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’ INTRODUCTION

Conjugated polymers have been widely recognized as promis-
ingmaterials for use in electrochromic devices, solar cells, organic
filed effect transistors, smart windows, and biosensors.1 Among
the various types of conjugated polymers, regioregular poly(3-
hexylthiopene) (P3HT) is one of the most heavily studied
organic semiconductors.2�5 P3HT self-organizes into semicrys-
talline structures involving lamellar packing of π-stacked thienyl
backbones separated by layers of hexyl side chains. P3HT
possesses excellent solution processability, environmental stabi-
lity, high charge carrier mobility, and tailorable electrochemical
properties.6�9 Recent advances in synthesis techniques enable
the design of functional rod�coil block copolymers composed of
a conjugated, rodlike block and a coil block covalently linked at
one end. In comparison to conjugated homopolymers, rod�coil
block copolymers are thermodynamically driven to self-assemble
into ordered, controllable structures on the tenths of nanometer
length scale,10 comparable to the exciton diffusion length of
conjugated polymers, thereby providing optimized morpholo-
gies for charge generation and transport. As such, they promise
new opportunities for tailoring and optimizing optoelectronic
properties for use in photovoltaic cells.

A variety of P3HT-based linear rod�coil block copolymers
have been synthesized by combining Grignard metathesis
polymerization (GRIM)4,11�16 with controlled radical polymer-
ization (e.g., atom transfer radical polymerization, ATRP),17,18

anionic polymerization,13,19,20 cationic polymerization,21,22 or
ring-opening metathesis polymerization (ROMP)23 to realize
intriguing nanostructured assembly and electronic activity. Quite
intriguingly, amphiphilic linear block copolymers constituted
with a rigid P3HT block and a hydrophilic, flexible block have
also been reported.12,24�32 Moreover, ionic or nonionic poly-
mers have been grafted to the conjugated poly(alkylthiophene)

backbone to achieve water-soluble graft copolymers.33,34 To the
best of our knowledge, amphiphilic multiarm, starlike, coil�rod block
copolymers with well-defined molecular architecture and precisely
controlled molecular weight have yet to be rationally designed and
synthesized.

Starlike polymers have received considerable interest over the
past decade due to their unique solid state and solution pro-
perties.35�37 They possess most of the properties of high molec-
ular weight materials without the solution viscosity penalty of
linear materials of similar molecular weight and offer potential in
coatings, additives, and drug and gene delivery applications.38�42

Notably, most of reported starlike polymers were only multiarm
homopolymers, and the number of arms was rarely greater than
four.43,33 More importantly, limited work was performed on the
preparation of starlike block copolymers due primarily to the
difficulty in purifying starlike macroinitiators and growing the
second block at the end of a starlike first block.44�47

Amphiphilic molecules self-assemble into a rich family of
intriguing structures in solution, including emulsions, multiple
emulsions, and micelles48,49 that are promising for use in en-
capsulation and delivery technologies. Emulsions are often pro-
duced using small amphiphiles, such as lipids and surfactants;50

they have limited strength and stability. Ideal emulsions for
encapsulation and release are those possessing well-characterized
and adjustable stability, permeability, and mechanical strength. In
this regard, emulsions made from block copolymers embracing a
large variety of possible molecular architectures, block chemistry,
and molecular weight are much tougher than the lipid coun-
terparts.14,51 The properties of the resulting emulsions can be
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further tailored by cross-linking.52 Among all block copolymers,
self-assembly of π-conjugated rod�coil block copolymers was
demonstrated as a powerful route to supramolecular objects with
novel architectures, functions, and physical properties.5,53�56 The
π�π interaction between conjugated rods provides additional
structural control and functionality, significantly differing from
those of conventional coil�coil block copolymers.54�56

Herein, we report, for the first time, a facile route for producing
a series of novel amphiphilic 21-arm, starlike, coil�rod diblock
copolymers, poly(acrylic acid)-b-poly(3-hexylthiopene) (PAA-
b-P3HT), based on β-cyclodextrin (β-CD) with well-defined
molecular architectures, molecular weight, and ratio of two
dissimilar blocks via a combination of quasi-living GRIM, click
reaction, and ATRP. β-CD is a cyclic oligosaccharide consisting
of seven glucose units linked by α-1,4-glucosidic bonds.57�59

The 21 substitutable hydroxyl groups on the outer surface of
β-CD offer the capability of generating a core with 21 initiation
sites to form 21-arm, starlike block copolymers. The starlike
PAA-b-P3HT diblock copolymers consist of hydrophilic coil-like
PAA cores and hydrophobic rodlike P3HT shells with narrow
molecular weight distribution and controllable molecular weight
of each block. This simple yet robust synthetic approach opens
up new avenues for creating a wide diversity of amphiphilic
multiarm, starlike diblock copolymers with coil�coil, rod�coil,
or rod�rod core�shell structures, thereby offering great promise
for exploring the fundamental relationship between the starlike
nanostructures and their properties in solution and solid state.
Furthermore, unimolecular micelles made of single amphiphilic
starlike PAA-b-P3HT were yielded as a direct consequence of
their compact structure. The formation of emulsions based on
these novel amphiphilic starlike, coil�rod PAA-b-P3HT was
explored. The emulsions are composed of hydrophilic coil-like
PAA cores cross-linked by adding small amount of ethylenedia-
mine as cross-linker and hydrophobic rodlike P3HT shells. They
offer great potential for use in drug encapsulation and release in a
controllable manner and as a microreactor to produce hollow
functional crystals at the microscopic scale via the reaction
between carboxyl acid groups of inner PAA blocks with inorganic
precursors.

