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n-Conjugated alternating copolymers containing a tetramethylbithiophene unit show a strong tendency to

form well-defined, sub- to several-micrometer-sized spheres.

=

The twisted bithiophene unit inhibits
interchain stacking and anisotropic crystal growth of these copolymers, leading to the formation of

structurally isotropic spheres by means of a slow diffusion of nonsolvent into a solution of the

copolymers.

These micrometer-sized spheres display extremely long photocarrier lifetimes (~ 107

s) in

comparison with cast films from the solutions of the polymers and those of the irregular aggregates (< 10~

bs).

Introduction

o

Polymer colloids are utilized in various applications such as
catalyst support,"™ drug and gene delivery,”” biosensors,®’ gas
sensors,'™'" and so forth. In particular, colloids composed of -
conjugated polymers are highly valuable for optical applications
2 such as fluorescence imaging and cellular tracking.'>"> However,
m-conjugated polymers are generally difficult to assemble into
well-defined spheres because of their rigid and planar backbones,
thus limiting the number of reported examples of z-conjugated
polymer spheres.'*'® Hence, the development of a general
methodology for the quantitative formation of colloidal particles
from z-conjugated polymers will further advance colloid science
toward the application of not only single particles but also colloid
assemblies in polymer colloid photonic crystals.'™"°
In this context, we recently reported that several z-conjugated
alternating copolymers having fluorene and thiophene repeating
units tend to form well-defined spheres under certain self-
assembling conditions.* The yielded spheres exhibited
extremely long photocarrier lifetimes, possibly because of the
suppression of charge recombination. In this Article, we
comprehensively study structural factors related to the formation
of spherical assemblies from =z-conjugated alternating
copolymers, and show that the use of tetramethylbithiophene
(TMT2) as one of their repeating units results in a strong
tendency to form well-defined spheres that are sub- to several-
40 micrometers in diameter. The steric hindrance due to four methyl
groups on the bithiophene unit markedly lowers the planarity of
the polymer backbone, inhibiting the interchain stacking of the
polymers and thus leading to the formation of structurally
isotropic spheres. This finding provides a new molecular design
45 strategy toward the realization of photo- and electroluminescent
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polymer colloids.

Results and discussion
Self-assembly of alternating copolymers

We previously showed that an alternating copolymer F8T2
so comprising dioctylfluorene (F8) and bithiophene (T2) repeating
units (Fig. 1) yielded irregular aggregates by the slow diffusion of
nonsolvent such as MeOH into a solution of the polymers.?
Conversely, FSTMT2*' containing F8 and TMT2 repeating units
(Fig. 1) quantitatively formed spheres under identical self-
ss assembling conditions.”®  Herein, we investigate the self-
assembling behaviors of additional five alternating copolymers,
DOPTMT2, PTTMT2, 3,6-CTMT2, 2,7-CTMT2, and
DPPTMT2,”? in which all polymers possess the TMT2 unit as
one of the repeating units, and a different arylene unit as the
¢ counterpart: para-dioctylphenylene (DOP), phenothiazine (PT),
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Fig. 1 Molecular structures of seven n-conjugated alternating
copolymers.
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Fig. 2 (a—e) SEM micrographs of air-dried CHCl;/MeOH suspensions of
the spherical assemblies of DOPTMT?2 (a), PTTMT2 (b), 3,6-CTMT2
(c), 2,7-CTMT?2 (d), and DPPTMT2 (e). Insets show histograms of the
spheres’ diameter. (f) TEM micrograph of an air-dried CH,Cl,/acetone
gel of DPPTMT2. Inset shows an optical micrograph of the gel.

Table 1. Morphologies of the self-assembled precipitates formed from z-
conjugated alternating copolymers by a slow diffusion of MeOH vapor
into various solutions.”! Numerical values in parentheses indicate the
average diameter (d,,) and standard deviation (o) of the spheres.

CHCl, THF CH,Cl,

(day, o/pm) (day, o/pm) (day, o/pm)
F8T2 X X _
FSTMT2 ©(2.4,12) ©(1.9,0.7) ©(2.7,0.4)
DOPTMT2 © (3.7, 0.8) © (1.8, 0.7) X
PTTMT2 © (13, 04) A (1.9, 0.6) © (1.9, 0.5)
3,6-CTMT2 © (32, 0.8) © (24, 1.0) X
2,7-CTMT2 © 43, 1.1) © (1.7, 0.7) X
DPPTMT2 A (11.1,1.1) - X

[l ©, well-defined spheres; A\, distorted or fused spheres; X, irregular
aggregates; —, low solubility. ™ Reference 20.

