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ABSTRACT: Self-assembly of conducting polymers, which
are often used as photoabsorbing, charge-transporting, and
photoemission layers of organic photovoltaic and light-
emitting devices, were comprehensively studied by means of
slow precipitation from polymer solutions upon addition of a
vapor of nonsolvents. Polymers such as polyfluorene and
polythiophene having a single monomer component hardly
formed defined and discrete objects but only gave ill-defined
aggregates. In contrast, alternating copolymers typically having
both fluorene and thiophene components in their repeating
unit self-assembled into well-shaped spheres with diameters ranging from several hundreds of nanometers to several micrometers.
Such clear differences in terms of the assembling geometries derive from the rigidity and crystallinity of the polymers, where the
copolymers possess large steric hindrance on their backbone that reduces planarity of the polymers and inhibits anisotropic
crystal growth, leading to the formation of structurally isotropic spheres. Changing the assembling parameters can systematically
control diameter and deviation of the spheres. Furthermore, photocarrier lifetimes of the spheres were markedly enhanced by
more than 3 orders of magnitude in comparison with those of cast films from their solutions. This research gives a useful guide
for preparation of colloidal crystals from π-conjugated polymers toward their optoelectronic applications.

1. INTRODUCTION

Integration of polymer beads having a size comparable to the
wavelength of visible-to-ultraviolet light creates three-dimen-
sional (3D) colloidal crystals that exhibit novel optical
properties.1−5 So far, various colloidal crystals consisting of
beads of nonconjugated polymers such as polystyrene (PS) and
poly(methyl methacrylate) (PMMA) were reported. These
crystals act as photonic crystals, exhibiting optical band gap,6

nonlinear optics,7 and laser oscillation.8 Meanwhile, few
examples have been reported on photonic crystals consisting
of π-conjugated polymers.9−12 Examples of π-conjugated
polymer photonic crystals include an inversed opal structure
of poly(3-alkylthiophene)9 and poly(para-phenylenevinylene)
(PPV),10,11 which are infiltrated into voids of silica or opal
colloidal crystals. Another example is also from PPV spheres,
prepared by an annealing of colloidal crystal of nonconjugated
PPV precursors formed by the so-called self-organized
precipitation (SORP) method.12 Photonic crystals consisting
of π-conjugated polymers are expected to show novel
optoelectronic properties such as enhanced electrolumines-
cence, no-threshold laser oscillation, and highly efficient
photoelectric conversion as the results of charge injection,
long-lived excitons, and light confinement.13,14 Thus, develop-
ing a formation of colloidal crystals from π-conjugated

polymers will take great advantages for developing new
polymer-based photonic crystals.
In general, polymer colloids are prepared by either direct

generation during polymerization from the corresponding
monomers (direct polymerization) or secondary generation
such as rapid reprecipitation or emulsification of polymers
(postpolymerization). The majority of the reported π-
conjugated polymer colloids were achieved by the direct
polymerization techniques such as dispersion polymerization
and miniemulsion polymerization.15,16 On the other hand, not
many examples are reported on spherical assemblies of π-
conjugated polymers by postpolymerization,15 including self-
assembly of amphiphilic π-conjugated homopolymers17 or
block copolymers.18−20 One possible reason π-conjugated
polymers have difficulty giving spherical assemblies by
postpolymerization is attributed to their high rigidity and
crystallinity.21,22 π-Conjugation makes the polymer backbone
planar and rigid, which lowers the flexibility of the polymers in
contrast with nonconjugated polymers such as PS and PMMA.
As the result of high planarity, π-conjugated polymers tend to
stack on one another and crystallize anisotropically, often giving
one-dimensional (1D) fibril or two-dimensional (2D) layered
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structures,21−24 not structurally isotropic spheres. Accordingly,
one strategy for obtaining spherical assembly from π-
conjugated polymers is to reduce the crystallinity, while
without diminishing their electronic properties taking into
consideration their optoelectronic applications.
In this Article, we attempted preparation of spherical

assemblies from π-conjugated polymers by a slow precipitation
from its solution upon addition of a vapor of nonsolvents.
Precipitation mechanism of the vapor diffusion method is
almost similar to the SORP method, in which the solvent is
slowly evaporated from the polymer solution containing both
“good” and “poor” solvents. In the SORP method, however,
combination of the solvents is limited; poor solvents must be
nonvolatile or have a higher boiling point than the good
solvents.12 Meanwhile, vapor diffusion method allows various
combinations of the solvents including those having similar
boiling points. We noticed that, by the vapor diffusion method,

