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The self-assembly of block copolymers into a nanostructure with Scheme 12
novel morphology and property has attracted an increasing interest(a)
as a new approach for materials science, chemical synthesis, and 1'@"@‘
nanofabricatiort:2 Most theoretical and experimental studies have ~H M 2 Nitdore) Cl, ~H
concentrated on the assembly characteristics of-owil block B THE, xt "
copolymers. Recently, rod-coil block copolymers have received a 1 2

great deal of attention since they offer an attractive strategy for (?)
the organization of many highly functional rod-like polymers such

1.2VP
as helical biopolymers and c_onductlng polymers with ruy+do_n_— ) s-Buli Bu 2. MeOH
jugated backbon€s®? In particular, block copolymers containing THF, -78°C )

conducting polymer segments, such as polyfluorene, poly(phenylene
vinylene), and polythiophene, are technologically important since . . ; . )
these homopolymers may be used in low cost, large area, and_..conditions: () synthesis schemecokinyl-a-(phenyl) end-function-

} ’ . . ) ) alized P3HT; (b)-vinyl-w-(phenyl) end-functionalized P3HT is activated
flexible electronics:1%-17 For example, in organic electronic devices by s-BuLi and forms3, which subsequently serves as an anionic macro-
such as photovoltaic cells, their efficiency depends critically on initiator for the synthesis of P3HT-P2VP; dppp propane-1,3-diylbis-
charge separation and transport in the nanostructures of the deviceddiphenylphosphane).

Conducting block copolymers with highly ordered heterogeneous persity via a chain growth mechanism by using a catalyst-transfer

nanostr_ucture may provide a_n_enhanced interfacial area for Chargepolycondensation method mediated by a nickel catalyst (GRIM
separation as well as an efficient pathway for charge trangport.

o . . ; ; method)?4~26 McCullough et al. further demonstrated that PSHT
In addition, it was shown that integrating a rod-like conducting

| . | truct ith . ilik | block copolymers can be synthesized from a linker molecule
pOlymer In copolymer SIructures with various corl-ike pOlymer .y ched to an end-functionalized P3HT as a macroinitiator via atom
blocks displays better mechanical properties which provide the

desirabl - w T | ) toelectroni transfer radical polymerization (ATRP316

des!ra febproigs;ggg property for novel organic oploelectronic 1, g communication, we demonstrate that a vinyl end-
evice fabricatior. . terminated P3HT can be activated at the terminal double bond with
In order to create a highly ordered nanostructure from these

tructure-directing block | th thesi thod t sechutyllithium (s-BuLi) for subsequent anionic polymerization.
structure-directing block copolymers, e Synthesis metnod 10 rp,q resulting poly(3-hexyl thiophyllithium)3j can then be used
precisely control the molecule weight and distribution for each block

; . . as a living anionic macroinitiator for the polymerization of 2-vinyl
is greatly needed. Recently, it was shown that coupling of end- g poy y

. . : ) - pyridine (2VP) monomers to form monodispersed P3HT-P2VP
functionalized monodispersed homopolymers may provide a facile diblock copolymers with high yield. This combination synthesis
synthesis technique for the formation of blocks with novel

. S . method takes advantage of the fact that both the GRIM method
copolymer nanosiructures, while retaining information and control synthesized P3HTs have well-defined chain ends and their activated
over the length distribution of the individual blocks%22 However,

macroinitiator anions are stabilized by their conjugated segments
end-end coupling reactions are often hindered by the chain length y g v

ff f end-f ionalized h | leadi q yet they are strong enough to initiate 2VP for the synthesis of well-
€ ectof en . unct_lo_na 1z€d Nomopolymers, feading to a decrease yofined block copolymers. Different block ratio of P3HT to P2VP
in the coupling efficiency® The most widely used technique for

. S o : can be synthesized by changing the molar ratio of 2VP to P3HT.
the preparation of block copolymers is living anionic polymeriza- ¢ ohemica) structure and the self-assembly behavior of the block
tion, which often involves sequential addition of vinylic monomers. copolymers were studied by various techniques such as NMR, GPC
For block copolymers involving a conducting polymer and a vinylic TEM. and SAXS. We showed that these conducfiirgsulatinci:; ’

pholymerd a pomblrlwatlon of pol¥merlzatﬁn _me(‘;hod_s IS hneed:ed S plock copolymers are able to undergo microphase separation and
the conducting polymers are often synthesized using the po YCON- selt-assemble into nanostructures of sphere, cylinder, lamellae, and

densation method. Among various conducti.ng polymers, regio- hanofiber structure with increasing rod ratios. Both the synthesis
regula.r poly(S-hexyI thlophene)s (PSHT) are widely Stl,Jd'Ed begguse method that employs conducting macroinitiator for anionic polym-

of their superior optoelectonic propert_y and chemical stabl_llty. erization and the block copolymers thus synthesized are un-
McCullough et al. and Yokozawa et al. discovered that well-defined precedented

end-functionalized P3HTs can be synthesized with low polydis- /o synthesize the diblock copolymer by first synthesizing

homopolymer P3HTX), which is chain-end-functionalized with a

Ig‘gggi‘fnggf gfly&%rnﬁgﬁnéﬁg?ﬁgeEr?gineering- vinyl group at thex position (Scheme 1a). The synthesisLdfom
8 Department of Materials Science and Engineering. the 2,5-dibromo-3-hexylthiophene monomer and the vinyl end-
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Figure 1. GPC traces of ) homopolymer poly(3-hexyl thiophene),

(- - -) as synthesized P2 block copolyméssfr = 0.25) before solvent

Stinm
Figure 2. TEM pictures of the self-assembled structure of (a) P1 (spheres
or disorder micelles), (b) P2 (hexagonal close-packed cylinders), (c) P3

(lamellae), and (d) P4 (nanofibers). The inset in (b) shows the side view of
H

extraction, and-(- -) P2 after solvent extraction to remove uninitiated poly-
CP.