3,6-carbazole (3,6-C), 2,7-carbazole (2,7-C), and
diketopyrrolopyrrole (DPP), respectively. For self-assembly, a 5-
mL vial containing a CHCl;, CH,Cl,, or THF solution of the
polymers (1 mg mL™", total amount of 2 mL) was placed in a 50-
mL vial containing 5 mL of nonsolvents such as acetone or
MeOH. The outer vial was capped and kept in dark at a constant
temperature of 25 °C. The nonsolvent vapor gradually diffused
into the solution of the polymers to give a suspension after 3 days
(Fig. S11).

Figs. 2a—2e show the scanning electron microscopy (SEM)
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Fig. 3 (a) Powder XRD patterns of thin films of ill-aggregated F8T2,
spherical assemblies of F§STMT2, DOPTMT2, PTTMT2, 3,6-CTMT2,
and 2,7-CTMT2, and self-assembled nanofibers of DPPTMT2. (b)
ApLmax 0f the copolymers between solution and self-assembled spheres or
aggregates.

Intensity (a. u.)

images of the air-dried suspension of the polymers with a solvent
combination of CHCI; (good solvent) and MeOH (nonsolvent).
For DOPTMT2, PTTMT2, 3,6-CTMT2, and 2,7-CTMT2,
well-defined spheres were observed with diameters (d) ranging
from 0.2 to 8.0 um (Figs. 2a-2d). The average diameter (d,,) and
standard deviation (o) values were dependent on the solubility of
the polymers and the solvent combination. Table 1 shows the
morphologies of the precipitates afforded from various solutions
of the copolymers upon diffusion of the MeOH vapor. Spheres
were formed from the CHCIl; and THF solutions of the four
aforementioned copolymers, while CH,Cl, solutions did not
always afford spheres (Figs. S2-S5). This is possibly because the
precipitation takes place too rapidly. However, the o values were
rather small for rapid precipitation from CH,Cl, solution (Table
1). The d,, and o values of the obtained spheres are possibly
determined by factors such as the mixing rate of good solvent and
nonsolvent, and the solubility of the polymers.” In addition,
slow diffusion of polar nonsolvent is required for spherical
assembly, because the hydrophobic polymers tend to assemble
while minimizing the contact area with the polar nonsolvents.?

In contrast, DPPTMT2 showed different self-assembly
behavior. For the CHCl;/MeOH solvent combination, spherical
assemblies were obtained with an average diameter (d,,) of 11.1
um, which is apparently larger than that formed from other
copolymers (Fig. 2¢). Furthermore, the surfaces of the spheres
were not as smooth as those of the other spheres, appearing to be
aggregates of fibers (Fig. S6). In fact, when acetone vapor was
diffused into a CH,Cl, solution of DPPTMT2, a gel formed (Fig.
2f, inset). Transmission electron microscopy (TEM) of the gel,
diluted by acetone and ultrasonicated for a short period, displayed
thin nanofibers with a width of 10-20 nm (Fig. 2f). Accordingly,
the spheres formed from DPPTMT?2 likely consist of aggregates
of thin nanofibers.

Structural characterization of the spheres

X-ray diffraction (XRD) studies of the self-assembled
precipitates demonstrate a clear relationship between their
morphology and crystallinity. The copolymers of irregularly
aggregated F8T2 and nanofibrous assembly of DPPTMT2
exhibited diffraction peaks at 20 ~ 7° (d ~ 12 A), which is
attributed to the periodicity of the lateral arrays of the main chain
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Fig. 4 Calculated molecular configurations of F8T2 (a), FSTMT2 (b)
and DPPTMT?2 (c) by DFT calculations. Dihedral angles between the
neighboring rings are drawn.

of the polymers (Fig. 3a). In contrast, the other five copolymers
with spherical morphologies did not show any particular
diffraction peaks in the whole 2 region (Fig. 3a), indicating that
the spheres are composed of amorphous assembly of the
copolymers.

Such clear differences were also observed in the
photoluminescence (PL) spectra, where a significant red-shift was
observed for suspensions of the self-assembled aggregates of
F8T2 and DPPTMT?2 in comparison with their solutions with the
10 PL peak shift, Alppmax, of 46 and 57 nm, respectively (Figs. 3b
and S7). Meanwhile, the AAdpy qx Values between the solution and
suspension of the spheres for the other five copolymers were
comparatively small within the range of 5-21 nm (Figs. 3b and
S7), implying that interchain z-electronic interactions are very
small in their spherical morphologies. These XRD and PL results
indicate that copolymers with low crystallinity tend to form
spheres, while those having a high crystallinity rarely form
spheres.

