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Unimolecular micelles composed of inner coil-like
blocks and outer rod-like blocks crafted by
combination of living polymerization with click
chemistryf
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A new class of star-shaped coil-rod diblock copolymer polystyrene-block-poly(3-hexylthiophene) (PS-b-
P3HT) with well-defined structures and the ratio of coil to rod blocks were synthesized by a combination of
atom transfer radical polymerization, the Grignard metathesis method, and click reaction. The star-shaped
PS-b-P3HT diblock copolymers covalently connected to a B-cyclodextrin (3-CD) core were composed of
21-arm coil-like PS inner blocks and rod-like conjugated polymer P3HT outer blocks with narrow molecular
weight distribution. The intermediate and final products were systematically characterized and confirmed
by gel permeation chromatography (GPC), 'H nuclear magnetic resonance (*H-NMR), and Fourier

transfer infrared (FTIR) spectroscopy. The optical properties of star-shaped PS-b-P3HT were examined
Received 28th November 2013 by UV-Vis ab ti d photolumi (PL) ts | . to the i PIHT
Accepted 23rd December 2013 y UV-Vis absorption and photoluminescence measurements. In comparison to the linear ,
due to their compact structure and the introduction of PS blocks, the optical properties of 21-arm, star-

DOI: 10.1039/c3py01657a shaped PS-b-P3HT were altered. The star-shaped PS-b-P3HT formed unimolecular micelles in good
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Introduction

Star-shaped polymers consisting of more than three linear
dissimilar or identical polymer chains of approximately equal
lengths covalently joined to a core possess the simplest struc-
ture with numerous possible branched topologies."™* Due to
their compact structure, globular shape, and high concentra-
tion of terminal functional groups, star-shaped polymers
exhibit high solubility in common solvents, low viscosity, and
modified thermal properties as compared to linear
analogues.”® In comparison to linear polymers of a similar
molecular weight, star-shaped polymers possess most of the
properties of high molecular weight with low solution viscosity
for a variety of applications, such as melt strength improvers,
support for industrial catalysts, coatings, additives, drug and
gene delivery, and supramolecular science."***
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solvent as revealed by dynamic light scattering (DLS) and atomic force microscopy (AFM) studies.

With development of controlled/living radical polymeriza-
tion, especially atom transfer radical polymerization (ATRP) and
reversible addition-fragmentation chain-transfer (RAFT) poly-
merization,>'*"® star-shaped polymers have been extensively
synthesized."””>* Synthesis of star-shaped polymers can be
categorized into two broad approaches, namely, (i) the arm-first
method and (ii) the core-first method.”>* In the arm-first
approach, the linear arms are prepared first, followed by con-
necting the arms to the core. The connection of arms is ach-
ieved by using either a difunctional monomer or a
multifunctional terminating agent. When a difunctional
monomer was used as a cross-linking agent to prepare star-
shaped polymers, the number of arms in these star-shaped
polymers cannot be precisely controlled.”® When star-shaped
polymers are synthesized by grafting onto a core having multi-
functional terminating groups, the main problem is the
nonselective and slow reaction between the linear polymer arm
end and the multifunctional coupling agent.” In stark contrast,
in the core-first method, star-shaped polymers are prepared
utilizing a multifunctional initiator (the core) to initiate the
growth of arms by the monomer addition. It has been
successfully implemented to yield well-defined stars with a
discrete number of arms.>>*¢

Among a variety of conjugated polymers, regioregular poly(3-
hexylthiopene) (P3HT) is one of the most heavily studied
organic semiconductors due to its good solubility, chemical
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stability, and excellent electronic properties.”** The quasi-
living Grignard metathesis (GRIM) polymerization tech-
nique®*** in conjunction with other living polymerization
techniques such as ATRP,*** ionic polymerization,**** and
ring-opening metathesis polymerization (ROMP)* allows the
preparation of a diverse set of P3HT-based linear block copol-
ymers. Thermodynamically, they are self-assembled into
controllable architectures on a tens of nm length scale,***
providing optimized morphologies for charge generation and
transport.*®* To the best of our knowledge, due to the restricted
functional groups on P3HT synthesized by GRIM, limited work
has been performed on the preparation of P3HT-based multi-
arm, star-shaped block copolymers with well-defined molecular
structures.**">

ATRP is a particularly attractive controlled/living radical
polymerization technique for synthesis of chain-end function-
alized polymers.>** Polymers produced by ATRP retain terminal
halogen atoms that can be subsequently converted into various
desired functional chain-end groups through appropriate
transformations, especially nucleophilic substitutions. On the
other hand, owing to their quantitative yields, high specificity,
and near-perfect fidelity regardless of most functional groups,
click reactions termed by Sharpless et al.>* have been widely
used in polymer chemistry>*>*® during the past few years. Thus,
it is very promising to judiciously combine ATRP with click
reaction to yield functional block copolymers with complex
architectures.

