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Abstract: Two poly(3-hexylthiophene) (P3HT) macromers containing a donor polymer with a
polymerizable methacrylate (MA) end group, P3HT-CH2-MA and P3HT-(CH2)2-MA, have been
synthesized, and P3HT-(CH2)2-MA has been successfully homopolymerized and copolymerized with
methyl methacrylate (MMA) into stereoregular brush polymers and graft copolymers, respectively,
using chiral ansa-zirconocene catalysts. Macromer P3HT-CH2-MA is too sterically hindered to
polymerize by the current Zr catalysts, but macromer P3HT-(CH2)2-MA is readily polymerizable
via either homopolymerization or copolymerization with MMA in a stereospecific fashion with
both C2-ligated zirconocenium catalyst 1 and Cs-ligated zirconocenium catalyst 2. Thus, highly
isotactic (with mm% ≥ 92%) and syndiotactic (with rr% ≥ 93%) brush polymers, it-PMA-g-P3HT and
st-PMA-g-P3HT, as well as well-defined stereoregular graft copolymers with different grafted P3HT
densities, it-P(M)MA-g-P3HT and st-P(M)MA-g-P3HT, have been synthesized using this controlled
coordination-addition polymerization system under ambient conditions. These stereoregular brush
polymers and graft copolymers exhibit both thermal (glass and melting) transitions with Tg and
Tm values corresponding to transitions within the stereoregular P(M)MA and crystalline P3HT
domains. Acceptor molecules such as C60 can be effectively encapsulated inside the helical cavity
of st-P(M)MA-g-P3HT to form a unique supramolecular helical crystalline complex, thus offering a
novel strategy to control the donor/acceptor solar cell domain morphology.

Keywords: poly(3-hexylthiophene); zirconocene; stereoregular polymer; brush polymer;
graft polymer

1. Introduction

Poly(3-hexylthiophene) (P3HT) is an important conjugated donor polymer in the field of polymer
electronic devices, such as organic field-effect transistors [1–7] and organic/polymeric photovoltaic
(OPV) solar cells [8–13], thanks to its well-balanced all-around properties in terms of solution solubility,
chemical stability, and charge mobility. These OPV devices are typically based on a bulk heterojunction
fabricated from a blend of a donor (typically a conjugated polymer such as P3HT) and an acceptor
(typically a fullerene such as C60 and its derivatives). Intense research and development on both
new materials and new device architectures has resulted in gradually improved power conversion

Polymers 2017, 9, 139; doi:10.3390/polym9040139 www.mdpi.com/journal/polymers

http://www.mdpi.com/journal/polymers
http://www.mdpi.com
http://www.mdpi.com/journal/polymers


Polymers 2017, 9, 139 2 of 15

efficiencies of the OPV devices over the years, but it has been a challenge to precisely control the domain
morphology of the donor/acceptor active layer (including size, geometry and phase segregation),
which is one of the critically important parameters of the donor/acceptor assemblies determining the
overall OPV device efficiency [8,9,14–18]. Owing to the solution-based deposition of the active layer,
where two phases self-assemble from a physical blend into the solid film, one only has implicit control
over the resulting morphology, typically kinetically controlled.

Furthermore, to fulfill the diverse requirements in organic electronic devices, the design of
only a linear donor polymer structure has showed its limitations. In this context, copolymers of
various architectures, such as block, graft, and branched polymers, are of interest due to their
architectures that combine two or more dissimilar polymer components into one polymer with typically
self-assembled nanostructures for tuning their properties for diverse application requirements [19–22].
Among such polymers, densely grafted polymers (or brush polymers) have far higher polymer chain
mobilities, relative to linear polymers with comparable molecular weights due to the absence of chain
entanglements [23,24]. Therefore, brush polymers of P3HT, which can combine the benefits of the
brush architecture and the good electronic properties of the linear P3HT, are interesting materials for
electronic devices. There are a few existing methods to synthesize P3HT-containing brush polymers,
such as “grafting to” methods to graft P3HT to silicon surface [25,26] and “click reactions” to link P3HT
to a polymer main chain [27,28]. However, these methods were met with some challenges, including
the difficulty for the P3HT grafted to the silicon surface to self-assemble into the desired morphology
and the need for the multistep synthesis involved in the click reaction route.