’EXPERIMENTAL SECTION

Materials. 2-Bromoisobutyryl bromide (98%), N,N,N0 ,N00,N00-pen-
tamethyldiethylenetriamine (PMDETA, 99%), anhydrous 1-methyl-2-
pyrrolidinone (99.5%), sodium azide (g99.5%), 2,5-dibromo-3-hex-
ylthiophene (97%), tert-butylmagnesium chloride (2.0 M solution in
diethyl ether), [1,3-bis(diphenylphosphino)propane]dichloronickel-
(II), ethynylmagnesium bromide (0.5 M solution in tetrahydrofuran),
and trifluoroacetic acid (TFA, 99.9%) were purchased from Sigma-
Aldrich and used as received. CuBr (98%, Sigma-Aldrich) was stirred
overnight in acetic acid, filtrated, washed with ethanol and diethyl ether
successively, and dried in vacuum. β-Cyclodextrine (β-CD, Sigma-
Aldrich) was used as received. tert-Butyl acrylate (tBA, Sigma-Aldrich
98%), methy ethyl ketone (Fisher Scientific, 99.9%) and N,N-dimethyl-
formamide (DMF, Fisher Scientific, 99.9%) were distilled over CaH2

under reduced pressure prior to use. Tetrahydrofuran (THF, 99%) was
refluxed over potassiumwire and distilled from potassium naphthalenide
solution. All other reagents were purified by common purification
procedures.
Characterizations. The molecular weight of polymers was mea-

sured by GPC, equipped with an Agilent1100 with a G1310A pump, a
G1362A refractive detector, and aG1314A variable wavelength detector.

THF used as eluent at 35 �C at 1.0 mL/min. One 5 μm LP gel column
(500 Å, molecular range: 500�2 � 104 g/mol) and two 5 μm LP gel
mixed bed columns (molecular range: 200�3 � 106 g/mol) were
calibrated with PS standard samples. 1H NMR spectra were obtained by
a Varian VXR-300 spectroscope. CDCl3 and d7-DMF were used as
solvents. FTIR spectra were recorded by aMagna-550 Fourier transform
infrared spectrometer. The morphology of unimolecular micelles com-
posed of amphiphilic starlike PAA-b-P3HT diblock copolymer was
imaged by TEM (JEOL 1200EX scanning/transmission electron micro-
scope (STEM); operated at 80 kV). TEM samples were prepared by
applying a drop of starlike PAA-b-P3HT DMF solution (4 μL at c = 1
mg/mL) onto a carbon-coated copper TEM grid (300 mesh) and
allowing DMF to evaporate under ambient conditions. Samples were
then stained with uranyl acetate. A drop of freshly prepared saturated
uranyl acetate aqueous solution (10 μL) was deposited onto dried
samples. After 2 min, the excess solution was removed by filter paper,
and the sample was allowed to dry. The morphology of emulsions based
on starlike, coil�rod PAA-b-P3HTwas examined by optical microscopy,
SEM, and confocal fluorescent microscopy. OM imaging was performed
in reflective mode (Olympus BX51). SEM studies were carried out on a
Hitachi S-4000 field-emission scanning electron microscope, operating
at 10 kV accelerating voltage. Fluorescent images were obtained by
confocal fluorescent microscopy (Leica sp5 x). Dynamic light scattering
(DLS) data were acquired using a laser light scattering spectrometer
(Malvern Autosizer 4700) at 25 �C.
Synthesis of Heptakis[2,3,6-tri-O-(2-bromo-2-methylpro-

pionyl]-β-cyclodextrin) (21Br-β-CD). β-CD (6.82 g, 6 mmol,
vacuum-dried at 80 �C over calcium oxide overnight immediately prior
to use) was dissolved in 60 mL of anhydrous 1-methyl-2-pyrrolidione
(NMP) and cooled to 0 �C. 2-Bromoisobutyryl bromide (58.0 mL, 252
mmol) was then added dropwise to the β-CD solution under magnetic
stirring. The reaction temperature was maintained at 0 �C for 2 h and
then slowly increased to ambient temperature, after which the reaction
was allowed to continue for 22 h. The brown solution obtained was
concentrated in a vacuum oven for 12 h. The resulting syruplike product
was diluted with 100 mL of dichloromethane and then washed sequen-
tially with saturated NaHCO3 aqueous solution (3 � 200 mL) and DI
water (3 � 200 mL). The organic layer obtained was concentrated in a
vacuum oven and subsequently crystallized in cold n-hexane to produce
a white precipitate (18.21 g, yield = 71.2%). The chemical compositions
of 21Br-β-CDwere confirmed by FTIR: 2931 cm�1 (νC�H), 1737 cm

�1

(νCdO), 1158 cm�1 (νC�O�C), 1039 and 1105 cm�1 (coupled νC�C

and νC�O).
1H NMR in CDCl3: δ = 1.8 (broad s, 126H, CH3), 3.5�5.4

(49 H, sugar protons).
Preparation of 21-Arm, Starlike PtBA with Azide End

Group (PtBA-N3). 21-Arm, starlike PtBA with bromine end groups
(PtBA-Br) was prepared by ATRP of tBA in methyl ethyl ketone, using
21Br-β-CD with 21 ATRP initiation sites as a macroinitiator and CuBr/
PMDETA as a cocatalyst. Briefly, an ampule charged with CuBr (0.0707 g),
PMDETA (0.1707 g), 21Br-β-CD (0.1 g), tBA (42.9 mL), and 43 mL of
methyl ethyl ketone was vacuumed by three freeze�thaw cycles in liquid
N2, then sealed, and placed in an oil bath at 60 �C. The ampule was taken
out from the oil bath and dipped in liquid N2 at different desired times
to terminate the polymerization. The solution was then diluted
with acetone, passed through a neutral alumina column to remove
the catalyst, and precipitated in the mixed solvents of methanol/water
(v/v = 1/1). After filtration, the product was purified by dissolution�
precipitation twice with acetone and methanol/water and dried at 40 �C
in vacuum for 2 days. 1H NMR in CDCl3: δ = 2.05�1.30 (CH2CH and
�(CO)�OCH(CH3)3, repeat unit of PtBA), δ = 2.56�2.06 (CH2CH,
repeat units of PtBA), and 1.21 (�(CO)�C(CH3)2�).

The precipitate of starlike PtBA-Br (3.60 g) was dissolved in DMF
(15 mL), and sodium azide (Br in starlike PtBA:sodium azide = 1:10;
molar ratio) was added to the solution. The reaction mixture was stirred
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for 24 h at room temperature. Dichloromethane (25.0 mL) was added to
the mixture. The mixture was then washed with distilled water for three
times. The organic layer was dried with anhydrous MgSO4, and the
solvent was removed by vacuum. The final product, 21-arm, starlike
PtBA with azide end group (i.e., PtBA�N3), was collected and dried at
40 �C in vacuum oven for 4 h (yield = 95.4%).
Preparation of Ethynyl-Terminated P3HT (P3HT-Ethynyl).