Herein, we report a facile strategy to craft a series of novel
21-arm, star-shaped coil-rod diblock copolymers composed of
coil-shaped polystyrene (PS) inner blocks and rod-shaped
P3HT outer blocks (i.e., star-shaped PS-b-P3HT) based on B-
cyclodextrin (B-CD) with well-defined molecular structures,
molecular weights, and the fraction of different blocks via a
combination of ATRP, quasi-living GRIM, and click reaction. -
CD is a cyclic oligosaccharide consisting of seven glucose units
linked by o-1,4-glucosidic bonds. It possesses 21 hydroxyl
groups that enable the synthesis of a star-shaped macro-
initiator with 21 initiation sites to yield 21-arm, star-shaped
block copolymers.””® The optical properties of star-shaped
coil-rod PS-b-P3HT were studied by UV-Vis absorption and
photoluminescence (PL) measurements. Due to their compact
structure, star-shaped PS-b-P3HT formed wunimolecular
micelles as revealed by atomic force microscopy (AFM),
dynamic light scattering (DLS) and transmission electron
microscopy (TEM) studies. This simple yet robust synthetic
strategy opens up new ways to produce a large variety of multi-
arm, star-shaped coli-rod block copolymers, and to explore the
fundamental structure (i.e., star-shaped architecture and the
coil-rod conformation) and property relationship of functional
star-shaped block copolymers for potential use in optoelec-
tronics, biosensors, etc.®°%*

Experimental section
Materials

2-Bromoisobutyryl bromide (98%), anhydrous 1-methyl-2-pyrro-
lidinone (99.5%), N,N,N',N"" ,N"’-pentamethyldiethylenetriamine
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(PMDETA, 99%), 2,2'-bipyridyl (bpy, >99%), sodium azide
(=99.5%), 2,5-dibromo-3-hexyl-thiophene (97%), tert-butylmag-
nesium chloride (2.0 M solution in diethyl ether), ethynyl-
magnesium bromide (0.5 M solution in tetrahydrofuran), [1,3-
bis(diphenylphosphino)propane] dichloronickel(u), and B-cyclo-
dextrin (B-CD, Sigma-Aldrich) were purchased from Sigma-
Aldrich and used as received. CuBr (98%, Sigma-Aldrich) was
purified according to our previous work.? Styrene (>99.5%, Sigma-
Aldrich) was washed with 10% NaOH aqueous solution and water
successively, dried over anhydrous MgSO,, and further dried over
CaH, and distilled under reduced pressure. All other reagents
were purified by common purification procedures.

Characterization

Molecular weight and polydispersity index (PDI) of all polymers
were measured by GPC, equipped with a G1362A refractive
detector, a G1314A variable wavelength detector, and an Agi-
lent1100 with a G1310A pump. THF was used as eluent at 35 °C
at 1.0 mL min~". Two 5 um LP gel mixed bed columns
(molecular range: 200 to 3 x 10° g mol™*) and one 5 um LP gel
column (500 A, molecular range: 500 to 2 x 10* g mol ') were
calibrated with PS standard samples. "H-NMR characterization
was carried out by Varian VXR-400 spectroscopy, in which CDCl
was used as the solvent. FTIR spectra were recorded using a
Magna-550 Fourier transform infrared spectrometer. Morphol-
ogies of 21-arm, star-shaped PS-b-P3HT unimolecular micelles
were examined by atomic force microscopy (AFM; Dimension
3000) with the tapping mode at a 2 Hz scanning rate. AFM
samples were prepared by spin-coating 0.1 mg mL ™" chloroform
solution on a Si substrate at 2000 rpm (Headway PWM32 spin
coater under ambient conditions). Each sample was imaged at
more than five locations to ensure the reproducibility of
features observed. The size and morphology of samples were
examined by TEM (JEOL 100CX). TEM samples of star-shaped
polymers were prepared by applying a drop of star-shaped
polymer dichloromethane solution (1 mg mL ") onto a carbon-
coated copper TEM grid (300 mesh) and allowing dichloro-
methane to evaporate under ambient conditions. Finally, the
TEM grid was exposed to ruthenium tetraoxide (RuO,) with
which the PS and P3HT blocks were stained.®® The absorption
and emission spectra were recorded with a UV-Vis spectrometer
(UV-2600, Shimadzu) and a spectrofluorophotometer
(RF-5301PC, Shimadzu), respectively. All samples were excited
at Aex = 350 nm. Dynamic light scattering (DLS) data were
acquired using a laser light scattering spectrometer (Malvern
Autosizer 4700) at 25 °C.