We hypothesized that the metal-mediated controlled/living and stereospecific
coordination-addition polymerization of polar vinyl monomers [29] such as methacrylates
could provide not only a convenient synthesis of well-defined P3HT graft polymers under ambient
conditions, but also unique stereoregular graft polymers, considering its high degree of control over
polymerization characteristics, including stereochemistry. It is noted here that syndiotactic poly(methyl
methacrylate) (st-PMMA) brush grafted on solid has been synthesized using a surface-initiated living
anionic polymerization method [30]. Guided by this hypothesis, we designed two P3HT macromers
with the polymerizable methacrylate end group, P3HT-CH2-MA and P3HT-(CH2)2-MA, subject to the
metal-mediated coordination polymerization. Two neutral zirconocene complexes (pre-catalysts),
C2-ligated ansa-zirconocene bis(ester enolate) rac-C2H4(η5-indenyl)2Zr[OC(OiPr)=CMe2]2 (Zr-1) [31]
and Cs-ligated ansa-zirconocene bis(ester enolate) [Ph2C(Cp)(Flu)]Zr[OC(OiPr)=CMe2]2 (Zr-2;
Cp = η5-cyclopentadienyl, Flu = ηn-fluorenyl) [32,33], which can be readily activated with
[Ph3C][B(C6F5)4] via hydride abstraction, followed by Michael addition, to generate the corresponding
cationic complexes (catalysts) Zr-1+[B(C6F5)4]− and Zr-2+[B(C6F5)4]−, respectively [31–33], were
chosen to investigate the polymerizability and polymerization behavior of the two macromers.
Accordingly, this contribution describes the synthesis of the two P3HT macromers and successful
polymerization of P3HT-(CH2)2-MA into stereoregular brush polymers and graft copolymers, therefore
achieving the first successful synthesis of brush-like polymers with the stereoregular P(M)MA as the
main chain and P3HT grafting as side chains, by the metal-mediated coordination polymerization.
Moreover, utilizing the unique ability of st-PMMA to encapsulate fullerenes by forming helical
crystalline inclusion complexes [34,35], we have shown that the graft copolymer st-P(M)MA-g-P3HT
can also effectively encapsulate C60 molecules in its helical cavity to form a supramolecular helical
crystalline complex, thereby offering a unique example of a self-assembled donor/acceptor brush
polymer active-layer domain morphology through the thermodynamically controlled, molecular
recognition mechanism.
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2. Materials and Methods

2.1. General Information

All synthesis and manipulations with air- and moisture-sensitive chemicals and reagents were
performed using standard Schlenk techniques on a dual-manifold Schlenk line or in an inert gas (Ar or
N2)-filled glovebox. NMR spectra were recorded on a Varian Inova 400 MHz or 500 MHz spectrometer
(Varian, Palo Alto, CA, USA). Benzene-d6 and toluene-d8 were dried over sodium/potassium alloy
and vacuum-distilled or filtered. Chemical shifts were referenced to residual undeuterated solvent
resonances and are reported as parts per million relative to SiMe4. HPLC-grade organic solvents were
first saturated with nitrogen during filling of the 20 L solvent reservoirs and then dried by passage
through activated alumina (for Et2O, THF, and CH2Cl2) followed by passage through Q-5 supported
copper catalyst (for toluene and hexanes) stainless steel columns.

Polymer weight-average molecular weights (Mw) and molecular weight distributions or
dispersities (Đ = Mw/Mn) were measured by gel permeation chromatography (GPC) analyses carried
out at 40 ◦C and a flow rate of 1.0 mL/min, with DMF as the eluent on a Waters University
1500 GPC instrument (Waters, Milford, MA, USA), equipped with one PLgel 5 µm guard and
three PLgel 5 µm mixed-C columns (Polymer Laboratories; linear range of MW = 200–2,000,000).
The instrument was calibrated with 10 PMMA standards, and chromatograms were processed with
Waters Empower software (version 2002, Waters, Milford, MA, USA). Glass transition temperatures
(Tg) and melting-transition temperatures (Tm) of the polymers were measured by differential scanning
calorimetry (DSC) on a Q20 DSC, TA Instruments, New Castle, DE, USA. Samples were first heated
until 250 ◦C at 10 ◦C·min−1, cooled to 25 ◦C at 10 ◦C·min−1, and then reheated again at 10 ◦C·min−1 to
250 ◦C. All Tg and Tm values were obtained from the second heating scan, after removing the thermal
history. The tacticity of the polymers was analyzed by 1H and 13C-NMR based on that of PMMA.
The macromer samples were analyzed by matrix-assisted laser desorption/ionization time-of-flight
mass spectroscopy (MALDI-TOF MS); the experiment was performed on a Ultraflex MALDI-TOF mass
spectrometer (Bruker Daltonics, Billerica, MA, USA) operated in positive ion, reflector mode using a
Nd: YAG laser at 355 nm and 25 kV accelerating voltage. External calibration was done using a peptide
calibration mixture (4–6 peptides) on a spot adjacent to the sample. The raw data were processed in
the FlexAnalysis software (version 2.4, Bruker Daltonics).