Ethynyl-terminated P3HT was synthesized by a quasi-living Grignard
metathesis (GRIM) method. Briefly, 2,5-dibromo-3-hexylthiophene
(0.815 g, 2.5 mmol) was dissolved in THF (5 mL) in a three-neck flask
and stirred under Ar. tert-Butylmagnesium chloride (1.25mL, 2.5mmol)
was added with a syringe. The mixture was stirred for 2 h at room
temperature. Subsequently, it was diluted to 25 mL with THF, and
Ni(dppp)Cl2 (22.5 mg, 0.041 mmol) was added. The resulting mixture
was first stirred for 10 min at room temperature, producing intermediate
P3HT, which was then reacted with ethynylmagnesium bromide (2 mL,
1 mmol) in THF for 30 min. After precipitating the reaction mixture in
methanol, filtering in an extraction thimble, and washing by Soxhlet
extraction with methanol, hexanes, and chloroform sequentially, ethy-
nyl-terminated P3HT (i.e., P3HT��) was obtained. The final pure
P3HT�� was recovered after complete chloroform evaporation. The
regioregularity of P3HTwas greater than 98% as determined by 1HNMR.
The number-average molecular weight and PDI of ethynyl-terminated
P3HT were 5100 g/mol (based on 1H NMR), 4100 g/mol (based on
GPC), and 1.18 (GPC), respectively. Yield = 40.8%. 1HNMR (CDCl3, δ
(ppm)): δ = 6.98 (s, 1H), δ = 3.05 (s, 1H), δ = 2.8 (t, 2H), δ = 1.7 (m,
2H), δ = 1.43 (m, 2H), δ = 1.36 (m, 4H), and δ = 0.92 (t, 3H).
Synthesis of 21-Arm, Starlike Diblock Copolymers, PtBA-

b-P3HT, by Click Reaction. 21-Arm, starlike PtBA-N3, and
P3HT�� were dissolved in DMF (10 mL) in a dry ampule. CuBr
and PMDETAwere added, and the reactionmixture (P3HT��:starlike
PtBA-N3:copper bromide:PMDETA = 1.2:1:10:10; molar ratio) was
degassed by three freeze�pump�thaw cycles in liquid N2. The ampule
was first immersed in an oil bath at 90 �C for 24 h, and then taken out of

the oil bath, and placed in liquid N2 to terminate the reaction. The
mixture was diluted with THF and passed through an alumina column to
remove the copper salt. The product was precipitated in cold methanol
and dried in vacuum oven at 40 �C for 4 h, yielding 21-arm, starlike
diblock copolymer, PtBA-b-P3HT.
Formation of Amphiphilic 21-Arm, Starlike Diblock Co-

polymer PAA-b-P3HT by Hydrolysis of tert-Butyl Ester
Groups of PtBA Block. In a typical process, starlike diblock copoly-
mer, PtBA-b-P3HT (0.3 g), was dissolved in 30 mL of CH2Cl2, and then
10mL of trifluoroacetic acid was added. The reactionmixture was stirred
at room temperature for 24 h. After the hydrolysis, the resulting starlike
diblock copolymer, PAA-b-P3HT, was gradually precipitated in CH2Cl2.
The final product was purified, washed with CH2Cl2, and thoroughly
dried under vacuum at 40 �C overnight.
Preparation of Unimolecular Micelles from Amphiphilic

21-Arm, Starlike, Coil�Rod PAA-b-P3HT Diblock Copoly-
mer. A small amount (∼10 mg) of amphiphilic 21-arm, starlike PAA-
b-P3HT (i.e., sample A in Table 2) was dissolved in anhydrous DMF
(∼10 mL) at a concentration of 1 mg/mL at room temperature. The
solution was stirred for 2 days.
Formation of Emulsions from Amphiphilic 21-Arm, Star-

like, Coil�Rod PAA-b-P3HT Diblock Copolymer. Amphiphilic
starlike PAA-b-P3HT (i.e., sample A in Table 2) was dissolved in chloro-
form under sonication at 30 �C to yield a saturated solution. Subsequently,
1 mL of ethylenediamine�water solution at the volume ratio of ethyle-
nediamine:water = 1:5 was added to the 4 mL PAA-b-P3HT chloroform
solution. The resulting mixture was mechanically mixed using a pulsing
vortex mixer for 30 min. After that, the chloroform phase was extracted
and deposited on a glass cover slide for characterization.

’RESULTS AND DISCUSSION

Synthesis of Heptakis[2,3,6-tri-O-(2-bromo-2-methylpro-
pionyl]-β-cyclodextrin) (21Br-β-CD). In light of recent reports

Scheme 1. Synthetic Route to Novel Amphiphilic 21-Arm, Starlike Coil�Rod Diblock Copolymer, PAA-b-P3HT
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on multifunctional initiators produced by using 2-bromoisobutyl
bromide to directly modify the compounds containing hydroxyl
groups,58,59 in this work, a simple route was utilized to synthesize
the heptakis[2,3,6-tri-O-(2-bromo-2-methylpropionyl]-β-cyclo-
dextrin) (i.e., 21Br-β-CD) initiator by directly reacting 2-bromoi-
sobutyric bromide with β-CD as the latter possesses 21 substitu-
table hydroxyl groups on its outer surface57�59 (Scheme 1).
However, a challenge remained in that anhydrous pyridine, which
is a commonly used good solvent for β-CD, was immiscible with
2-bromoisobutyl bromide, leading to precipitation. As a result, the
yield was greatly reduced. It is noteworthy that a similar precipita-
tion was reported when 2-bromopropionyl bromide was used and
the precipitate was a pyridine salt.58 To overcome this problem, an
appropriate solvent for β-CD was needed, which was compatible
with both 2-bromoisobutyl bromide and small amounts of
HBr. To this end, 1-methyl-2-pyrrolidione (NMP) was employed
as solvent for the reaction of 2-bromoisobutyl bromide with
β-CD, producing 21Br-β-CD with a high yield of 71.2%
(Scheme 1). The resulting 21Br-β-CD is a white powder that is
moderately soluble in aqueous solution and highly soluble in most
organic solvents.
As noted above, the hydroxyl groups on β-CD were esterified

by 2-bromoisobutyryl bromide to yield the ATRPmacroinitiator,
21Br-β-CD. The complete esterification of 21 hydroxyl groups
was confirmed by 1H NMR (Figure S1), in which δ = 1.8�2.2
(126H) was attributed to the methyl protons of 21Br-β-CD and
δ = 3.5�5.5 (49H) was assigned to residues of β-CD. The
hydroxyl group conversion can be calculated based on the
following equation