π-conjugated polymers having a single monomer component
have difficulty forming well-defined spherical structures. In
contrast, several alternating copolymers having two different π-
conjugated molecular components tend to form quite well-
shaped spheres quantitatively with diameters ranging from a
few hundreds of nanometers to several micrometers depending
on the self-assembling condition. Interestingly, photocarrier
lifetimes were remarkably elongated by the formation of
spherical geometries.

2. MATERIALS AND METHODS
In this research, four single-component polymers and five multi-
component alternating copolymers were used (Tables 1 and 2,
respectively). Single-component polymers, poly(9,9-di-n-octylfluoren-
yl-2,7-diyl) (F8, number-average molecular weight, Mn = 15 800,
weight-average molecular weight, Mw = 58 200, polydispersity index,
Mw/Mn = 3.70), poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenyl-

Table 1. Summary of Single-Component Polymers, Assembling Condition, Geometry, and Size

aEstimated by gel permeation chromatography (GPC) calibrated on polystyrene standards or reported by company. bAverage degree of
polymerization (DP), calculated from Mn and molecular weight of the repeating unit. cInitial concentration and assembling temperature were 1 mg
mL−1 and 25 °C, respectively.

Table 2. Summary of Alternating Copolymers, Assembling Conditions, Geometry, and Size

aEstimated by gel permeation chromatography (GPC) calibrated on polystyrene standards or reported by company. bAverage degree of
polymerization (DP), calculated from Mn and molecular weight of the repeating unit. cInitial concentration and assembling temperature were 1 mg
mL−1 and 25 °C, respectively. dSample was prepared in a wide-mouth Petri dish.
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enevinylene] (MDMOPPV, Mn = 23 000), and regioregular (RR)- and
regiorandom (rr) poly(3-hexylthiophene-2,5-diyl) (RR-P3HT, Mn =
17 500; rr-P3HT, Mn = 29 200, Mw = 92 300, Mw/Mn = 3.16), and
alternating copolymers, poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-
(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT, Mn = 10 000−20 000) and
poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]-
bithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT, Mn =
7000−20 000) were purchased from Aldrich Chemical Co. Ltd.
Synthesis of an alternating copolymer, poly[(9,9-dioctylfluorenyl-2,7-
diyl)-alt-(bithiophene-2,5′-diyl)] (F8T2; Mn = 36 500, Mw = 270 800,
Mw/Mn = 7.42), was described in the Supporting Information.
Alternating copolymers, poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-
(3,3′,4,4′-tetrametylbithiophene-2,5′-diyl)] (F8TMT2, Mn = 31 800,
Mw = 78 200, Mw/Mn = 2.46) and poly[(9,9-dioctylfluorenyl-2,7-diyl)-
alt-(3,4-ethylenedioxythiophene-2,5-diyl)] (F8EDOT, (Mn = 27 000,
Mw = 102 900, Mw/Mn = 3.81), (Mn = 13 800, Mw = 28 100, Mw/Mn =
2.03), and (Mn = 6300, Mw = 9000, Mw/Mn = 1.43)), were synthesized
according to reported procedures.25,26 For the preparation of self-
assembled precipitates, typically a 5 mL glass vial containing a solution
of polymers (1 mg mL−1, 2 mL) was placed in a 50 mL glass vial
containing 5 mL of a poor solvent to allow for vapor diffusion (Figure
S1). CHCl3, CH2Cl2, chlorobenzene (PhCl), tetrahydrofuran (THF),
and toluene were used for polymer solution, while methanol (MeOH),
acetone, and hexane were used as nonsolvents. While the mixture was
kept at 25 °C for 72 h, the solution turned into a suspension.
Morphology of the precipitates was observed by scanning electron
microscopy (SEM). Optical properties of the spherical precipitates,
along with those of the polymer solutions and its drop-cast films, were
investigated by photoabsorption, diffuse reflectance, and photo-
emission spectroscopies. Charge transport properties and photocarrier
lifetimes were conducted by an electrodeless method of flash-
photolysis time-resolved microwave conductivity (FP-TRMC) meas-
urements27 using cast films of self-assembled precipitates and those
formed from CHCl3 solutions.