Preparation of star-shaped macroinitiator 21Br-B-CD based
on B-CD (ref. 8)

B-CD (1.14 g, 1 mmol) was dissolved in 10 mL anhydrous
1-methyl-2-pyrrolidione and cooled to 0 °C. After that, 2-bro-
moisobutyryl bromide (9.6 mL, 42 mmol) was added dropwise
to the B-CD solution under stirring. The resulting product was
purified by washing sequentially with saturated NaHCO;
aqueous solution (150 mL) and DI water (150 mL). The final
product 21Br-B-CD was obtained by crystallizing in cold
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n-hexane. The chemical structure of 21Br-Bf-CD was confirmed
by '"H-NMR in CDCl;: 6 = 1.8 (broad s, 126H, CH3), 3.5-5.4 (49H,
sugar protons); FTIR: 2931 cm ™" (vc_y), 1737 em™ ' (vo—o), 1158
em™ ! (vc_o-c), 1039 and 1105 ecm™ " (coupled v¢_¢ and v o).

Synthesis of 21-arm, star-shaped PS by ATRP using 21Br-B-CD
as a macroinitiator

Polymerization of styrene (St) was performed using 21Br-p-CD
as a star-shaped macroinitiator with 21 ATRP initiation sites. An
ampoule charged with CuBr (0.0707 g), bpy (0.1539 g), 21Br-p-
CD (0.1 g), and St (20 mL) was degassed by three freeze-pump-
thaw cycles in liquid N,, and then placed in an oil bath at 90 °C.
The ampoules were taken out from the oil bath at different time
intervals to stop the polymerization. The crude products were
diluted by THF and passed through a neutral alumina column
to remove the copper salt, and then precipitated in cold meth-
anol. The products were purified by dissolution/precipitation
with THF/cold methanol twice and then dried at 40 °C under
vacuum. The whole process is outlined in Scheme 1.
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Scheme 1 Synthetic route to the 21-arm, star-shaped coil-rod PS-b-
P3HT diblock copolymer.
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Hydrolysis of star-shaped homopolymer PS for measuring the
molecular weight of the PS arm

PS chains as arms in star-shaped PS were hydrolyzed under
basic conditions:** 0.2 g star-shaped PS (sample-2 in Table 1)
was dissolved in 50 mL THF; 10 mL KOH solution (1 M in
ethanol) was then added. The mixture was refluxed for 72 h.
After evaporation to dryness, the polymer was dissolved in
chloroform and precipitated into acidified methanol. The
products were purified twice by dissolution/precipitation with
chloroform/methanol, and dried at 50 °C.

Synthesis of 21-arm, star-shaped azide-terminated PS (star-
shaped PS-N3)

Pure star-shaped PS-Br prepared by ATRP of styrene as noted
above (1.0 g) was dissolved in DMF (10 mL), and sodium azide (Br
in star-shaped PS : sodium azide = 1 : 10; molar ratio) was then
added to the reaction solution. After the reaction for 24 h at room
temperature, the excess NaN; was removed by centrifugation.
The crude product was obtained by precipitating in cold meth-
anol. It was then re-dissolved in chloroform (20 mL). The solu-
tion was washed with deionized water for three times. After that,
the organic layer was dried by anhydrous MgSO,, and the solu-
tion was precipitated in cold methanol. After filtration, the final
product, 21-arm, star-shaped PS terminated with azide groups
(i.e., star-shaped PS-N3), was dried at 40 °C in a vacuum oven for
4h (yield = 86.5%). "H-NMR (CDClj, 6 (ppm)): 6.33-7.31 (phenyl
protons of PS), 1.21 (the methyl protons at the a-end of PS), 3.96
(the methine proton next to the end azide group on the PS), 2.50-
1.22 (-CH,CH(Ph)-, repeating units of PS backbone).

Synthesis of ethynyl-terminated P3HT (P3HT-=)

A typical procedure for preparation of P3HT terminated with an
ethynyl group is described as follow. 2,5-Dibromo-3-hexylth-
iophene (1.63 g, 5 mmol) was dissolved in anhydrous THF (10
mL) in a dry one-neck flask and stirred under Ar. tert-Butyl-
magnesium chloride (2.5 mL, 5 mmol) was injected using a
syringe with a long needle. The reaction solution was stirred for

Table 1 Summary of the 21-arm, star-shaped PS homopolymer as an inner block

Entry Time (h) Mn,GPCa Mw/Mnh Mn,NMRC Mn,theoryd Mn,PSe ETf (OA))
Sample-1 2 76 100 1.14 142 440 133 200 6580 96.4
Sample-2 6 106 200 1.11 259 200 239 800 12 140 94.1
Sample-3 12 198 500 1.09 514 140 475 390 24 280 93.2

“ Number-average molecular weight, M;, gpc determined by GPC, calibrated by linear PS standard. ” Polydispersity index (PDI) measured by GPC.
¢ Number-average molecular weight, M,, xmr calculated from 'H-NMR data. ¢ The theoretical values of M,, calculated from the monomer conversion
Ay

and the concentration of initiators. © M, of each PS arm calculated from 'H-NMR data (Fig. S1) based on equation: M, ps = Ai x 104.15 (1), where Ay,
a