ET_OH ¼ Ab

18Aa
� 100% ð1Þ

where ET_OH is the conversion efficiency of hydroxyl groups and
Ab and Aa are the integral area of methyl protons of 21Br-β-CD
and the integral area of protons (Ha; the peaks at δ = 5.2�5.3),
respectively. An ET_OH of 100% was obtained, suggesting that
hydroxyl groups were completely converted into bromoiso-
butyryl units.
Preparation of 21-Arm, Starlike PtBA with Azide End

Group (PtBA-N3). ATRP of tBA was performed in methyl ethyl
ketone at 60 �C using 21Br-β-CD as a macroinitiator and
PMDETA/CuBr as a cocatalyst (Scheme 1). The obtained 21-
arm, starlike PtBA-Br was transformed into azide-functionalized
PtBA (i.e., PtBA-N3) by reacting with sodium azide in DMF at
room temperature. Four starlike PtBA-N3 with different molec-
ular weights were synthesized as summarized in Table S1. They
showed monomodal GPC traces (Figure S2). The molecular
weight of PtBA increased with polymerization time, and the
molecular weight distributions of all polymers were low (PDI <
1.1). Notably, the molecular weight of starlike PtBA-N3 derived
from the 1HNMR analysis was close to the theoretical values but
remarkably different from those obtained from GPC; this was
due to the different hydrodynamic volume of starlike polymers
compared to the linear PS standard used in GPC columns.
The initiation efficiency in synthesis of copolymers by ATRP

has been widely studied. It was demonstrated that not every
initiating site generated a polymer chain and incomplete initia-
tion was attributed to steric hindrance as a result of the high
density of initiating centers.60�62 In this work, however, the
density of initiating centers in 21Br-β-CD was much lower than
that reported in literature63�65 (i.e., 21 sites in 21Br-β-CD as

compared to 60�70 reported); thus, higher initiation efficiency
is expected. The initiation efficiency of bromoisobutyryl for
ATRP of monomer tBA can be estimated from the 1H NMR
spectrum shown in Figure S3:

ET_bromoisobutryl ¼
Mn, theory

21Mn, PtBA
� 100% ð2Þ

where ET_bromoisobutyryl is the reaction efficiency of bromoisobu-
tyryl for ATRP ofmonomer tBA,Mn, theory is the theoretical value
ofMn of starlike PtBA calculated from the monomer conversion
and the concentration of the 21Br-β-CD macroinitiator, and
Mn, PtBA is the Mn of each PtBA arm calculated based on the 1H
NMR spectrum. Thus, an ET_bromoisobutyryl = 99.21% was ob-
tained, suggesting that nearly all bromoisobutyryl groups with 21
initiation sites were involved in the polymerization of tBA, and 21-
arm, starlike PtBA homopolymers were successfully produced.
Figure S3 shows the 1H NMR spectrum of sample 1 of starlike

PtBA-N3 obtained after the reaction for 3 h (Table S1). An
intense characteristic peak at δ = 1.45 ppm (peak b) corre-
sponded to the methyl protons in tert-butyl group (�C(CH3)3).
The chemical shift at δ = 1.21 ppm represented the methyl
protons at the α-end of PtBA-N3 chain. The conversion of �Br
to �N3 was confirmed by the emergence of signals at δ =
3.08�3.20 ppm (CH2CH�N3; the end group of PtBA) (Figure
S3); it was further evidenced by the FTIRmeasurement, in which
a characteristic stretching of �N3 at 2112 cm�1 was observed
(Figure S4).
Synthesis of 21-Arm, Starlike Diblock Copolymers, PtBA-

b-P3HT, by Click Reaction. Click reaction has been widely used
in polymer chemistry over the past several years due to its high
specificity, quantitative yield, and nearly perfect fidelity in the
presence of most functional groups.66,67 In this work, we utilized
a click reaction to synthesize 21-arm, starlike diblock copolymer,
PtBA-b-P3HT, by reacting PtBA-N3 with P3HT having a com-
plementary terminal alkyne group (i.e., a “graft-onto” approach;
Scheme 1). To this end, ethynyl-terminated P3HT (i.e.,
P3HT��) was first prepared by end-capping P3HT synthesized
by the Grignard metathesis (GRIM) method with ethynylmag-
nesium bromide.11 The click reaction between the azide end
group of PtBA-N3 and terminal alkyne functional group of
P3HT�� was performed in the presence of CuBr/PMDETA in
DMF at 90 �C. The resulting starlike PtBA-b-P3HT block copoly-
mers are summarized in Table 1. Compared to the 1H NMR
spectrum of starlike PtBA-N3 (Figure S3), the characteristic peak

Table 1. Summary of 21-Arm, Starlike Diblock Copolymers,
PtBA-b-P3HT

entrya Mn,GPC
b Mw/Mn

c Mn,NMR
d yield (%) efficiency (%)e

sample a 139 500 1.15 279 300 82.2 98.1

sample b 177 800 1.11 425 040 80.9 98.6

sample c 238 300 1.18 738 780 84.6 98.3

sample d 296 900 1.16 1160 880 85.2 98.9
a Four samples (a, b, c, d) were prepared by click reaction between
P3HT�� and four PtBA-N3, i.e., sample 1, sample 2, sample 3, and
sample 4 in Table S1, respectively. bNumber-average molecular weight,
Mn, GPC, determined by GPC, calibrated by PS standard. cThe poly-
dispersity index determined by GPC. dMn,NMR calculated from 1H
NMRdata:Mn,NMR of starlike PtBA-b-P3HT=Mn,NMR of starlike PtBA-
N3 (see Table S1) + 21Mn,P3HT � ET_Click.