3. RESULTS AND DISCUSSION

3.1. Self-Assembly of π-Conjugated Polymers. At first,
self-assembly of single-component polymers was investigated.
Typical fluorescent polymers, F8 and MDMOPPV,28 yielded
pseudospherical objects from solvent combinations of toluene−
acetone (Figure S2) and CH2Cl2−MeOH (Figure S3),
respectively, but the products were distorted in shape and
heavily fused with one another. All of the other combinations of
the solvents attempted only gave irregular aggregates or no
precipitation (Tables S1 and S2). RR-P3HT, a representative
compound for hole-transporting material in bulk heterojunc-
tion solar cells,23,24 gave only irregular aggregates under all
solvent conditions examined (Figure S4 and Table S3). On the
other hand, rr-P3HT formed spherical structures. However, the
yielded spheres were not discrete but heavily fused with one
another (Figure S5 and Table S4).
Next, we attempted self-assembly of alternating copolymers.

F8T229,30 having both fluorene and thiophene moieties in the
repeating unit only gave ill-defined aggregates for all solvent
conditions attempted (Figure S6 and Table S5). However, of
interest, F8TMT225 having four methyl groups on the
bithiophene unit of F8T2 forms discrete and quite well-shaped
spheres. Figure 1a and b shows SEM micrographs of the
precipitate formed from CH2Cl2 solution of F8TMT2 upon
diffusion of MeOH vapor, where spherical assemblies formed
quantitatively. As shown in the inset of Figure 1b, the average
diameter (dav) and its standard deviation (σ) are 2.7 and 0.39
μm, respectively. Different solvent combinations such as CHCl3
and THF for good solvents and MeOH and acetone for
nonsolvents also afforded spherical assemblies (Figure 1c and d
for spheres formed from THF/MeOH combination), but the σ

values were larger by 1.5−3 times in comparison with that
obtained for a solvent combination of CH2Cl2/MeOH (Table
2). The increase of the deviation is likely derived from the
difference of the diffusion rate of the solvents (vide infra).
Other solvent combinations only gave ill-defined aggregate or
no precipitates (Table 3).

Similar to F8TMT2, an alternating copolymer, F8EDOT26

having ethylenedioxythiophene (EDOT) unit instead of
tetramethylbithiophene (TMT2) unit, also afforded well-
defined spheres with a solvent combination of CHCl3/MeOH
(Figure 2). The dav and σ values were 610 and 180 nm,

Figure 1. SEM micrographs of air-dried CHCl2/MeOH (a,b) and
THF/MeOH (c,d) suspensions of the spherical assemblies of
F8TMT2. Insets in (b) and (d) show histograms of the diameters
of the spherical assemblies of F8TMT2, prepared by each condition.
The numbers of sample are 407 (b) and 480 (d).

Table 3. Morphologies of the Self-Assembled Precipitates of
F8TMT2 Formed from Each Solvent Combinationa

CHCl3 CH2Cl2 PhCl THF toluene

MeOH ○ ○ × ○ ×
acetone ○ ○ × △ ×
hexane − − − − −

a○, Well-shaped spheres; △, distorted or fused spheres; ×, irregular
aggregates; −, no precipitation.

Figure 2. SEM micrographs of an air-dried CHCl3/MeOH suspension
of the spherical assemblies of F8EDOT. Inset in (b) shows histogram
of the diameters of the spherical assemblies of F8EDOT. The number
of sample is 190.
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respectively, both of which were remarkably smaller than those
formed from F8TMT2. Different solvent combinations such as
CH2Cl2 as a good solvent and MeOH, hexane, and acetone as
poor solvents also gave spherical assemblies, but they were
somewhat distorted or fused with one another (Figure S7).
Assemblies in the other solvent combination only gave ill-
defined aggregates (Table 4).