6
and 4, are the integral area of phenyl protons on the PS chains and the integral area of methyl protons at the a-end of PS chains, respectively, and
104.15 is the molecular weight of the styrene (St) monomer. The initiation efficiency of bromoisobutyryl for ATRP can be estimated from the 'H-
M, n,theory
21 x Mn,PS
theoretical M,, of star-shaped PS calculated from the monomer conversion and the concentration of the ATRP star-shaped macroinitiator 21Br-
B-CD. M, ps is the M,, of each PS arm calculated from the "H-NMR spectra.

NMR spectra shown in Fig. S1, Er = x 100% (2), where Er is the reaction efficiency of bromoisobutyryl for ATRP, My theory is the

This journal is © The Royal Society of Chemistry 2014 Polym. Chem., 2014, 5, 2747-2755 | 2749
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2 h at room temperature. It was then diluted to 50 mL with
anhydrous THF. Ni(dppp)Cl, (45 mg, 0.082 mmol) THF solution
was added. The resulting reaction solution was first stirred for
10 min at room temperature, forming intermediate P3HT.
Finally, the intermediate P3HT reacted with ethynylmagnesium
bromide (4 mL, 2 mmol) in anhydrous THF for 30 min. The
crude reaction solution was diluted by THF and passed through
a neutral alumina column to remove the catalyst and magne-
sium salt, and then precipitated in cold methanol. The final
pure product (ethynyl-terminated P3HT, ie., P3HT-=) was
purified by dissolution/precipitation with chloroform/cold
methanol twice and then dried at 30 °C under vacuum (yield =
42.9%). The number-average molecular weights and PDI of
ethynyl-terminated P3HT were 5600 g mol ' (based on 'H-
NMR), 4800 g mol " (based on GPC) and 1.16 (GPC), respec-
tively. "H-NMR (CDClg, 6 (ppm)): 6 = 6.98 (s, 1H), 6 = 3.50 (s,
1H), 6 = 2.8 (t, 2H), 6 = 1.7 (m, 2H), 6 = 1.43 (m, 2H), 6 = 1.36
(m, 4H), and ¢ = 0.92 (t, 3H).

Preparation of 21-arm, star-shaped diblock copolymers PS-b-
P3HT by click reaction

Star-shaped PS-b-P3HT was synthesized via the click reaction of
azide-terminated star-shaped PS with an excess of ethynyl-

Table 2 Summary of the 21-arm, star-shaped PS-b-P3HT diblock
copolymer

Entry” Mn,Gpcb My /M, Mn,NMRd Yield (%) Efficiency’ (%)
Sample—a 115200 1.18 255 920 76.5 96.5
Sample-b 153 700 1.15 370 800 72.9 94.9
Sample—c 204 500 1.13 619 510 79.8 89.6

“Three samples (a, b, and c) were prepared by click reaction
between P3HT-= and three star-shaped PS-N; from sample-1,
sample-2, and sample-3 in Table 1, respectively. > Number-average
molecular weight, M, gpc determined by GPC, calibrated by
linear PS standard. ¢ The polydispersity index (DPI)
determined by GPC. ¢ Number-average molecular weight of star-
shaped PS-b-P3HT, M,xmr calculated from 'H-NMR data:
As

M, 5
Mn.star PS-b-P3HT — (Ah EAg) X ll’(\)ztalr;% x 166.3 + Mn_s[arPS (3), where

5
Ay Ag and Ay, are the integral area of methene protons of the hexyl
group on the P3HT block, the integral area of the protons on the
thiophene ring of P3HT, and the integral area of phenyl protons on
the PS chains, respectively, and 104.15 and 166.3 are the molecular
weights of the St monomer and repeating unit of P3HT, respectively.
M, star ps 1S My, of star-shaped PS (Table 1)calculated based on their H-
NMR spectra. ° Efficiency of the click reaction (Er.cck), calculated
from "H-NMR spectra of the star-shaped PtBA-b-P3HT. Based on the
'H-NMR spectrum of star-shaped PS-b-P3HT, the efficiency of the
click reaction can be estimated by the following equation.
Af/2 x Mn.starPS % 166.3

(An — Ag)/5  104.15

21 x M, n,P3HT
the reaction efficiency of the click reaction, and Ay, A, and Ay, are the
integral area of methene protons of the hexyl group on the P3HT
block, the integral area of the proton on the thiophene ring of P3HT,
and the integral area of phenyl protons on the PS chains, respectively,
and 104.15 and 166.3 are the molecular weights of the St monomer
and repeating unit of P3HT, respectively. My, siar ps and My, pspr are My,
of star-shaped PS (Table 1) and of P3HT-ethynyl, respectively,
calculated based on their "H-NMR spectra.