Reagents 2,5-dibromo-3-hexylthiophene, t-BuMgCl, 9-borabicyclo[3.3.1]nonane (9-BBN),
1,2-bis(diphenylphosphino)ethane nickel(II) chloride [Ni(dppp)Cl2], tris(dibenzylideneacetone)
dipalladium [Pd2(dba)2], tri-tert-butylphosphine [P(t-Bu)3], and tri-n-butyl(vinyl) tin were purchased
from Sigma-Aldrich (St. Louis, MO, USA) and used as received. Methacryloyl chloride was purchased
from Sigma-Aldrich, distilled and stored at −40 ◦C in the glovebox for further use. Phosphorus
oxychloride (POCl3), sodium borohydride, triethylamine, hydrogen peroxide and sodium hydroxide
were purchased from TCI America and used as received. C60 was purchased from Sigma-Aldrich
and dried under vacuum at 60 ◦C for further use. Methyl methacrylate (MMA) was purchased from
Alfa Aesar Chemical Co. (Ward Hill, MA, USA), dried over activated CaH2 overnight, followed by
vacuum distillation; it was further purified by titration with neat tri(n-octyl)aluminum to a yellow
end point, followed by distillation under reduced pressure. The purified monomer was stored in a
brown bottle at −30 ◦C inside of a glovebox freezer. Zirconocene pre-catalysts Zr-1 and Zr-2 as well as
their activated cationic catalysts Zr-1+[B(C6F5)4]− and Zr-2+[B(C6F5)4]− were prepared according to
literature procedures [31–33].

2.2. Synthesis of P3HT with H/Br Chain-Ends, H-P3HT-Br

Literature procedures [36] were modified to prepare the H/Br end-capped P3HT.
2,5-Dibromo-3-hexylthiophene (1.5 g, 4.6 mmol), t-BuMgCl (4.41 mmol) and THF (9 mL) were added
to a 100 mL Schlenk flask and the mixture was stirred at room temperature for 20 h. The obtained
yellow solution was transferred to 100 mL Schlenk flask which contained Ni(dppp)Cl2 (40.5 mg in
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20 mL THF) using cannula and the resulting mixture was stirred for 12 min. The polymerization was
stopped by addition of 5 mL of 5.0 M HCl. After precipitation in methanol, the polymer was filtered
into a Soxhlet thimble and extracted with methanol and hexanes overnight to wash away the residual
monomer and low molecular weight impurities. The purified polymer was obtained in 70% yield by
redissolution in CHCl3 and precipitation in methanol.

1H-NMR spectrum of P3HT with H/Br chain-ends (H-P3HT-Br) is shown in Figure 1. Except the
characteristic peaks of the P3HT main chain, the chain ends can also be observed at 6.7 and 2.8 ppm,
attributed to the proton of the chain end’s double bond and the protons adjacent to the thiophene ring.
The number-average molecular weight (Mn) can be calculated according to the following formula:
Mn(NMR) = (2I2.80ppm/I2.60ppm) × 166 + 167 + 246. Accordingly, the MW of H-P3HT-Br was calculated
to be approximately 5000 and 3500 g/mol for the samples prepared by using the monomer/Ni ratio of
62/1 and 26/1, respectively.
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2.3. Synthesis of Macromer P3HT-(CH2)2-MA

H-P3HT-Br (0.52 g) was thoroughly dried overnight and transferred to a 250 mL Schlenk flask in
a glovebox. Then Pd(dba)3 (20 mg), tri(t-butyl)phosphine (180 mg), tri-n-butyl(vinyl) tin (0.475 g) and
THF (20 mL) were introduced. The flask was sealed, taken out of the glovebox, interfaced to a Schlenk
line, and stirred at 55 ◦C overnight. After that, the reaction mixture was poured into methanol, filtered,
and washed with methanol several times. The obtained crude product was dissolved in CHCl3, filtered
with Kieselguhr to remove the Pd catalyst and then precipitated in methanol. The resulted P3HT-vinyl
polymer was dried under vacuum at room temperature to a constant weight (yield: 95%). 1H-NMR
(400 MHz; CDCl3), δ: 6.96 (s), 5.52 (d, –CH=CH2 chain-end), 5.10 (d, –CH=CH2 chain-end), 2.73 (m),
1.62 (m), 1.36 (m), 1.27 (m), 0.84 (t) ppm.