We further investigated other alternating copolymers, F8BT
and PCPDTBT, which are known as donor (D)−acceptor (A)
polymers and often used as electron-donating layers of recent
polymer photovoltaics.31−33 These polymers gave mixtures of
spheres and irregular aggregates. Spheres of F8BT were
somewhat distorted with the diameters of 4.2−7.8 μm (Figure
S8 and Table S6), while those of PCPDTBT were well-shaped
with dav of 4.5 μm (Figure S9 and Table S7).
3.2. Size Control of Spherical Assemblies. For colloidal

crystals exhibiting photonic properties at the visible-light
region, periodic structure of several hundreds of nanometer is
required. The diameter of the spheres formed from F8EDOT
corresponds to that length scale. Therefore, we used F8EDOT
and investigated what factor determines the size and deviation
of the spheres. Figure 3a shows molecular weight dependence

of the diameters of the spheres formed from CHCl3 solution of
F8EDOT upon addition of MeOH vapor. The polymer having
Mn of 27 000 gave spheres with dav of 0.61 μm. When Mn
decreased to one-half (13800), dav increased to 2.2 μm, and
further one-half of Mn (=6300) resulted in an increase of dav to
4.5 μm (Figure S10). Initial concentration of the solution also
affects the dav values, where dav of the resultant spheres
decreased from 2.1 to 1.4 and 1.2 μm as the concentration of
F8EDOT (Mn = 27 000) was increased from 0.5 to 1.0 and 2.0
mg mL−1, respectively (Figures 3b and S11). Temperature also
affects the sphere size and deviation to some extent, where
aging at higher temperature resulted in the larger dav values (dav
of 0.56, 0.67, and 0.69 μm for the spheres assembled at 0, 25,
and 30 °C, respectively; Figures 3c and S12).
The changes of dav most likely relate to the rate of

precipitation. Because of the high solubility, polymers having

smaller Mn precipitate with the longer aging time than those
having larger Mn. Accordingly, for the small-Mn polymers,
nucleation and growth take place more slowly, leading to the
formation of spheres having larger diameters. Low initial
concentration also results in slow nucleation and growth of
spheres, giving the larger spheres in comparison with that
formed from high concentration. Temperature dependency is a
little complicated, because solubility is higher at higher
temperature, but, at the same time, diffusion of the nonsolvent
occurs more rapidly. These factors affect oppositely for the
precipitation rate. In the present case, assembly at the higher
temperature results in the precipitation of spheres having larger
diameters; hence the former (solubility change) is the
dominant factor for dav of the spheres. According to these
results, small-diameter spheres can be obtained by self-assembly
of (i) large molecular weight polymers (ii) in high initial
concentration (iii) at low temperature. Under such condition,
nucleation of polymers occurs concurrently, resulting in a large
amount of small-size spheres.
Next, we discuss the deviation of the diameters. Spheres of

F8EDOT with dav of 0.61 μm showed 30% deviation (σ = 0.18
μm), while those with dav of 4.5 μm have the larger deviation of
47% (σ = 2.1 μm, Figure 3a and Table 2). We assume that time
lag of the nucleation causes the difference in the growth time of
the spheres, thereby resulting in the large deviation of the
diameters. In fact, F8TMT2 in CH2Cl2, upon vapor diffusion of
MeOH, results in the spherical precipitates with the smaller σ
value than that in THF and CHCl3 (vide ante), where
evaporation of the good solvent takes place more rapidly for
CH2Cl2 than THF and CHCl3 (boiling points of CH2Cl2, THF,
and CHCl3 are 40, 66, and 61 °C, respectively). To reduce the
time lag of the nucleation, we further demonstrated self-
assemblies using a wide-mouth Petri dish instead of a narrow-
mouth vial. Thus, the solution/vapor interface area was
increased from 1.5 to 5.7 cm2, while the depth of the solution
was reduced from 0.8 to 0.2 cm (Figure S13). In this case, a
complete precipitation occurred within only 12 h by a vapor
diffusion of MeOH into CHCl3 solution of F8EDOT. As
shown in Figure 4, dav and σ of the obtained spheres were
reduced by 28% and 50%, respectively, from those obtained
using usual small-mouth vial (dav, 0.61 → 0.44 μm; σ, 0.18 →
0.09 μm).