ET—Click = x 100% (4), where Er_click is
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terminated P3HT. In a typical preparation, 21-arm, star-shaped
PS-N; and P3HT-= were dissolved in toluene (10 mL) in an
ampoule, and then CuBr and PMDETA were added. The reac-
tion system (P3HT-=: star-shaped PS-N;:copper bromi-
de : PMDETA = 1.2 : 1: 10 : 10; molar ratio) was vacuumed by
three freeze-pump-thaw cycles in liquid N,. The ampoule was
placed in an oil bath at 80 °C for 24 h. The crude product was
diluted with chloroform and passed through an alumina
column to remove the copper catalyst. The final product was
precipitated in cold methanol and dried in a vacuum oven at
40 °C, yielding the 21-arm, star-shaped diblock copolymer, PS-b-
P3HT.The whole process is outlined in Scheme 1.

Fabrication of unimolecular micelles using star-shaped PS-b-
P3HT

A small amount of the star-shaped PS-b-P3HT diblock copoly-
mers (i.e., ~1 mg; three samples in Table 2) were dissolved in
anhydrous chloroform (~10 mL), a good solvent for both PS and
P3HT blocks, at a concentration ¢ = 0.1 mg mL™ ' at room
temperature. The resulting solution was stirred for 24 h.

Results and discussion

Preparation of 21-arm, star-shaped PS terminated with an
azide end group (star-shaped PS-N;)

As depicted in Scheme 1, the hydroxyl groups on B-cyclodextrin
(B-CD) were esterified by 2-bromoisobutyryl bromide to form the
star-shaped ATRP macroinitiator (i.e., 21Br-B-CD).? Star-shaped
homopolymer PS was synthesized by ATRP of styrene monomers
in bulk at 90 °C, using 21Br-B-CD as a star-shaped macroinitiator,
and bpy/CuBr as a catalyst. Three star-shaped PS samples with
different molecular weights were synthesized as summarized in
Table 1. Fig. 1 shows monomodal GPC traces for these three star-
shaped PS samples. The molecular weight of star-shaped PS
increased with low polydispersity index (PDI) (PDI < 1.15) as the
polymerization time increased. Notably, the number-average
molecular weight of star-shaped PS calculated based on the 'H-
NMR data was close to the theoretical values, but different from
those obtained from GPC; this was resulted from the different

Sample-2

Sample-3 Sample-1

T T T T T T T T T T T T T
12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Retention Volume (mL)

Fig.1 GPC traces of 21-arm, star-shaped PS (i.e., sample-1, sample-2,
and sample-3 in Table 1).
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hydrodynamic volume of star-shaped PS compared with the
linear PS standard used in GPC measurements.

Fig. S1t shows the "H-NMR spectrum of star-shaped PS
obtained by ATRP for 6 h (sample-2 in Table 1). A characteristic
peak at 6 = 6.33-7.31 ppm (peak d) corresponded to the protons
of phenyl rings of polystyrene chains. The peak at 6 = 1.21 ppm
represented the methyl protons at the a-end of the PS arm.
Subsequently, the bromine end groups on star-shaped PS were
quantitatively transformed into azide groups through nucleo-
philic substitution reaction with NaN; in DMF. On the basis of
the 'H-NMR spectrum of 21-arm star-shaped PS-N;, the
conversion of -Br to -N; was confirmed as the peak corre-
sponding to the methine protons next to the terminal bromine
of PS-Br in Fig. S1t disappeared, and was replaced by a new
peak at 6 = 3.96 ppm that belongs to the methine protons next
to the end azide group on the PS arm. The successful conversion
of —-Br to -N; was further confirmed by the FTIR characteriza-
tion, in which a characteristic stretching of -N; at 2112 cm ™"
appeared (Fig. 2).

The initiation efficiency during ATRP of monomers has been
widely investigated. It was well-known that not every initiating
center generated a polymer arm and a non-100% initiation effi-
ciency was attributed to steric hindrance from high density of
initiating centers.®**” The density of initiating sites of 21Br-f-CD
was much lower than that reported in the literature,*® where 60-
210 initiating sites were used in the ATRP process, thus higher
initiation efficiency in this work is anticipated. The initiation
efficiency during ATRP of styrene can be estimated based on the
"H-NMR spectra, and the results are shown in Table 1. As expec-
ted, much higher Ey values for all three samples were obtained,
suggesting that nearly all initiating sites of 21Br-B-CD took part in
living radical polymerization of styrene monomers.