P3HT-vinyl (0.25 g) and 15 mL THF were added to a 100 mL dried Schlenk flask and the mixture
was heated to 60 ◦C with stirring until P3HT-vinyl was dissolved. 9-BBN (0.5 M in THF, 3.5 mL)
was added via syringe and the solution was allowed to stir at 60 ◦C until the double bond signals
(via 1H-NMR monitoring) completely disappeared. This process usually needed 30 h to reach a full
conversion. After that, 6 M (1 mL) NaOH was added and the mixture was stirred for 15 min. After
cooling to room temperature, 3 mL H2O2 (30%) was added, and the mixture was heated to 45 ◦C and
reacted for another 24 h. Following precipitation in water-methanol mixture, filtration, washing and
dried, the pure P3HT-(CH2)2-OH was obtained in 92.7% yield. 1H-NMR (400 MHz; CDCl3), δ: 6.96 (s),
3.89 (s, –CH2OH chain-end), 2.73 (m), 1.62 (m), 1.36 (m), 1.27 (m), 0.84 (t) ppm.
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P3HT-(CH2)2-OH (0.25 g) and 15 mL THF were added to a 100 mL dried Schlenk flask and
the mixture was heated to 40 ◦C until P3HT-(CH2)2-OH was dissolved. Triethylamine (3 mL) and
methacryloyl chloride (2 mL) were then introduced and stirred at 40 ◦C for 24 h prior to precipitation
in methanol. The resulting final product P3HT-(CH2)2-MA was filtered, washed and dried in vacuo at
room temperature to a constant weight (yield: 97.1%). 1H-NMR (400 MHz; CDCl3), δ: 6.98 (s), 6.17
(s, =CH2 chain end), 5.60 (s, =CH2 chain end), 4.34 (m, CH2 chain end), 3.13 (m, CH2 chain end), 2.81
(t), 1.98 (s, Me chain end), 1.70 (m), 1.44 (m), 1.35 (m), 0.92 (t) ppm.

2.4. Synthesis of P3HT-CH2-MA

H-P3HT-Br (1.0 g) was dried overnight and dissolved in 260 mL of toluene under nitrogen. DMF
(5.12 mL, 66.3 mmol) and phosphorus (V) oxychloride (POCl3) (5.30 mL, 58 mmol) were then added to
the solution. The reaction mixture was stirred at 75 ◦C for 24 h, after which the solution was cooled
down to room temperature, followed by the addition of a saturated aqueous solution of sodium acetate.
The mixture was stirred for 4 h, and then the polymer product was extracted with CHCl3, followed
by precipitation into cold methanol and washed with cold n-hexane. After drying under vacuum,
P3HT-CHO was obtained in 93% yield. 1H-NMR (400 MHz, CDCl3), δ: 10.03 (s, CHO chain-end),
6.98 (s), 2.80 (t), 1.69 (m), 1.44 (m), 1.35 (m), 0.93 (t) ppm.

P3HT-CHO (0.5 g) was dissolved in 30 mL of THF under nitrogen, and NaBH4 (41.8 mg) was then
added. The mixture was kept stirring at room temperature for 2 h, after which time the solvent was
evaporated under vacuum. The resulting polymer was precipitated in cold methanol. After drying
under vacuum, P3HT-CH2-OH was obtained in 96% yield. 1H-NMR (400 MHz, CDCl3), δ: 6.98 (s),
4.79 (d, CH2OH chain-end), 2.80 (t), 1.69 (m), 1.43 (m), 1.35 (m), 0.91 (t) ppm.

P3HT-CH2-OH (0.5 g) and 30 mL THF were added to a 100 mL dried Schlenk flask and the mixture
was heated to 40 ◦C until P3HT-CH2-OH was dissolved. Triethylamine (6 mL) and methacryloyl
chloride (4 mL) were then introduced and the resulting mixture was stirred at 40 ◦C for 24 h prior to
precipitation in methanol. The resulting product P3HT-CH2-MA was filtered, washed and dried in
vacuo at room temperature to a constant weight (yield: 95.3%). 1H-NMR (400 MHz; CDCl3), δ: 6.98 (s),
6.15 (s, =CH2 chain end), 5.60 (s, =CH2 chain end), 5.29 (s, –OCH2 chain end), 2.80 (t), 1.97 (s, Me chain
end), 1.70 (m), 1.42 (m), 1.35 (m), 0.91 (t) ppm.

2.5. General Polymerization Procedures

Polymerizations were performed in 20 mL oven-dried glass reactors inside a glovebox.
For homopolymerizations, a Zr pre-catalyst was premixed with an equimolar amount of activator
[Ph3C][B(C6F5)4] in toluene for ca. 10 min to generate the corresponding activated cationic species. The
polymerization was started by rapid addition of a macromer (P3HT-(CH2)2-MA or P3HT-CH2-MA)
solution in toluene. After the prescribed time, the polymerization was immediately quenched
by pouring the reaction solution into 5% HCl-acidified methanol. The polymer was collected by
filtering, washing several times with methanol, and drying in a vacuum oven at 50 ◦C to a constant
weight. For copolymerizations, a Zr pre-catalyst was premixed with an equimolar amount of activator
[Ph3C][B(C6F5)4]. The polymerization was started by rapidly adding the solution of macromer and
comonomer MMA in toluene. After a prescribed time, the polymerization was immediately quenched
by pouring the reaction solution into 5% HCl-acidified methanol. The crude polymer precipitated
from methanol was dissolved in DMF to separate the P(M)MA-g-P3HT copolymer (soluble) and
unpolymerized P3HT-MA (insoluble). The DMF-soluble polymer was then precipitated in methanol,
filtered, washed several times with methanol, and dried in a vacuum oven at 50 ◦C to a constant weight.