3.3. Mechanism for the Formation of Spherical
Assemblies. Why do spherical assemblies form upon slow
diffusion of nonsolvents, and why do only limited alternating
copolymers assemble into such well-shaped spheres? From our
results, spherical assemblies tend to form when polar

Table 4. Morphologies of the Self-Assembled Precipitates of
F8EDOT Formed from Each Solvent Combinationa

CHCl3 CH2Cl2 PhCl THF toluene

MeOH ○ △ × × ×
acetone × △ × × ×
hexane △ △ × × ×

a○, Well-shaped spheres; △, distorted or fused spheres; ×, irregular
aggregates.

Figure 3. Plots of dav of the spherical assemblies of F8EDOT versus
molecular weight (a), initial concentration (b), and assembling
temperature (c).

Figure 4. SEM micrographs of an air-dried CHCl3/MeOH suspension
of the spherical assemblies of F8EDOT, prepared in a wide-mouth
Petri dish. Inset in (b) shows histogram of the diameters of the
spherical assemblies of F8EDOT, prepared in a wide-mouth Petri dish.
The number of sample is 350.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja3106626 | J. Am. Chem. Soc. 2013, 135, 870−876873



nonsolvents such as MeOH and acetone are diffused into the
polymer solution. These nonsolvents have low affinity with the
hydrophobic polymers having linear or branched aliphatic
chains. As the result, the polymers possibly aggregate while
minimizing the contact area with the polar nonsolvent, thereby
gradually growing into a spherical geometry as thermodynamic
products. In fact, simple evaporation of the solvent from the
CHCl3 solution of F8EDOT hardly yielded spheres but only
gave an amorphous film (Figure S14a). On the other hand,
when MeOH was added in advance to the CHCl3 solution of
F8EDOT (CHCl3/MeOH = 10/1 v/v), and the resultant
suspension was heated to dissolve the polymer and then aged at
25 °C, precipitation readily resulted within several minutes.
However, the resultant precipitates were ill-shaped and fused
spheres (Figure S14b). Therefore, slow diffusion of polar
nonsolvent is one of important factors to yield well-shaped
spheres. In colloidal sciences, amphiphilicity with large
headgroup and small tail group is one of the driving forces
for spherical assemblies.17−19,34−36 However, in the present
case, copolymers we utilized do not possess such amphiphi-
licity. Instead, polarity of good and nonsolvents plays a crucial
role for the colloidal formation.
Crystallinity of polymers is another important factor.

Polymers possessing high rigidity or interchain crystallinity
tend to crystallize anisotropically, which disturb the assembly
into isotropic spherical geometry. In fact, RR-P3HT having
high interchain crystallinity23,24,37,38 hardly formed discrete
assemblies but only gave irregular aggregates (Figure S4),
whereas rr-P3HT having low interchain crystallinity due to the
random regularity of the hexyl chains formed pseudospherical
structures (Figure S5). Furthermore, in case of F8TMT2 and
F8T2, the former formed well-shaped spheres (Figure 1), while
the latter gave only ill-defined aggregates (Figure S6). Because
four methyl groups on the bithiophene moiety in F8TMT2
disturb a planarity of the polymer, polymer backbone most
likely forms twisted configurations, leading to disordered
interchain packing.39 On the other hand, F8T2 possesses
much planar structure, which enhances the interchain
crystallinity.40 Copolymers F8BT and PCPDTBT also form
spheres, but they are not quantitative and not well-shaped,
possibly due to the rather high interchain crystallinity.41,42