e Efficiency of click reaction
(ET_Click), calculated from 1H NMR spectra of the starlike PtBA-b-
P3HT.
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of CH2CH-N3 (i.e., the end group of PtBA) at δ = 3.08�
3.20 ppm disappeared in starlike PtBA-b-P3HT diblock copolymer
(Figure 1), while a signal associated with the triazole ring at δ =
7.60�7.41 ppm emerged (i.e., peak l), signifying the success of the
click reaction between PtBA-N3 and P3HT��. The characteristic
peaks of thiophene at δ = 6.98 ppm, hexyl group from P3HT at δ =
0.92�2.80 ppm, methyl protons in t-butyl group (�C(CH3)3 in
PtBA) at δ = 1.45 ppm, and methyl protons (i.e., peak k) at the
α-end of the copolymer chain at δ = 1.21 ppm were also clearly
evident, confirming that the coupling of PtBA-N3 with P3HT��
was markedly successful. On the basis of the 1H NMR spectrum of
starlike PtBA-b-P3HT, the efficiency of the click reaction can be
estimated by the following equation:

ET_Click ¼ 9� 166:3� Ag �Mn, PtBA

128:17� Ah �Mn, P3HT
� 100% ð3Þ

where ET_Click is the reaction efficiency of click reaction, Ag and Ah
are the integral area of thiophene group protons at δ = 6.98 ppm on
the P3HT block and the integral area of methyl protons in tert-butyl
group (�C(CH3)3) at δ = 1.45 ppm on the PtBA block, respec-
tively, and 128.17 and 166.3 are the molecular weights of tBA
monomer and 3HTmonomer, respectively.Mn,PtBA andMn,P3HT are
Mn of PtBA-N3 (Table S1) andof P3HT��, respectively, calculated
based on their 1H NMR spectra. All ET_Click are nearly 100%,
reflecting that all coupling sites (i.e., -N3) of 21-arm, star-like PtBA-
N3 were consumed in the click reaction.
The success of the click reaction was further demonstrated by

an FTIR measurement (Figure S5). In comparison to the FTIR
spectrum of starlike PtBA-N3, the disappearance of characteristic
stretching of �N3 at δ = 2112 cm�1 accompanied by the
appearance of a signal at δ = 1684 cm�1, corresponding to the
triazole ring, indicated that the�N3 group was transformed into
the triazole group. The FTIR spectra (Figure 3 and Figure S5)
also show the presence of the CdC stretching vibrations
(δ(asym)∼1510 cm�1 and δ(sym)∼ 1460 cm�1) correspond-
ing to poly(3-hexylthiophene). This also constitutes a proof for
the formation of the block copolymer by click reaction.
It is worth noting that in order to couple each PtBA-N3 arm

with P3HT��, a slight excess amount of P3HT�� was used
(i.e., P3HT��:PtBA-N3 = 1.2:1; molar ratio). Because of large

difference in the molecular weight between P3HT�� and the
resulting PtBA-b-P3HT, after click reaction, the excess
P3HT�� was easily removed from the reaction mixture by
fractional precipitation using THF as solvent and methanol as
precipitator. The GPC traces of PtBA-b-P3HT are monomodal
and have low PDI (<1.2) (Figure 2). Similar to the values shown
in Table S1, the molecular weights of starlike PtBA-b-P3HT
measured by GPC were different from those derived from
1H NMR as a result of the different hydrodynamic volume of
starlike polymers in comparison to the linear PS standard in GPC
columns (Table 1).
Formation of Amphiphilic 21-Arm, Starlike Diblock Co-

polymers, PAA-b-P3HT by Hydrolysis of tert-Butyl Ester
Groups of PtBA Block. Hydrophilic poly(acrylic acid) (PAA)
is a weak polyelectrolyte, in which the degree of ionization is
governed by the pH and ionic strength of the aqueous solution.68

PAA possesses many unique properties, including the transfor-
mation of polarity as a function of pH and the interaction with
metal ions, colloidal particles, and biomolecules.69�72 These
properties make block copolymers containing PAA very attrac-
tive for applications in reverse assembly,70,73 stabilization of
inorganic particles,74 crystal growth modifiers,71 drug carriers,69

and gene therapy.72,75 In this work, tert-butyl substituent in

Figure 1. 1H NMR spectrum of 21-arm, starlike diblock copolymer,
PtBA-b-P3HT (i.e., sample a in Table 1; solvent: CDCl3).

Figure 2. GPC traces of 21-arm, starlike PtBA-N3 (i.e., sample 1 in
Table S1) and the resulting PtBA-b-P3HT obtained by click reaction of
azide-functionalized PtBA (i.e., PtBA-N3) with ethynyl-terminated poly-
(3-hexylthiophene) (i.e., P3HT��) (i.e., sample a in Table 1).

Figure 3. FTIR spectra of 21-arm, starlike diblock copolymers: (i)
starlike diblock copolymer, PtBA-b-P3HT (i.e., sample a in Table 1), and
(ii) the resulting amphiphilic starlike diblock copolymer, PAA-b-P3HT
(i.e., sample A in Table 2).
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starlike PtBA-b-P3HT diblock copolymer can be readily hydro-
lyzed by trifluoroacetic acid, a process which is highly selective
and efficient,76,77 yielding amphiphilic 21-arm, starlike PAA-b-
P3HT composed of hydrophilic coil-like PAA cores and hydropho-
bic rodlike P3HT shells. The 1H NMR spectra of a representative
starlike PtBA-b-P3HT before and after hydrolysis are shown in
Figure S6. Four amphiphilic starlike core�shell PAA-b-P3HT di-
block copolymers were prepared, and the molecular weights of PAA
cores are summarized in Table 2.
The disappearance of the intense characteristic peak at δ =

1.45 ppm, corresponding to methyl protons of tert-butyl group,
reflected that PtBA blocks were completely hydrolyzed to PAA.
Additional evidence was provided by FTIR measurement, in
which a broad absorbance was observed in the range of
2500�3600 cm�1, indicating the formation of carboxylic acid
group of PAA (Figure 3). Furthermore, the carbonyl stretching
shifted from 1726 cm�1 in PtBA to 1700 cm�1 in PAA.
Emulsions Formation from Amphiphilic Starlike, Coil�

Rod PAA-b-P3HT Diblock Copolymers. Because of its compact
structure (i.e., smaller hydrodynamic volume and radius of
gyration), the starlike PAA-b-P3HT has much less interchain
entanglement, thereby facilitating the formation of unimolecular
micelles composed of single starlike PAA-b-P3HT, as measured
by dynamic light scattering (DLS) and TEM. The amphiphilic
starlike PAA-b-P3HT (i.e., sample A in Table 2) completely
dissolved in DMF (c = 1 mg/mL) and was readily dispersed as
unimolecular micelle. The unimolecular micelle possessed a
monodisperse size distribution with a z-average hydrodynamic
diameter, Dh, of 20 nm as evidenced by DLS measurement
(Figure S7), in which a narrow single peak was observed. To
further examine the unimolecular micellar structure of amphi-
philic starlike PAA-b-P3HT, TEM imaging after staining with
uranyl acetate was performed (Figure S8).78 The dark dots in the
TEM micrograph were PAA cores as uranyl acetate selectively
stained PAA blocks of unimolecular micelles.79 The average
diameter of the PAA core was 9 ( 1.8 nm (Figure S8), half of
the size of unimolecular micelles measured by DLS.
Subsequently, amphiphilic starlike, coil�rod PAA-b-P3HT was

exploited to produce emulsions (using sample A in Table 2). The
samplewas dissolved in chloroformwith sonication at 30 �Cto form
a saturated solution. Then the ethylenediaminewater solution at the
volume ratio of 1:5 was added into the starlike PAA-b-P3HT
solution. Ethylenediamine is a bifunctional molecule and readily
reacted with the carboxylic acid groups of PAA, thereby cross-
linking PAA blocks together. After evaporation of chloroform and

water, highly packed, nearly circular emulsions with an average
diameter of 20 μm surrounded by tiny emulsions were observed
(Figure 4a). Confocal fluorescent microscopy measurement
showed that the emulsions were hollow (Figure 4b), emitting red
fluorescence originating from the P3HT shell. The formation of
emulsions was also confirmed by SEM (Figure 5 and Figure S9),
where cracks occurred when a layer of Au was coated on the surface
under vacuum for imaging. The shell of emulsions was clearly
evident at the crack region (Figure 5b).
It is noteworthy that ethylenediamine used as cross-linker

played an important role in the formation of emulsions by
locking in the PAA blocks of starlike diblock copolymers. No
emulsions were observed without the addition of ethylenedia-
mine. To the best of our knowledge, although micelles of
conjugated block copolymers have been demonstrated,5,53�56

this is the first report of the formation of emulsions based on
P3HT-based block copolymers.

’CONCLUSIONS

In summary, functionalized β-CD was exploited as a useful
macroinitiator for preparing a series of amphiphilic 21-arm,
starlike, coil�rod PAA-b-P3HT diblock copolymers with pre-
cisely tailorable molecular architectures and ratio of two chemi-
cally distinct blocks (i.e., hydrophilic PAA core and hydrophobic,
luminescent, semiconductor P3HT shell) via a combination of
GRIM, click reaction, and ATRP. These amphiphilic starlike
diblock copolymers possessed narrowmolecular weight distribu-
tion with the molecular weight of both the core and shell blocks
being well controlled by changing the reaction time during ATRP
and quasi-living GRIM, respectively. They formed unimolecular
micelles as a result of the compact structure and reduced inter-
chain entanglement. Emulsions can be readily produced using
these novel amphiphilic starlike, coil�rod PAA-b-P3HT diblock
copolymers by cross-linking the PAA cores with ethylenediamine.
We envision that by rational selection of inorganic precursors a wide

Figure 4. (a) Optical micrograph of emulsions composed of amphi-
philic starlike, coil�rod PAA-b-P3HT. Scale bar = 100 μm. (b) Confocal
fluorescent micrograph of emulsions. Scale bar = 20 μm.

Figure 5. SEM images of emulsions. (a) Scale bar = 20 μm. (b) Scale
bar = 2 μm.

Table 2. Summary of Amphiphilic 21-Arm, Starlike Diblock
Copolymers, PAA-b-P3HT

entrya Mn,PAA
b Mn,P3HT

c

sample A 4500 5100

sample B 8400 5100

sample C 16800 5100

sample D 28100 5100
a Four samples (A, B, C, D)were prepared by hydrolysis of PtBA block in
sample a, sample b, sample c, and sample d (Table 1), respectively.
bNumber-average molecular weight, Mn,PAA, of each PAA block calcu-
lated based on the molecular weight difference between PtBA (before
hydrolysis) and PAA (after hydrolysis):Mn,PAA = (Mn,PtBA)/(128.17)�
72.06, where 128.17 and 72.06 are the molecular weight of tBA and AA
monomers, respectively. cNumber-average molecular weight, Mn,P3HT,
of each P3HT shell calculated from 1H NMR data.



7182 dx.doi.org/10.1021/ma201564t |Macromolecules 2011, 44, 7176–7183

Macromolecules ARTICLE

spectrum of functional or multifunctional nanocrystals capped with
polymer shells can be readily produced by the reaction of carboxyl
acid groups of inner PAA blocks with the precursors. Furthermore,
the present synthetic approach is simple yet robust and may be
extended to create a myriad of multiarm, starlike diblock copoly-
mers (or multiblock copolymers) with different conformations
(e.g., coil�coil, coil�rod, or rod�rod for diblock copolymers),
hydrophilicity (i.e., hydrophilic, hydrophobic, or amphiphilic), and
functions (luminescent, semiconducting, stimuli-responsive (thermal,
pH, and light), etc.) for fundamental study of the relationship
between the starlike nanostructures (as well as complex nanoscale
assemblies yielded upon them) and their properties in solution and
the solid state. Such intriguing starlike copolymers would find
potential applications in adaptive coatings, additives, and biomimetic
materials. Emulsions formedbasedon themmayhold promise for use
in drug delivery and as microreactors to create hollow functional
crystals.
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FTIR spectra, DLS data, TEM image, and SEM images. This
material is available free of charge via the Internet at http://
pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
*E-mail: zhiqun.lin@mse.gatech.edu.

’ACKNOWLEDGMENT

We gratefully acknowledge funding support from Air Force
Office of Scientific Research (FA9550-09-1-0388) and Georgia
Institute of Technology.

’REFERENCES

(1) Schwartz, B. J. Annu. Rev. Phys. Chem. 2003, 54, 141.
(2) Wang, G. M.; Swensen, J.; Moses, D.; Heeger, A. J. J. Appl. Phys.

2003, 93, 6137–6141.
(3) Kim, Y.; Cook, S.; Tuladhar, S. M.; Choulis, S. A.; Nelson, J.;

Durrant, J. R.; Bradley, D. D. C.; Giles, M.; Mcculloch, I.; Ha, C. S.; Ree,
M. Nature Mater. 2006, 5, 197–203.
(4) Ma, W. L.; Yang, C. Y.; Gong, X.; Lee, K.; Heeger, A. J. Adv.