2.6. Encapsulation of Acceptor C60 by st-P(M)MA-g-P3HT

Syndiotactic graft copolymer st-P(M)MA-g-P3HT (10 mg) was dissolved in a toluene solution of
C60 (2 mg/mL, 1 mL) at 110 ◦C. After the solution was slowly cooled to room temperature (ca. 20 ◦C)
without disturbance, the solution gradually gelled. The obtained soft gel was centrifuged for 10 min
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and the supernatant containing unencapsulated C60 was removed from the gel by careful decantation.
The condensed gel was then washed with toluene and the solvent was removed by decantation after
centrifugation. This procedure was repeated several times until no purple color of C60 retained.
The solvent of complex gel was evaporated under vacuum at 50 ◦C to a constant weight.

3. Results and Discussion

3.1. Synthesis of Macromers P3HT-(CH2)2-MA and P3HT-CH2-MA

Two polymerizable P3HT-methacrylate macromers, P3HT-(CH2)2-MA and P3HT-CH2-MA, were
synthesized following the routes outlined in Scheme 1b,c, starting from P3HT with H/Br chain-ends,
H-P3HT-Br. This starting oligomeric material was prepared using the known quasi-living Grignard
metathesis polymerization of 2,5-dibromo-3-hexylthiophene, which was first treated with tBuMgCl
and followed by addition of initiator Ni(dppp)Cl2 (Scheme 1a) [36]. The formation of H-P3HT-Br
was verified by 1H-NMR (Figure 1), from which the molecular weight (MW) was calculated to be
approximately 5000 and 3500 g/mol for the samples prepared by using the monomer/Ni ratio of 62/1
and 26/1, respectively. MALDI-TOF MS (Figure 2) also showed the presence of a small amount of
P3HT with Br/Br chain-ends, but no H/H “dead” chain-ends.
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Next, two different types of effective end-functionalization reactions were carried out utilizing the
active bromide end group on the thiophene ring. First, the Stille coupling reaction of H-P3HT-Br with
nBu3Sn(CH=CH2) in the presence of Pd2(dba)2 as the catalyst led to the vinyl end-functionalized
H-P3HT-(CH=CH2) in 95% isolated yield, which was subsequently converted into hydroxyl
end-functionalized H-P3HT-(CH2CH2OH) in 93% isolated yield via hydroboration-oxidation reaction
with 9-BBN/NaOH/H2O2. In the final step, the acylation of this hydroxyl end-functionalized P3HT
intermediate with methacryloyl chloride in the presence of Et3N afforded macromer P3HT-(CH2)2-MA
in 97% isolated yield (Scheme 1b). It is worth noting that a small amount of the P3HT with
doubly functionalized chain ends also formed during the process (due to the initial presence of
Br-P3HT-Br) was readily removed after a simple purification procedure involving washing with
methanol. The entire course of the reaction and the formation of the isolated intermediates were
monitored and confirmed by 1H-NMR. For example, Figure 3 depicts the spectrum of the final
macromer P3HT-(CH2)2-MA, clearly showing the resonances for the two vinylidene protons >C=CH2

at δ 6.17 and 5.60 ppm (labeled as protons 1) and for the –OCH2CH2– group at δ 4.34 and 3.13 ppm
(labeled as protons 2 and 3, respectively). The calculated Mn by 1H-NMR was ~3500 g/mol.
The formation of the exclusive H/MA chain-end groups and the Mn were further confirmed by
MALDI-TOF MS (Figure 4), which displays only one series of molecular mass ion peaks to show
the presence of only one type of chain ends. A plot of m/z values vs. the number of P3HT repeat
units yields a straight line with a slope of 166.3 and an intercept of 113.3 (Figure 4). Thus, the slope
corresponds to the mass of the P3HT monomer, whereas the intercept is the sum of the masses for
the chain-end groups, H/MA. Through the same synthetic procedure, P3HT-(CH2)2-MA with Mn