We conducted X-ray diffraction (XRD) experiments to
confirm differences of the crystallinity (Figure S15). However,
except for RR-P3HT, diffraction peaks were hardly attained for
all samples by conventional XRD studies, because long-range
structural ordering of π-conjugated polymers is generally
achieved by postannealing of polymer films.21,23,24 Instead,
photoemission spectra showed clear differences, giving
important indication on their π-conjugation. CHCl3 solutions
of F8T2 and F8TMT2 show maximum photoluminescence
peaks (λPLmax) of 499 and 468 nm, respectively, indicating that
F8T2 has the larger π-conjugation length than F8TMT2 due to
the high planarity of the polymer even in solution. The
fluorescence spectra of the drop-cast film from CHCl3 solution
of F8T2 exhibited significant red shift (ΔλPLmax = 42 nm), and
irregular aggregates of F8T2 afforded by slow precipitation
showed further red-shifted fluorescence (ΔλPLmax = 46 nm,
Figure 5a, broken lines, and b). These results indicate that
either expansion of the intrachain π-conjugation or interchain
π-electronic interaction, or both of these, takes place in the
solid state. In contrast, λPLmax of the cast film of the spheres of
F8TMT2 (475 nm, ΔλPLmax = 7 nm), as well as that formed
from CHCl3 solution of F8TMT2 (474 nm, ΔλPLmax = 6 nm),

were not so much shifted from λPLmax of the solution of
F8TMT2 (Figure 5a, solid lines, and b). These results clearly
indicate that neither expansion of intrachain π-conjugation nor
interchain π-electronic interaction take place in the solid films
of F8TMT2, irrespective of whether the aggregation takes place
kinetically (solution-cast) or thermodynamically (spheres).
Concerning F8EDOT, a certain red shift of λPLmax was
observed by the formation of spheres (ΔλPLmax = 37 nm,
Figure S16), which was rather large in comparison with that of
F8TMT2 (ΔλPLmax = 6 nm) but not as large as that of F8T2
(ΔλPLmax = 46 nm). We assume that the degree of steric
hindrance of the ethylenedioxy moieties in F8EDOT is smaller
than that of the methyl groups in F8TMT2, which results in the
smaller twisting of the π-conjugation in F8EDOT than
F8TMT2. These results also support the fact that F8TMT2
easily forms well-defined spheres under various solvent
combinations (Table 3), whereas F8EDOT forms spheres
only in a limited solvent combination (Table 4).

3.4. Optical and Photoconducting Properties. Figure 6
shows electronic absorption and diffuse reflectance spectra of

F8EDOT and F8TMT2 in solution and solid states. For both
samples, a certain broadening of the absorption peaks was
observed by the assembly of polymers (Figure 6, inset). In
addition, for the spheres of F8EDOT, broad reflections were
observed at the visible-to-NIR regions (λ ≈ 700 and 1200 nm,
respectively, Figure 6a), which resulted from assembly of
submicrometer sized colloids. On the other hand, no such
selected reflections were observed in the NIR region for the

Figure 5. (a) Photoluminescence spectra of F8TMT2 (solid lines) and
F8T2 (broken lines) for CHCl3 solutions (black), cast film from the
solutions (blue), and cast film of the self-assembled precipitates (red).
The excitation wavelengths are 368 and 371 nm for solution and films
of F8TMT2, respectively, and 457 and 454 nm for solution and films
of F8T2, respectively. (b) Plots of λPLmax of F8TMT2 (○) and F8T2
(●) for CHCl3 solution, drop-cast film from the solution, and cast
films of spheres (F8TMT2) or aggregates (F8T2).

Figure 6. Normalized photoabsorption spectra of CHCl3 solutions
(black) and their cast films (blue) and normalized Kubelka−Munk
(KM) spectra of cast films of the self-assembled spheres (red) of
F8EDOT (a) and F8TMT2 (b).
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spherical assemblies of F8TMT2, because the spheres were
large with several micrometers in diameter.
We found an interesting phenomenon that photocarrier

lifetime is extremely enhanced by the formation of nano-
spheres. For evaluating lifetimes and transport properties of
photocarriers, we employed a FP-TRMC,27 which allows for
probing the motion of photocarriers under a rapidly oscillating
electric field. Because of this probing function, this technique
does not require electrodes for charge injection, so that one can
evaluate intrinsic dynamics of mobile carriers. Furthermore,
under such high resonant frequency conditions, charge carriers
can vibrate only in a nanoscale range.43 Therefore, FP-TRMC
transient maxima of the spheres are considered to reflect mostly
the intrasphere carrier transport events.
Upon laser flash, rise and decay profiles of a TRMC signal,