(3-hexyl thiophene) homopolymer.

GPC trace shows evidence of a living chain growth mechanism
involving the anionic polymerization of 2VP initiated by P3HT
macroinitiator3. In addition, a minor peak with an average elution
time appears at the same location as that for the P3HT homopolymer
2, indicating some uninitiated or terminated P3HT macroinitiator
(Figure 1). This minor peak in GPC appeared in all copolymer
synthesis accounts for less than 20% of the initial P3HT. Subse-
quently, this unreacted P3HT can be removed by using the
tional P3HT @) was well-characterized with gel permeation extraction method described above. The GPC trace for the block
chromatography (GPC) artti NMR, and the same P3HT was used copolymer P3HT-P2VP synthesized after the extraction is shown
for all subsequent diblock copolymer syntheses. The number-in Figure 1. After purification, the polydispersity index and the
averaged molecular weight and polydispersity indef afe 7000 weight fraction of the block copolymer P3HT-P2VP were evaluated
and 1.17, respectively. Completion of the end substitution reactionsby GPC and'H NMR, respectively. Four P3HT-P2VP diblock
was confirmed by the appearance of a vinyl signal5(12 and copolymers, referred to as P1, P2, P3, and P4, were synthesized
5.51) and a phenyl signab(7.43-7.47) in the'H NMR (see for this study. The polydispersity indices for all block copolymers
Supporting Information). are less than 1.3, and their P3HT wt $4y7, are 14, 25, 41, and
The schematic for synthesizing P3HT-P2VP block copolymer 70, respectively.
is shown in Scheme 12 was first dissolved in THF, and the We also report on the first structural investigations of the P3HT-
solution was cooled te-78 °C for anionic polymerization2 was P2VP diblock copolymers employing transmission electron mi-
then initiated with the addition of an excess amourg-BiLi (4—5 croscopy and small-angle X-ray scattering. For both measurements,
molar equiv to 2) to ensure the formation of poly(3-hexyl bulk samples were prepared by slowly evaporating the copolymer
thiophyllithium) macroinitiator. We found that poly(3-hexyl thio-  solutions in THF for 3 days at room temperature followed by
phyllithium) (3) in THF is stable at a temperature of 40, while annealing the sample in a high vacuum ovenfIlorr) at 130°C
the excess amount efBuLi can readily react with THF at elevated ~ for 3 days. The bulk samples were then microtomed, and the cut
temperature, forming ethylene and alkoxi@&3he solution was film with thickness<100 nm was stained with iodine for the P2VP
kept at 40°C for 15 to 30 min to completely remove the excess block for TEM observation. Figure 2 shows disorder micelles or
s-BuLi and then cooled back toe 78 °C. 2VP monomers were then  spheres (S), hexagonal close-packed cylinders (HCP), lamellae (L),
added into the8 macroinitiator solution for initiation and polym- and filament-like or nanofiber structure observed for P1, P2, P3,
erization. The reaction proceeded for 3 h, and a drop of degassedand P4, respectively. For PP3, their morphology is similar to
methanol was then added to the solution to terminate the polym- that of a coit-coil counterpart roughly at a similar block ratio.
erization. The solution was then precipitated with hexane. The However, with increasing P3HT fraction from 14 to 41%, there is
precipitant was redissolved in THF/hexane (2:3, v/v). Pure block a strong tendency for P3HT-PVP to self-organize into highly
copolymer can be separated from the copolymer/homopolymer ordered structures (HCP and L). Furthermore, for P4, the copolymer
mixture by using MeOH/water (3:1, v/v) as an extraction solvent with the highest weight fraction of P3HT, it appears that the strong
from the THF/hexane solution. rod—rod interaction between regioregular P3HT in the copolymer
Completion of the reaction was determined by the disappearancesuppresses the long-range order of the nanostructure, and nanofiber
of the vinyl signals in thelH NMR spectra (see Supporting morphology is observed.
Information). Furthermore, for performed anionic polymerizations,  The microstructure and domain spacing for copolymers P4
a major shift in the GPC trace was observed toward higher were further examined using small-angle X-ray scattering technique
molecular weight, indicating block copolymer formation (dotted (SAXS). A representative SAXS pattern obtained for P1 is shown
line in Figure 1). This major peak with narrow distribution in the in Figure 3a. The main peak is centered around a value for the

capping reaction with high capping yiele+90%) was conducted
according to the literature proced e’ 1 was furtherw end-capped
with a phenyl group by the reaction with Grignard reagent
phenylmagnesium bromide (see Supporting Information). &his
end-capping reaction was performed to prevent lithitiralogen
exchange ofl with s-BulLi subsequently added for anionic
polymerization, leading to different lithiations for initiation at the
two ends of P3HP8 The resultinga-vinyl-w-(phenyl) end func-
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nanostructures of sphere, cylinder, lamellae, and nanofiber structures
according to different P2VP volume fractions. The synthesis
combines two efficient reactions, the Grignard metathesis method
of P3HT and anionic polymerization of 2-vinyl pyridine from the
activated vinyl-terminated P3HT macroinitiator, and leads to block
copolymers with well-defined molecular weight and narrow mo-
lecular weight distribution. It opens up the possibility of a
combinatorial approach to the synthesis of novel rod-coil block
copolymers.
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