~5000 g/mol) was also synthesized.
The second type of the end-functionalization reaction began with the Vilsmeier-Haack

formylation [37], followed by reduction and acylation (Scheme 1c). Thus, formylation of H-P3HT-Br
with POCl3 led to H-P3HT-CHO in 93% isolated yield; subsequent reduction with NaBH4

afforded the corresponding H-P3HT-CH2OH in 96% isolated yield, which was acylated to the
final macromer P3HT-CH2-MA in 95% isolated yield, after purification by removing any doubly
functionalized P3HT possibly formed. 1H-NMR resonances characteristic of the methacryl end group,
H2C=C(Me)C(=O)OCH2–, were observed at δ 6.15 and 5.60 ppm (s, H2C=), 5.29 (s, CH2), and 1.97
(s, Me), confirming the exclusive H/MA chain ends in the macromer.
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3.2. Homopolymerization of P3HT-MA Macromers and Theirs Copolymerization with MMA

To examine the polymerizability of the two P3HT-MA macromers, C2-ligated precatalysts Zr-1
and Cs-ligated Zr-2, which upon activation with [Ph3C][B(C6F5)4] generates the corresponding
cationic catalysts Zr-1+[B(C6F5)4]− and Zr-2+[B(C6F5)4]− (Scheme 2) [31–33], were employed for
the polymerization study. The results of their homopolymerization and copolymerization with MMA
are summarized in Table 1. With C2-ligated catalyst Zr-1+[B(C6F5)4]−, macromer P3HT-(CH2)2-MA
was successfully homopolymerized to the corresponding isotactic polymer in 92% yield (run 1).
The resulting polymer has an isotactic poly(methacrylate) backbone and a P3HT side chain on every
methacrylate repeat unit, thus a densely grafted polymer, or a brush polymer, it-PMA-g-P3HT, which
displayed both glass transition temperature (Tg) and melting-transition temperature (Tm) endothermic
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peaks on the DSC curve characteristic of the isotactic poly(methacrylate) and crystalline P3HT domains,
respectively (vide infra). Likewise, macromer P3HT-(CH2)2-MA was also successfully polymerized
by Cs-ligated catalyst Zr-2+[B(C6F5)4]− to the corresponding syndiotactic brush polymer in 96%
yield (run 4). The resulting densely grafted polymer st-PMA-g-P3HT exhibited also both the Tg

and Tm values corresponding to the syndiotactic poly(methacrylate) and crystalline P3HT domains,
respectively (vide infra). In sharp contrast, macromer P3HT-CH2-MA was not polymerizable by either
C2- or Cs-ligated catalysts, even after extended times (up to 12 h), attributable to the sterically hindered
ester group of the macromer with only one carbon linkage between the P3HT chain and the MA moiety,
which presumably hinders the coordination of this bulkier monomer to the cationic Zr center, the step
essential for initiation of this coordination-addition polymerization.

Owing to the overlap between the 1H-NMR resonances of the hexyl group of P3HT and those of
the methyl triads (mm, mr and rr appeared at δ 1.20, 1.02 and 0.82 ppm) of the poly(methacrylate) of
the homopolymers, we were unable to obtain the accurate tacticity values of these homopolymers,
although it was estimated to be at least >90%. However, this issue was addressed through our study
of copolymerizations with MMA. First, the copolymerization of P3HT-(CH2)2-MA with MMA was
investigated by C2-ligated Zr-1+[B(C6F5)4]− with two different MMA/macromer ratios; the relatively
high 383/1 MMA/macromer ratio run afforded a high Mw isotactic graft copolymer it-P(M)MA-g-P3HT
with Mw = 132 kg/mol, Ð = 1.25, and isotacticity mm% = 92% (run 2). Again, the thermal transitions are
consistent with the isotactic poly(methacrylate) and crystalline P3HT domains (vide infra). As expected,
the graft density is relatively low, with only 4.3 mol % P3HT incorporation. The graft density can
be increased by decreasing the MMA/macromer ratio (or increasing the macromer in the feed); thus
isotactic graft copolymer with 13.2 mol % P3HT was produced with a MMA/macromer ratio of 38/1
(run 3). This feed ratio change also enhanced the isotacticity of the graft copolymer slightly to 94%,
while the Tg and Tm values were essentially the same (run 3 vs. 2). Figure 5 depicts the 1H-NMR
spectrum of it-P(M)MA-g-P3HT, showing that the characteristic peaks of the PMMA main chain
and P3HT side chain appeared simultaneously after the copolymerization, while the peaks at 5.60
and 6.17 ppm due to the double bond of the MA end disappeared (see the inset with 7× intensity
enhancement). GPC traces of the above two graft copolymers showed unimodal molecular weight
distributions with low Ð values from 1.14–1.25 (Figure 6). In short, these results demonstrated the
copolymerization proceeded successfully to form the well-defined isotactic graft copolymer.
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Table 1. Results of homopolymerization of P3HT-(CH2)2-MA and its copolymerization with MMA a.