given by ϕΣμ, are observed, where ϕ and Σμ represent
photocarrier generation yield and sum of the mobilities of
generated charge carriers, respectively. Figure 7a shows TRMC

profiles of cast films of F8EDOT in a spherical geometry (red)
and drop-cast from its CHCl3 solution (blue). The maximum
value of ϕΣμ (ϕΣμmax) of the spheres (1.1 × 10−5 cm2 V−1 s−1)
was reduced to 50% of that of the cast film from the solution
(2.2 × 10−5 cm2 V−1 s−1). These values were rather small
because of the low charge-separation efficiencies (ϕ) in
comparison with that of D/A mixture44 and D/A molecular-
layer heterojunction systems.45−47 Of great interest, photo-
carrier lifetime (τ1/2) was markedly enhanced by more than 3−
4 orders of magnitude by the formation of spherical geometry
(0.075 and >350 μs for cast film from solution and spherical
assemblies, respectively, Figure 7b). A similar tendency was
observed for F8TMT2, where τ1/2 of the spheres was 35-fold
enhanced in comparison with that of a cast film from the
solution (Figures 7b and S17a). In sharp contrast, F8T2, which
does not form spherical assemblies, showed only a moderate
difference of τ1/2 between the self-assembled aggregates and
drop-cast film from its solution (2.3-fold, Figures 7b and S17b).
We assume that such long-lived photocarriers in spherical
assemblies possibly derive from the isolation of each photo-
generated carrier, where intersphere charge recombination is
effectively suppressed. Accordingly, spherical assemblies of
F8EDOT exhibited the higher τ1/2 value than that of F8TMT2
having the larger diameters and irregularly aggregated F8T2. In

addition, the better interchain packing in F8T2 possibly causes
the prompt interchain charge recombination, which results in
the shorter lifetime of photocarriers than that of the spherical
assembly of F8TMT2. Similar tendency was also observed for
our previous research on spherical and fibril assemblies from
porphyrin−fullerene dyad, where the former exhibited nearly 3
orders of magnitude longer photocarrier lifetime (16 ms) than
the latter (18 μs).48 As the general tendency, self-assembled
precipitates from π-conjugate polymers having discrete shape
and finite size exhibited smaller ϕΣμmax and longer τ1/2 values
than the cast films from their solutions (Table S8). The smaller
ϕΣμmax for the self-assembled precipitates results from the
shorter conjugation length during the assembly process using
polar nonsolvents, which are often observed for polymers with
reprecipitation treatments.49 Intersphere recombination may
occur easily for the fused spheres, resulting in the shorter τ1/2
than the discrete spheres. Photocarriers having long lifetime are
quite advantageous for optoelectronic applications using
spherical assemblies.

4. CONCLUSION
We studied self-assembly of π-conjugated polymers upon slow
precipitation from their solution. While most representative π-
conjugated polymers hardly yielded spherical assemblies, some
alternating copolymers assembled into well-shaped spherical
structures quantitatively. The main factor for spherical assembly
is attributed to the low crystallinity of the polymers, where
copolymers with steric hindrance in their backbone and thereby
having low crystallinity tend to form spheres. Optimizing the
self-assembling conditions can systematically control size and
deviation of the spheres. Photocarrier lifetimes in the spheres
were markedly enhanced in comparison with that of the
samples without forming spheres. More attempts are needed to
create colloidal crystals such as precise control of the size and
deviation, yet this research provides important knowledge for
photonic applications using π-conjugated functional polymers.
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Figure 7. (a) FP-TRMC profiles of a thin film of the spheres of
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F8EDOT with the longer time scale. (b) Lifetimes (τ1/2) of charge
carriers generated by laser excitation of F8EDOT, F8TMT2, and
F8T2 in thin films formed by drop-cast from their CHCl3 solutions
(blue) and suspension of self-assembled spheres or aggregates (red).
τ1/2 is defined by the time when the FP-TRMC transient decays down
to one-half of its maximum value.
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