The number-average molecular weight of star-shaped PS
obtained by GPC deviated from the real value because of the
distinct difference in the hydrodynamic volume between the
star-shaped PS and the linear PS standard. Thus, the detach-
ment of PS arms from the B-CD core by hydrolyzing the ester
group under the basic conditions followed by subsequent

Star-Like PS-b-P3HT

Star-Like PS-N;

Star-Like PS

4000 3500 3000 2500 2000 1500 1000
o
Wavenumber (cm )

Fig. 2 FTIR spectra of 21-arm, star-shaped diblock copolymer PS-b-
P3HT and its constituents. Star-shaped PS (sample-2 in Table 1;
bottom blue curve), star-shaped PS-Nz (middle red curve), and the
corresponding star-shaped PS-b-P3HT (i.e., sample-b in Table 2; top
black curve).

This journal is © The Royal Society of Chemistry 2014
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Star-Like PS Linear PS arm

T T T T T T T T T T T T T T T T T
1213 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Retention Volume (mL)

Fig. 3 GPC traces of star-shaped PS (sample-2 in Table 1) and the
detached linear PS arm.

characterization of the molecular weight of the free linear PS
arm was performed to offer the real number-average molecular
weight of the PS arm (see the Experimental section). It is note-
worthy that other star-shaped polymers (e.g., poly(tert-butyl
acrylate) (PtBA)) have been successfully synthesized in our
previous studies.®*** However, as each repeat unit of these
polymers contains the ester groups, when polymers are
detached from the B-CD core by hydrolyzing the ester group at
the a-end of polymer arms, the whole polymer chain would also
be completely degraded. Thus, free polymer arms cannot be
directly collected and characterized. In sharp contrast, in the
current work, as PS arms possess no hydrolysable groups (i.e.,
the ester group) under basic conditions, free linear PS arms
detached from star-shaped PS can be readily obtained and
characterized. Fig. 3 compares the GPC traces of the starting
star-shaped PS and the detached PS arms. The monomodal
peak with the narrow distribution (PDI = 1.12) was observed for
the detached PS; the molecular weight of the PS arm, M, was
13 010 g mol ', which is close to 12 140 g mol " derived from
'H-NMR (the calculation of M,, of star-shaped PS was based on
the hypothesis that all the initiating sites of 21Br-B-CD took part
in initiating the polymerization of monomers). Thus, it also
substantiated that the initiation efficiency of ATRP of styrene
initiated by 21Br-B-CD was high.

Preparation of 21-arm, star-shaped diblock copolymers PS-b-
P3HT by click reaction

The most popular click reaction is the copper-catalyzed Huisgen
dipolar cycloaddition reaction between an azide and an alkyne
that leads to the formation of 1,2,3-triazole.**”® In this work, a
21-arm, star-shaped PS-b-P3HT diblock copolymer was synthe-
sized by click reaction between star-shaped PS-N; and P3HT
terminated with an alkyne group (Scheme 1). P3HT-= was first
synthesized by end-capping P3HT synthesized by the GRIM
technique with ethynylmagnesium bromide.” The resulting
star-shaped PS-b-P3HT diblock copolymers are summarized in
Table 2. The successful coupling of 21-arm star-shaped PS-N;
with P3HT-= to yield 21-arm star-shaped PS-b-P3HT diblock
copolymers was also verified by "H-NMR, FTIR and GPC as
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Fig. 4 H-NMR spectrum of 21-arm, star-shaped PS-b-P3HT (ie.,
sample-b in Table 2; solvent: CDClz).

discussed in the following. Fig. 4 shows the "H-NMR spectrum
of star-shaped PS-b-P3HT. All resonance signals from the PS and
P3HT blocks are clearly discernible. Compared to the 'H-NMR
spectrum of star-shaped PS-N;, the characteristic peak of
—-CH,CH(Ph)-N; (i.e., the end group of the PS block) dis-
appeared in the star-shaped PS-b-P3HT diblock copolymer. At
the same time, a signal associated with the triazole ring at 6 =
7.72 ppm appeared (peak 1). The characteristic peaks at 6 =
6.33-7.31 ppm (peak h) from the protons of phenyl rings in PS
chains and at ¢ = 0.92-2.80 ppm from the hexyl group in P3HT
confirmed the success in coupling star-shaped PS-N; with
P3HT-=. In addition, based on the '"H-NMR spectrum of star-
shaped PS-b-P3HT, the efficiency (Er.ciici) Of click reaction can
be calculated from eqn (4) in the note of Table 2. High Er cjick
were found (in Table 2), indicating that almost all coupling sites
in star-shaped PS-N; were reacted with P3HT-=. Moreover,
compared to two constituents (i.e., star-shaped PS-N; and linear
P3HT-=), the FTIR spectral change in the star-shaped PS-b-
P3HT diblock copolymer also supported the complete click
coupling as the characteristic stretching of -N; at 2112 ecm™*
was no longer observable (Fig. 2).

Fig. 5 compares the GPC traces of the final product 21-arm,
star-shaped PS-b-P3HT with its two constituents. All samples
had a nearly monomodal GPC traces and a narrow PDI (<1.2).