Run Cat. P3HT-MA
Wt, Mn

b
MMA
(mg)

MMA/
MA-end c

Yield
(mg)

P3HT d

(mol %)
mm e

(rr)
Tg

f

(◦C)
Tm

f

(◦C)
Mw

g

(kg/mol)
Ð g

(Mw/Mn)

1 Zr-1+ 50, 5000 0 n/a 46 n/a n/d 53.2 224 n/d n/d
2 Zr-1+ 30, 5000 230 383/1 210 4.3 92% 51.9 217 132 1.25
3 Zr-1+ 30, 5000 23 38/1 45 13.2 94% 52.3 216 27.4 1.14
4 Zr-2+ 50, 5000 0 n/a 48 n/a n/d 132.8 219 n/d n/d
5 Zr-2+ 30, 5000 230 383/1 200 3.9 (95%) 111.9 218 43.2 1.32
6 Zr-2+ 30, 3500 93 108/1 110 8.0 (94%) n/d n/d 33.1 1.15
7 Zr-2+ 30, 3500 23 27/1 43 14.5 (93%) n/d n/d 19.5 1.16

a Conditions for homopolymerization (toluene, 25 ◦C): V(total) = 8.0 mL, time = 12 h, P3HT-MA/Zr = 1/1 (molar
ratio); copolymerization (toluene, 25 ◦C): V(total) = 8.0 mL, time = 6 h, MMA/Zr = 20/1 (molar ratio). b P3HT-MA
weight (Wt in mg) with two different molecular weights (Mn). c Molar ratio of MMA to MA-end. d P3HT
content measured by 1H-NMR spectra. e Isotacticity and syndiotacticity (numbers in parenthesis) measured by
1H-NMR spectra. f Melting-transition temperature (Tm) and glass-transition temperature (Tg) measured by DSC.
g Weight-average molecular weight (kg/mol) and dispersity (Mw/Mn) determined by GPC.
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Figure 5. 1H-NMR spectrum (400 MHz, in CDCl3) of graft copolymer it-P(M)MA-g-P3HT produced 
by C2-ligated Zr-1 (Table 1, Run 3). Insets: blowup of the PMMA methyl triad region (top) and 
P3HT-(CH2)2-MA double bond region (7×, bottom). 

Second, the copolymerization of P3HT-(CH2)2-MA with MMA was also examined by using the 
Cs-ligated catalyst Zr-2+[B(C6F5)4]− with three different MMA/macromer ratios, 383/1 (run 5), 101/1 
(run 6), and 27/1 (run 7), enabling the synthesis of syndiotactic graft copolymer st-P(M)MA-g-P3HT 
with the graft density varying from 3.9, 8.0, and 14.5 mol % P3HT, respectively. Noteworthy is the 
high syndiotacticity for all the graft copolymers produced (rr% = 93–95%). The DSC (run 5, Table 1) 
and GPC (run 5, Table 1; Figure 6) results are also consistent with the formation of well-defined 
syndiotactic graft copolymer st-P(M)MA-g-P3HT. 

Figure 5. 1H-NMR spectrum (400 MHz, in CDCl3) of graft copolymer it-P(M)MA-g-P3HT produced
by C2-ligated Zr-1 (Table 1, Run 3). Insets: blowup of the PMMA methyl triad region (top) and
P3HT-(CH2)2-MA double bond region (7×, bottom).

Second, the copolymerization of P3HT-(CH2)2-MA with MMA was also examined by using the
Cs-ligated catalyst Zr-2+[B(C6F5)4]− with three different MMA/macromer ratios, 383/1 (run 5), 101/1
(run 6), and 27/1 (run 7), enabling the synthesis of syndiotactic graft copolymer st-P(M)MA-g-P3HT
with the graft density varying from 3.9, 8.0, and 14.5 mol % P3HT, respectively. Noteworthy is the high
syndiotacticity for all the graft copolymers produced (rr% = 93–95%). The DSC (run 5, Table 1) and
GPC (run 5, Table 1; Figure 6) results are also consistent with the formation of well-defined syndiotactic
graft copolymer st-P(M)MA-g-P3HT.
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3.3. Thermal Behavior of Brush Polymers and Graft Copolymers and Inclusion Complex Formation between C60
and st-P(M)MA-g-P3HT