Funct. Mater. 2005, 15, 1617–1622.
(5) Wu, P. T.; Ren, G. Q.; Kim, F. S.; Li, C. X.; Mezzenga, R.;

Jenekhe, S. A. J. Polym. Sci., Part A: Polym. Chem. 2010, 48, 614–626.
(6) He, M.; Zhao, L.; Wang, J.; Han, W.; Yang, Y. L.; Qiu, F.; Lin,

Z. Q. ACS Nano 2010, 4, 3241.
(7) Xu, J.; Wang, J.; Mitchell, M.; Mukherjee, P.; Jeffries-EL, M.;

Petrich, J. W.; Lin, Z. Q. J. Am. Chem. Soc. 2007, 129, 12828.
(8) Goodman, M. D.; Xu, J.; Wang, J.; Lin, Z. Q. Chem. Mater. 2009,

21, 934.
(9) Byun, M.; Laskowski, R. L.; He, M.; Qiu, F.; Jeffries-EL, M.; Lin,

Z. Q. Soft Matter 2009, 5, 1583.
(10) Wu, P. T.; Ren, G. Q.; Li, C. X.; Mezzenga, R.; Jenekhe, S. A.

Macromolecules 2009, 42, 2317.
(11) Jeffries-El, M.; Sauve, G.; McCullough, R. D. Macromolecules

2005, 38, 10346–10352.
(12) Barbara, P. F.; Gesquiere, A. J.; Park, S. J.; Lee, Y. J. Acc. Chem.

Res. 2005, 38, 602–610.
(13) Dai, C. A.; Yen, W. C.; Lee, Y. H.; Ho, C. C.; Su, W. F. J. Am.

Chem. Soc. 2007, 129, 11036–11041.

(14) Discher, B. M.; Won, Y. Y.; Ege, D. S.; Lee, J. C. M.; Bates, F. S.;
Discher, D. E.; Hammer, D. A. Science 1999, 284, 1143–1146.

(15) Liu, L. B.; Moon, K. S.; Gunawidjaja, R.; Lee, E. J.; Tsukruk,
V. V.; Lee, M. S. Langmuir 2008, 24, 3930–3936.

(16) Kim, H.; Kim, T.; Lee, M. Acc. Chem. Res. 2011, 44, 72.
(17) Liu, J. S.; Sheina, E.; Kowalewski, T.; McCullough, R. D. Angew.

Chem., Int. Ed. 2001, 41, 329–332.
(18) Iovu, M. C.; Jeffries-El, M.; Sheina, E. E.; Cooper, J. R.;

McCullough, R. D. Polymer 2005, 46, 8582–8586.
(19) Iovu, M. C.; Zhang, R.; Cooper, J. R.; Smilgies, D. M.; Javier,

A. E.; Sheina, E. E.; Kowalewski, T.; McCullough, R. D.Macromol. Rapid
Commun. 2007, 28, 1816–1824.

(20) Gunawidjaja, R.; Luponosov, Y.N.;Huang, F. F.; Ponomarenko,
S. A.; Muzafarov, A. M.; Tsukruk, V. V. Langmuir 2009, 25, 9270–
9284.

(21) Alemseghed, M. G.; Gowrisanker, S.; Servello, J.; Stefan, M. C.
Macromol. Chem. Phys. 2009, 210, 2007–2014.

(22) Alemseghed, M. G.; Servello, J.; Hundt, N.; Sista, P.; Biewer,
M. C.; Stefan, M. C. Macromol. Chem. Phys. 2010, 211, 1291–1297.

(23) Boudouris, B. W.; Frisbie, C. D.; Hillmyer, M. A. Macromole-
cules 2008, 41, 67–75.

(24) Maurer, J. J.; Eustace, D. J.; Ratcliffe, C. T. Macromolecules
1987, 20, 196–202.

(25) Natarajan, P.; Raja, C. Eur. Polym. J. 2004, 40, 2291–2303.
(26) Tanaka, H.; Sato, N.; Matsuyama, T. Langmuir 2005,

21, 7696–7701.
(27) Klooster, N. T.M.; Vandertouw, F.;Mandel,M.Macromolecules

1984, 17, 2070–2078.
(28) Choucair, A.; Eisenberg, A. J. Am. Chem. Soc. 2003,

125, 11993–12000.
(29) Scholes, G. D.; Rumbles, G. Nature Mater. 2006, 5, 920–920.
(30) Tang, C. B.; Hur, S. M.; Stahl, B. C.; Sivanandan, K.; Dimitriou,

M.; Pressly, E.; Fredrickson, G. H.; Kramer, E. J.; Hawker, C. J.
Macromolecules 2010, 43, 2880–2889.

(31) Craley, C. R.; Zhang, R.; Kowalewski, T.; McCullough, R. D.;
Stefan, M. C. Macromol. Rapid Commun. 2009, 30, 11–16.

(32) Li, Z.; Ono, R. J.; Wu, Z.-Q.; Bielawski, C. W. Chem. Commun.
2011, 47, 197–199.

(33) Takeichi, T.; Stille, J. K. Macromolecules 1986, 19, 2093–2102.
(34) Sivanandan, K.; Chatterjee, T.; Treat, N.; Kramer, E. J.; Hawker,

C. J. Macromolecules 2010, 43, 233–241.
(35) Kim, Y. H.; Ford, W. T.; Mourey, T. H. J. Polym. Sci., Part A:

Polym. Chem. 2007, 45, 4623–4634.
(36) Genson, K. L.; Hoffman, J.; Teng, J.; Zubarev, E. R.; Vaknin, D.;

Tsukruk, V. V. Langmuir 2004, 20, 9044–9052.
(37) Teng, J.; Zubarev, E. R. J. Am. Chem. Soc. 2003,

125, 11840–11841.
(38) Hatada, K.; Nishiura, T.; Kitayama, T.; Ute, K.Macromol. Symp.