Star-Like PS

T P3HT-=

Star-Like P3HT-b-PS

T Trr T Trrrrrrrrrrr-r TrTr T T T
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
Retention (mL)

Fig. 5 GPC traces of 21-arm, star-shaped PS-b-P3HT (i.e., sample-b
in Table 2) and the corresponding star-shaped PS (i.e., sample-2 in
Table 1) and linear P3HT-=.
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Similarly, the molecular weights of star-shaped PS-b-P3HT
measured by GPC deviated from those calculated from 'H-NMR
data. This is due to the different hydrodynamic volume of star-
shaped diblock copolymers compared to the linear PS standard
in GPC characterization (Table 2). In order to ensure each PS-N;
arm to couple with linear P3HT-=, the excess amount of P3HT-
= was added into the reaction system (20% excess as compared
to the PS-N; arm; molar ratio). After coupling reaction, the
excess amount of P3HT-= was easily removed by fractional
precipitation using chloroform as the solvent and cold meth-
anol as the precipitator as the final product had much larger
molecular weight than linear P3BHT-=.

Absorption and photoluminescence (PL) of multi-arm star-
shaped PS-b-P3HT

The UV-Vis absorption and photoluminescence (PL) spectra of
star-shaped PS-b-P3HT (sample-b in Table 2), star-shaped PS-N3,
and linear P3HT-= in solution are shown in Fig. 6. Clearly, the
absorption spectrum of star-shaped PS-b-P3HT was the sum of
the spectral features from its two constituents (Fig. 6A), that is,
the absorption of phenyl rings in PS arms below 300 nm from
star-shaped PS-N; and the absorption of thiophene in the P3HT
block above 400 nm from P3HT-=, which served as additional
evidence of successful click coupling of star-shaped PS-N; and
linear P3BHT-=. The same absorption maxima at around 448
nm were observed for both PBHT-= and star-shaped PS-b-P3HT
block copolymer chloroform solutions. The photoluminescence
(PL) spectra of star-shaped PS-b-P3HT and the two corre-
sponding constituents are shown in Fig. 6B. Notably, the star-
shaped PS-b-P3HT block copolymer displayed very similar

22
A) 2 =T
20
29 —— Linear P3HT-=
1.84 (——Star-Like PS-0-P3HT)|
-~
> 16
5 6
& 14
g 12
2 10
2 s
=
e 06
Z
= 04
A
0.04
-0.2

300 400 500 600 700 800

Wavelength (nm)
(B) 0 —— Star-Like PS-N3
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-Star-Like PS-5-P3HT|

500

400
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200

Intensity (a.u.)

100

400 500 600 700 800 900
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Fig. 6 (A) Absorption spectra of star-shaped PS-Ns (from sample-2 in
Table 1, black line), linear P3HT—= (red line), and star-shaped PS-b-
P3HT (sample-b in Table 2, blue line). (B) Emission spectra of star-
shaped PS-Nz (from sample-2 in Table 1, black line), linear P3HT-=
(red line), and star-shaped PS-b-P3HT (sample-b in Table 2, blue line).
All the samples were dissolved in chloroform at the concentration c =
0.1 mg mL~%. Digital images of (a) star-shaped PS-Ns, (b and c) star-
shaped PS-b-P3HT before (b) and after (c; emitting red fluorescence)
UV illumination are shown as insets.
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emission peaks with P3HT-=, while star-shaped PS-N; had no
emission. The 21-arm star-shaped PS-b-P3HT emitted red fluo-
rescence under UV illumination (the inset in Fig. 6B). In addi-
tion, compared with linear PZBHT-=, the emission intensity of
star-shaped PS-b-P3HT decreased due to the introduction of PS
blocks that reduced the percentage of P3HT blocks in the
solution while the concentration of all samples used in the PL
measurements was kept the same. The optical properties noted
above further proved that the P3HT blocks were successfully
introduced to yield star-shaped coil-rod diblock copolymers.