According to the density function theory (DFT) calculations,*
20 the dihedral angles between the neighboring z-planes in F8T2 are

less than 20° (Fig. 4a), but those in FSTMT2 are apparently large

(44-67°, Fig. 4b). Such a large torsion in the TMT2 unit possibly

inhibits the interchain stacking and anisotropic crystal growth of

the polymers, leading to the formation of amorphous spheres with
25 an isotropic geometry. For the other alternating copolymers that
form spheres, the similar twisting of the TMT2 unit likely occurs.

The only exception is the donor (D)-acceptor (A) copolymer

DPPTMT?2, where a strong interchain D—A interaction possibly

takes place,”>** resulting in a nanofibrous assembly of polymers,
30 even though the polymer main chain involves a highly twisted

TMT?2 unit (Fig. 4c). In addition, two phenylene groups attached

on both sides of the TMT2 group cause better planarity of the

main chain of DPPTMT?2, which might help interchain stacking
of the polymer.

o

o

35 Photocarrier lifetime studies

The photocarrier half-lifetime (7;,,) was greatly enhanced when
the polymers form spheres. Figs. S5a—5c shows flash-photolysis
time-resolved microwave conductivity (FP-TRMC)*** profiles
of DOPTMT2, PTTMT?2, and DPPTMT?2 for cast films from
40 their solutions (black) and self-assembled aggregates (red). Upon
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Fig. 5 (a—c) FP-TRMC profiles of thin films of DOPTMT2 (a),

PTTMT2 (b) and DPPTMT?2 (c) cast from CHCI; solution (black) and
suspensions of self-assembled spheres or aggregates (red). The green and
blue arrows indicate 7/, of thin films cast from solution and suspensions
of self-assembled spheres or aggregate, respectively. The 73, value of the
self-assembled spheres of PTTMT2 was determined by a curve fitting of
a single-exponential decay of the TRMC signal (blue curve in b). (d) Bar
chart of the photocarrier lifetimes (7,) of thin films cast from CHCly
solution (blue) and suspensions of self-assembled spheres or aggregates
(red). The 7, values are defined by the time when the FP-TRMC
transient decays down to a half of its maximum value. The data of F8T2
and F8TMT? are referred from ref. 20.

laser flash (Aex = 355 nm), rise and decay profiles of a TRMC
signal, given by ¢#xu, are observed, where ¢ and Zu represent
photocarrier generation yield and sum of the mobilities of
generated charge carriers, respectively. It is clear that the decay
45 of the TRMC signals for spherically assembled copolymers are
quite slow in comparison with that of the films from their
solutions or irregular aggregates. For example, 7, of the
spherically assembled DOPTMT2 is 280 us, which is more than
10° times longer than that of the solution-cast film of DOPTMT2
so (~ 0.1 us, Fig. 5a). The degree of the enhancement of 7, is
much greater for PTTMT2 (Fig. 5b), where the ratio of 7, for
the films of the spheres to that for the solution-cast film reaches
2.3 x 10* (Table S1). In contrast, DPPTMT2 do not show such
marked enhancement of 7, between the thin film from its
ss solution and that of nanofibrous assembly (Fig. 5¢). The other
polymers show the similar tendency that the spherical assembly
exhibits at least 15 times longer 7, values than the solution-cast
films, while the irregularly aggregated polymers shows similar
7y, values to the corresponding solution-cast films (Fig. S8 and
60 Table S1).

The elongation of 7j,, found in the spheres is likely due to the
suppression of bulk charge recombination, facilitated by the
isolation of each sphere. In fact, spheres with the smallest
diameters, formed from PTTMT?2, afford the largest 7;,, value.

s The investigation of the detailed elementary steps is ongoing in
order to know why the spherical geometry enhanced photocarrier
lifetime so markedly.
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Noteworthy is that PL quantum yield (g ) is slightly enhanced
by the spherical formation. Table S2 lists the absolute ¢ values
of the copolymers in the solid state. The spherically assembled
samples displayed as well or better ¢ in comparison with cast
films from their CHCIl; solutions. On the other hand, irregularly
assembled samples (F8T2 and DPPTMT2) showed worse ¢
than cast films from their CHCl; solutions.

Conclusion

We have shown that tetramethylbithiophene is a powerful
structural component in the formation of spherical structures,
yielding a useful tool for developing strategies for converting z-
conjugated polymers into colloidal assemblies. Most copolymers
having a tetramethylbithiophene unit form well-defined
microspheres quantitatively, except for the case of donor-acceptor
copolymer. By the formation of spherical geometry, photocarrier
lifetime is extremely elongated, which will be beneficial for
utilizing these colloids as optical and optoelectronic materials.
The construction of colloidal crystals from z-conjugated
polymers will realize new optoelectronic devices such as light-
emitting photonic crystals.?’