1997, 118, 135–141.
(39) Wu, D. T. Synth. Met. 2002, 126, 289–293.
(40) Char, K.; Frank, C. W.; Gast, A. P. Langmuir 1989, 5, 1335–

1340.
(41) Char, K.; Frank, C. W.; Gast, A. P. Langmuir 1989, 5, 1096–

1105.
(42) Char, K.; Frank, C. W.; Gast, A. P. Macromolecules 1989,

22, 3177–3180.
(43) Morton, M.; Gadkary, S. D.; Helminiak, T. E.; Bueche, F.

J. Polym. Sci., Part A: Polym. Chem. 1962, 57, 471–476.
(44) Matyjaszewski, K.; Miller, P. J.; Pyun, J.; Kickelbick, G.;

Diamanti, S. Macromolecules 1999, 32, 6526–6535.
(45) Kakuchi, T.; Narumi, A.; Matsuda, T.; Miura, Y.; Sugimoto, N.;

Satoh, T.; Kaga, H. Macromolecules 2003, 36, 3914–3920.
(46) Stenzel, M. H.; Davis, T. P. J. Polym. Sci., Part A: Polym. Chem.

2002, 40, 4498–4512.
(47) Pang, X.; Zhao, L.; Akinc, M.; Kim, J. K.; Lin, Z.Macromolecules

2011, 44, 3746–3752.
(48) Koltover, I.; Salditt, T.; Radler, J. O.; Safinya, C. R. Science 1998,

281, 78–81.



7183 dx.doi.org/10.1021/ma201564t |Macromolecules 2011, 44, 7176–7183

Macromolecules ARTICLE

(49) Harasym, T. O.; Cullis, P. R.; Bally, M. B. Cancer Chemother.
Pharmacol. 1997, 40, 309–317.
(50) Israelachvili, J. N.; Wennerstrom, H. J. Phys. Chem. 1992, 96,

520–531.
(51) Dimova, R.; Seifert, U.; Pouligny, B.; Forster, S.; Dobereiner,

H. G. Eur. Phys. J. E 2002, 7, 241–250.
(52) Discher, B. M.; Bermudez, H.; Hammer, D. A.; Discher, D. E.;

Won, Y. Y.; Bates, F. S. J. Phys. Chem. B 2002, 106, 2848–2854.
(53) Jenekhe, S. A.; Chen, X. L. Science 1998, 279, 1903–1907.
(54) Lin, S. T.; Tung, Y. C.; Chen, W. C. J. Mater. Chem. 2008,

18, 3985–3992.
(55) Kuo, C. C.; Tung, Y. C.; Chen, W. C. Macromol. Rapid

Commun. 2010, 31, 65–70.
(56) Lin, C. H.; Tung, Y. C.; Ruokolainen, J.; Mezzenga, R.; Chen,

W. C. Macromolecules 2008, 41, 8759–8769.
(57) Ohno, K.; Wong, B.; Haddleton, D. M. J. Polym. Sci., Part A:

Polym. Chem. 2001, 39, 2206–2214.
(58) Matyjaszewski, K.; Gaynor, S. G.; Kulfan, A.; Podwika, M.

Macromolecules 1997, 30, 5192–5194.
(59) Yu, W. H.; Kang, E. T.; Neoh, K. G.; Zhu, S. P. J. Phys. Chem. B

2003, 107, 10198–10205.
(60) Neugebauer, D.; Sumerlin, B. S.; Matyjaszewski, K.; Goodhart,

B.; Sheiko, S. S. Polymer 2004, 45, 8173–8179.
(61) Sumerlin, B. S.; Neugebauer, D.; Matyjaszewski, K. Macromo-

lecules 2005, 38, 702–708.
(62) Plamper, F. A.; Becker, H.; Lanzend€orfer, M.; Patel, M.;

Wittemann, A.; Ballauff, M.; M€uller, A. H. E. Macromol. Chem. Phys.
2005, 206, 1813–1825.
(63) Liu, C.; Wang, G. W.; Zhang, Y.; Huang, J. L. J. Appl. Polym. Sci.

2008, 108, 777–784.
(64) Liu, C.; Zhang, Y.; Huang, J. L. Macromolecules 2008, 41,

325–331.
(65) Sun, R. M.; Wang, G. W.; Liu, C.; Huang, J. L. J. Polym. Sci., Part

A: Polym. Chem. 2009, 47, 1930–1938.
(66) Binder, W. H.; Sachsenhofer, R. Macromol. Rapid Commun.

2007, 28, 15–54.
(67) Lutz, J. F. Angew. Chem., Int. Ed. 2007, 46, 1018–1025.
(68) Mori, H.; Muller, A. H. E. Prog. Polym. Sci. 2003, 28, 1403–

1439.
(69) Gil, E. S.; Hudson, S. M. Prog. Polym. Sci. 2004, 29, 1173–1222.
(70) Oishi, M.; Nagasaki, Y.; Itaka, K.; Nishiyama, N.; Kataoka, K.

J. Am. Chem. Soc. 2005, 127, 1624–1625.
(71) Rivas, B. L.; Pereira, E. D.; Moreno-Villoslada, I. Prog. Polym.

Sci. 2003, 28, 173–208.
(72) Rodriguez-Hernandez, J.; Lecommandoux, S. J. Am. Chem. Soc.

2005, 127, 2026–2027.
(73) Harada, A.; Kataoka, K. J. Am. Chem. Soc. 1999, 121, 9241–

9242.
(74) Zhang, M. F.; Estournes, C.; Bietsch, W.; Muller, A. H. E. Adv.

Funct. Mater. 2004, 14, 871–882.
(75) Wakebayashi, D.; Nishiyama, N.; Yamasaki, Y.; Itaka, K.;

Kanayama, N.; Harada, A.; Nagasaki, Y.; Kataoka, K. J. Controlled Release
2004, 95, 653–664.
(76) He, L. H.; Zhang, Y. H.; Ren, L. X.; Chen, Y.M.;Wei, H.;Wang,

D. J. Macromol. Chem. Phys. 2006, 207, 684–693.
(77) Hou, S. J.; Chaikof, E. L.; Taton, D.; Gnanou, Y.Macromolecules

2003, 36, 3874–3881.
(78) Schuch, H.; Klingler, J.; Rossmanith, P.; Frechen, T.; Gerst, M.;

Feldthusen, J.; Muller, A. H. E. Macromolecules 2000, 33, 1734–1740.
(79) Cui, H. G.; Chen, Z. Y.; Zhong, S.; Wooley, K. L.; Pochan, D. J.

Science 2007, 317, 647–650.