Unimolecular micelles of multi-arm, star-shaped PS-b-P3HT

Different from conventional micelles formed from the self-
assembly of linear block copolymers, the unimolecular micellar
structures intrinsically yielded from 21-arm star-shaped PS-b-
P3HT diblock copolymers are static rather than dynamic. These
structures can form uniform and structurally stable spherical
unimolecular micelles.”””* Compared to other PAA-based star-
shaped amphiphilic copolymers previously reported by us,*** as
both PS and P3HT blocks are hydrophobic, the star-shaped PS-
b-P3HT can be readily dissolved into a large variety of organic
solvents (e.g., toluene, THF, chloroform, etc.). In this work, the
star-shaped PS-b-P3HT block copolymers were completely dis-
solved in chloroform, a good solvent for both PS and P3HT
blocks, thereby leading to the formation of unimolecular
micelles (concentration, ¢ = 0.1 mg mL"). The hydrodynamic
diameter Dy, ~ 15 nm (Table S1f) of unimolecular micelles
produced by star-shaped PS-N; (from sample-2 in Table 1) was
measured by DLS. After the outer P3HT blocks were introduced
into star-shaped polymers by coupling reaction, Dy, increased to
~26 nm (Table S11). They possessed uniform size distribution
as evidenced by the DLS characterization with a narrow peak
(Fig. S2). With the increase in the molecular weights of star-
shaped PS-N; and the corresponding star-shaped PS-b-P3HT,
the average diameter of unimolecular micelles of star-shaped
PS-N; increased from ~10 nm (from sample-a in Table 1) to ~22
nm (from sample-3 in Table 1). At the same time, the average
diameter of unimolecular micelles of star-shaped PS-b-P3HT
also increased from ~18 nm (sample-a in Table 2) to ~31 nm
(sample-c in Table 2) according to the DLS studies (Table S17).

AFM characterizations were also performed to reveal the
morphologies of unimolecular micelles. The chloroform solu-
tion of star-shaped PS-N; (from sample-2 in Table 1) and the
resulting star-shaped PS-b-P3HT (i.e., sample-b in Table 2) were
spin-coated on the Si substrate. Clearly, both star-shaped PS-N;
and star-shaped PS-b-P3H formed spherical unimolecular
micelles with an average diameter of ~18 nm (Fig. 7A and B)
and ~29 nm (Fig. 7C and D), and an average height of ~12 nm
(Fig. 7A) and ~19 nm (Fig. 7C), respectively, in accordance with
Dy, ~ 15 nm and ~26 nm in the DLS measurements. We note
that Dy, values obtained from DLS were smaller than those from
AFM, and moreover the heights of micelles obtained by AFM
were smaller than their diameters; this may be reasonable as
regular spherical micelles collapsed and adopted an extended
flat-on conformation after spin-coating the star-shaped PS-b-
P3HT chloroform solution on the Si substrate.” In addition,
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Fig.7 AFM images of star-shaped PS-Nz and the corresponding star-
shaped PS-b-P3HT. (A) AFM height and (B) phase images of star-
shaped PS-Ns (from sample-2 in Table 1). Image size = 2.5 x 2.5 pm?,
and Z range = 17 nm for (A) and 55° for (B). (C) AFM height and (D)
phase images of star-shaped PS-b-P3HT (sample-b in Table 2). Image
size = 2.5 x 2.5 um?, and Z range = 15 nm for (C) and 86° for (D).

during the AFM measurements, the tip-broadening effect may
arise artifactual broadening of measured unimolecular
micelles; this also led to a larger size of micelles and the
formation of an extended flat-on conformation.” In addition to
the majority of uniform but smaller particle-shaped nano-
structures, some irregular yet larger ones were also seen. These
larger particle-shaped nanostructures may be formed due to the
aggregation of several adjacent unimolecular micelles due to
the weak affinity of PS and P3HT on the SiO,-coated Si substrate
during the spin-coating process.” To further explore the
morphology of star-shaped PS-N; and the resulting star-shaped
PS-b-P3HT unimolecular micelles, TEM imaging was con-
ducted. The dark dots in the TEM micrographs corresponded to
the star-shaped PS-N; (diameter: ~16 nm) and the resulting
star-shaped PS-b-P3HT (diameter: ~28 nm) as RuO, stained
both PS and P3HT blocks.®® The sizes of two samples are in good
accordance with the results measured by DLS and AFM.

Conclusions

In summary, by combining living polymerization with click
reaction, star-shaped coil-rod PS-b-P3HT diblock copolymers
composed of well-defined inner coil-shaped PS blocks and outer
rod-shaped P3HT blocks were synthesized. These star-shaped
diblock copolymers possessed narrow molecular weight distri-
bution, and the molecular weight of PS and P3HT blocks can be
precisely controlled by varying the polymerization conditions
during ATRP and quasi-living GRIM, respectively. The success
of coupling of azide-functionalized PS and ethynyl-terminated
P3HT to yield star-shaped PS-b-P3HT was substantiated by GPC,
'H NMR, FTIR, UV-Vis, and photoluminescence measurements.
The absorption and emission spectra of star-shaped PS-b-P3HT
were the sum of two constituents (i.e., azide-functionalized PS
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and ethynyl-terminated P3HT). These star-shaped PS-b-P3HT
formed unimolecular micelles in good solvent. The ability to
prepare star-shaped coil-rod block copolymers with well
controlled molecular architecture (i.e., arm structures and
compositions) and molecular weights offers the opportunity for
exploring their structure (i.e., star-shaped architecture and the
coil-rod conformation) and property relationship for potential
applications in optoelectronics, biosensors, etc.
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