Experimental Section

Materials

Unless otherwise noted, reagents and solvents were used as received from
Aldrich Chemical Co. Ltd and Nakarai Tesque Co., respectively.
copolymers, poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-
(bithiophene-2,5'-diyl)] (F8T2, number-averaged molecular weight (14,)
= 26600, (M/M,) = 2.66), poly[(9,9-
dioctylfluorenyl-2,7-diyl)-alt-(3,3',4,4'-tetramethylbithiophene-2,5'-diyl)]

(F8TMT2, M, = 31800, M,/M, = 2.46), poly[(1l,4-dioctylphenyl-2,5-
diyl)-alt-(3,3',4,4'-tetramethylbithiophene-2,5'-diyl)] (DOPTMT2, M, =
15000, M,/M, = 1.69), poly[(N-(2-ethylhexyl)phenothiazine-3,7-diyl)-alt-
(3,3',4,4'-tetramethylbithiophene-2,5'-diyl)] (PTTMT2, M, = 21000,
MM, = 282), poly[(N-octadecylcarbazol-3,6-diyl)-alt-(3,3',4,4'-
tetramethylbithiophene-2,5'-diyl)] (3,6-CTMT2, M, = 11700, M/M, =
1.93), poly[(N-octadecylcarbazol-2,7-diyl)-alt-(3,3',4,4'-
tetramethylbithiophene-2,5'-diyl)] (2,7-CTMT2, M, = 26000, M,/M, =
2.76), and poly[(2,5-bis(2-ethylhexyl)-3,6-bis(phenyl)pyrrolo[3,4-
c]pyrrole-1,4-dione-4',4"-diyl)-alt-(3,3',4,4'-tetramethylbithiophene-2,5'-

diyl)] (DPPTMT2, M, = 18100, M./M, = 2.35), were synthesized
2022

Alternating

polydispersion  index

according to the reported procedures.

Measurements

SEM microscopies were performed at 25 °C on a JEOL model JSM-5610
scanning electron microscopy operating at 20 kV. Silicon was used as a
substrate and 5-nm of Au was deposited onto the cast films from the
suspension of the polymers. TEM microscopy was recorded on a Philips
model Tecnai F20 electron microscope operating at 120 kV. Sample
dispersions were applied onto a specimen grid covered with a thin carbon
support film, which had been hydrophilized by a JEOL model HDT-400
ion bombardment device. Images were recorded on a Gatan slow scan
CCD camera (Retractable Multiscan Camera) under low dose conditions.
Powder X-ray diffraction patterns were recorded at 298 K on a Rigaku
model Miniflex600 X-ray diffractometer with a CuKe radiation source
(40 kV and 15 mA). Photoluminescence spectra were measured at 25 °C

&

b

=
S

with a JASCO model FP-6200 spectrofluorometer. Molecular

ss configurations were optimized at the B3LYP/6-31G level DFT

calculations with the Gaussian09 program.! FP-TRMC measurements
were carried out at 25 °C in air, where the resonant frequency and
microwave power were set at ~9.1 GHz and 10 mW, respectively, so that
the electric field of the microwave was small enough not to disturb the
thermal motion of charge carriers®®  The charge carriers were
photochemically generated using the third-harmonic generation (THG,
355 nm) light pulses from a Spectra Physics model INDI Nd:YAG laser
(5-8 ns pulse duration) with incident photon densities of 9.1 x 10"
photons cm ™. The TRMC signals, picked up by a diode (rise time < 1
ns), were monitored by a Tektronics model TDS3052B digital
oscilloscope. The observed conductivities were converted into
normalized values, given by a photocarrier generation yield (¢) multiplied
by sum of the charge carrier mobilities (Xu), according to an equation
#>u = (1/eAloFign)(AP/P;), where e, A, Iy, Fiign, Pr and AP, denote unit
charge of a single electron, sensitivity factor (S cm), incident photon
density of excitation laser (photon cm?), filling factor (cm™) and
reflected microwave power and its change, respectively. The sample
films for FP-TRMC measurements were prepared by drop-cast onto
quartz plates of the precipitates prepared by vapor diffusion method or
CHCI; solutions.
Hamamatsu model C9920-02G absolute PL quantum yield measurement

Absolute PL quantum yield were measured with

system equipped with a Hamamatsu model C10027-01 photonic
multichannel analyzer.
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