross-section PL
intensity profile, the ratio of the PL intensity for the D — D
propagation reaches near unity (~1.02 in Figure 4a, bottom).
Even when the excitation spot is changed to a position
approximately 90° from the contact point, PL propagates
directionally to the adjacent D, and the ratio of the propagation
retains its high value (~0.79, Figure 4b). Furthermore, in case
of linearly connected 3—5 Ds, propagation of the confined PL
is observed (Figure 4c—e),”” and the ratios of the propagation
between adjacent Ds are in all cases higher than 0.5 (Figure
4c—e, bottom), yet the total ratio of the PL propagation
decreased monotonically as the number of D increased (Figure
4f, black). However, it is quite contrastive when two Ds were
separated and one D was photoexcited, where PL generated
from one D hardly propagates to the other D because of the
lack of bridged D that mediates directional PL propagation
(Figure S7d).

Next, intersphere PL propagation with coupled D and A
spheres is studied. Upon photoexcitation of D, a yellow PL is
observed from D, and red PL is observed from A at the location
opposite the contact point (Figure 4g). In contrast, when A is
photoexcited, red PL is observed at the excitation, contact, and
opposite points (Figure 4h). The PL behavior in Figure 4g is
referred to as cascading energy transfer: A 470 nm blue laser
light excites D, which generates yellow PL. The confined yellow
PL travels directionally across the contact point and is
reabsorbed by P2, and then, the red PL is generated in A.
The possibility that the blue excitation light leaks to A and
directly excites P2 can be ruled out from the results of the
excitation of A; if the blue excitation light leaks into the other
microsphere, the PL from D in Figure 4h would be yellow. The
leakage of the excitation light is actually negligible because both
P1 and P2 possess high absorptivity at 470 nm.
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According to the PL intensity profiles, the ratio of the D — A
propagation is only 0.22, possibly because of the low
confinement efficiency of A (Figure 4f, red filled, and 4g,
bottom). Moreover, the A — D propagation is less efficient
(Figure 4h, bottom) because 7 of P2 is larger than that of P14
at the wavelength region above 530 nm (Figure SS). However,
the efficiencies of the intersphere energy transfer are greatly
improved by replacing A with B as the counterpart of D. Upon
photoexcitation of D, red PL is observed from B in addition to
the yellow PL from D (Figure 4i). The D — B propagation
ratio reaches 0.74 (Figure 4f, red open, and 4i, bottom). Such a
high propagation ratio is attributed a 1.5-fold higher ¢p; of B as
well as the smoother surface morphology compared with A.
Similarly, the B — D propagation efficiency is significantly
enhanced (0.45, Figure 4j, bottom) compared with the A — D
propagation (Figure 4h, bottom).

The WGM characteristic is preserved after propagation of
the PL across the spheres. Experimentally, for the coupled D—
B, the perimeters of D and B are photoexcited (denoted as D,
and B, respectively), and PL from D and B are detected
(denoted as D., and B,,, respectively; see the schematic
illustrations in Figure S8). The PL spectra I (D,—D,,,) and IV
(B—B.,) in Figure S8, in which the excitation and detection
spots coincide, involve WGMs of D and B, respectively.
Interestingly, the PL spectra II (D,—B,,,) and III (B,—D,,)
exhibit WGMs, which are the spectroscopic fingerprints of both
B and D. In the PL spectrum II, a WGM from D still remains,
but those from B appear, which results from the reabsorption of
the propagated light below the absorption edge of P2 (~570
nm) and subsequent PL by the P2 species that is confined in B.
By contrast, the spectrum III is more complex. The PL comes
from P2 in B, but it involves WGMs originating from both B
and D. In addition, new WGMs appear that are not observed in
either spectrum I or IV (Figure S8, green dots), which most
likely is attributed to mode coupling of B and D.”**’ For
comparison, when the coupled D—B is separated by using a
micromanipulation technique, WGM characteristics of each
microsphere are enhanced (Figure S9), indicating a decrease of
the cavity properties by contacting microspheres.

We further demonstrate the WGM-mediated long-range
energy transfer by using three spheres, D, D, and B, which are
lined up in this order (Figure 4kl). When the left D is
photoexcited, yellow PL propagates to the central D and is
converted to red PL at the right B (Figure 4k). Conversely,
when the right B is photoexcited, red PL propagates to the
central and left D without any color change (Figure 41). Such
cascading energy transfer by WGM-mediated light propagation
across several microspheres is intriguing, taking advantage of B
with well-blended polymers that possesses superior ¢p; and Q-
factor values compared to those of A.

CONCLUSIONS

We demonstrate homotropic and heterotropic assemblies of
highly fluorescent n-conjugated polymers that form well-
defined microspheres. The heterotropic assembly results in
highly miscible polymer blend microspheres only when two
polymers have similar molecular weights, and thus the
precipitation time is nearly identical. PL from a single
microsphere exhibits WGMs involving sharp and periodic PL
lines with Q-factors as high as 2200. The WGM PL with a
successive yellow-to-red color change occurs by changing the
blend ratio, in which efficient intrasphere donor-to-acceptor
FRET takes place. Furthermore, intersphere light propagation
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and cascading color conversion are observed through a WGM-
mediated energy transfer process. The color conversion occurs
more efficiently when the polymer blend microspheres are used
as the energy-accepting microspheres. The long-range and
efficient energy transfer using conjugated polymer micro-
spheres will be beneficial for application to soft optoelectronic
and photonic devices.

METHODS

Preparation of Microspheres. Typically, a S mL vial containing a
CHCI, solution of P1, P2, or their blends with a total concentration
and amount of 0.5 mg mL ™' and 2 mL, respectively, was placed in a 50
mL vial containing 5 mL of nonsolvent, such as MeOH and MeCN.
The outside vial was capped and then allowed to stand for 3 days at 25
°C. The vapor of the nonsolvent was slowly diffused into the solution,
resulting in a precipitation of the polymers through the supersaturated
state.

p-PL Measurements. y-PL measurements were carried out using a
u-PL measurement system (Figure S4). An optical microscope was
used with a long-distance 100X objective (NA = 0.8) to identify
suitable particles and determine their diameters (d). For measure-
ments, a WITec p-PL system was used with a model Alpha 300S
microscope combined with a Princeton Instruments model Acton
SP2300 monochromator (grating: 300 or 1200 grooves mm ') and an
Andor iDus model DU-401A BR-DD-352 CCD camera cooled to —60
°C. The edge of a single sphere was photoexcited at 25 °C under
ambient conditions 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 yW, 0.1 s, 2.5 MHz, 70 ps, and ~0.5 um, respec:tively.14 For
the preparation of the coupled Ds and coupled D—B, a suspension of
D or a mixture of the suspensions of D and B was deposited by spin-
casting (1500 rpm for 40 s and then 3000 rpm for 20 s) on a quartz
substrate and air-dried. For the preparation of the coupled D—A, a
suspension of A was drop-cast and dried under a reduced pressure, and
then a suspension of D was deposited by spin-casting (1500 rpm for
40 s and then 3000 rpm for 20 s) onto the substrate and air-dried.

n-PL Measurements at Different Excitation and Detection
Positions. The microspheres were photoexcited by a 405 nm Linos
Nano-405-80 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 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.
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