The thermal transition temperatures of brush homopolymers and graft copolymers were measured
by DSC analysis. Typical second heating scans of DSC curves are shown in Figures 7 and 8, displaying
both Tg and Tm for both isotactic and syndiotactic graft homo- and copolymers. As a control,
homopolymers it-PMMA, st-PMMA, and P3HT prepared by the current catalyst systems were also
analyzed by DSC to show their thermal transitions: Tg = 51.8 ◦C for it-PMMA, Tg = 132 ◦C for
st-PMMA, and Tm = 222 ◦C for P3HT. It is clear from the DSC trace (Figure 7) that isotactic brush
polymer it-PMA-g-P3HT obtained from the homopolymerization of macromer P3HT-(CH2)2-MA
by the C2-ligated catalyst exhibited both thermal transitions with Tg = 53.2 ◦C and Tm = 224 ◦C,
characteristic of the isotactic poly(methacrylate) and crystalline P3HT domains, respectively, which
further demonstrated the successful homopolymerization. For graft copolymer it-P(M)MA-g-P3HT,
both thermal transitions were also observed (Figure 7). Thus, it-P(M)MA-g-P3HT with the relatively
low graft density of 4.3 mol % P3HT, the Tg and Tm values were 51.9 ◦C and 217 ◦C, corresponding
to the isotactic PMMA and crystalline P3HT domains, respectively. Increasing the graft density to
13.2 mol % P3HT kept the Tg and Tm values essentially unchanged.

Likewise, syndiotactic brush polymer st-PMA-g-P3HT obtained from the homopolymerization of
macromer P3HT-(CH2)2-MA by the Cs-ligated catalyst also exhibited both thermal transitions with
Tg = 133 ◦C and Tm = 219 ◦C, corresponding to the syndiotactic poly(methacrylate) and crystalline
P3HT domains, respectively. For the syndiotactic graft copolymer st-P(M)MA-g-P3HT, the observed
Tg of 112 ◦C and Tm of 218 ◦C (Figure 8) are attributed to the syndiotactic PMMA main chain
and crystalline P3HT side chain domains, again indicating the successful copolymerization of
P3HT-(CH2)2-MA and MMA.
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Considering that st-PMMA possesses the unique ability to encapsulate fullerenes such as C60

within its large (~1 nm) helical cavity to form a peapod-like helical crystalline inclusion complex [24]
we explored the possibility of syndiotactic graft copolymer st-P(M)MA-g-P3HT to form a crystalline
inclusion complex with C60. Thus, the graft copolymer was dissolved in a toluene solution of C60 at
110 ◦C; after the solution was slowly cooled to room temperature without disturbance, the solution
gradually gelled. The strong evidence for successful encapsulation of C60 with the helical hollow
space of st-P(M)MA-g-P3HT was provided by DSC analysis (Figure 9). For st-PMMA-g-P3HT/C60

inclusion complex, in addition to the Tg of 114 ◦C for the st-PMMA main chain and Tm of 194 ◦C for the
crystalline P3HT side chain, a new Tm peak appeared at 241 ◦C attributed to the crystalline inclusion
complex formation. As a control, isotactic graft copolymer it-P(M)MA-g-P3HT did not encapsulate C60

to form an inclusion complex, consistent with the inability of it-PMMA to encapsulate C60 [34,35].
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4. Conclusions 

In summary, we have designed and synthesized two P3HT macromers with the polymerizable 
methacrylate end group. Although macromer P3HT-CH2-MA was found to be too sterically 
hindered to polymerize by the current chiral ansa-zirconocene-based catalysts via the 
coordination-addition polymerization mechanism, macromer P3HT-(CH2)2-MA with eased steric 
pressure through insertion of one more carbon to the linkage between the P3HT and MA moieties 
was readily homopolymerized or copolymerized with MMA in the stereospecific fashion. With the 
C2-ligated zirconocenium catalyst 1, highly isotactic brush polymer it-PMA-g-P3HT and graft 
copolymer it-P(M)MA-g-P3HT with mm% ≥ 92% were readily synthesized under ambient 
conditions. The P3HT graft density in the graft copolymer can be controlled by the initial 
MMA/macromer feed ratio. The synthesized isotactic brush polymer and graft copolymers 
displayed both thermal transitions with the Tg and Tm values corresponding to the isotactic P(M)MA 
and crystalline P3HT domains. On the other hand, the Cs-ligated zirconocenium catalyst 2 produced 
highly syndiotactic brush polymer st-PMA-g-P3HT and graft copolymer st-P(M)MA-g-P3HT with 
rr% ≥ 93%. The resulting syndiotactic brush polymer and graft copolymers also showed both 
thermal transitions with the Tg and Tm values corresponding to the syndiotactic P(M)MA and 
crystalline P3HT domains. With successful encapsulation of the acceptor C60 by graft copolymer 
st-P(M)MA-g-P3HT to construct a thermodynamically driven (via molecular recognition), unique 
supramolecular helical crystalline complex, these new architectures offer a novel strategy to 
potentially control the donor/acceptor domain morphology of critical importance to the solar 
conversion efficiency of OPV solar cells. 
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4. Conclusions

In summary, we have designed and synthesized two P3HT macromers with the polymerizable
methacrylate end group. Although macromer P3HT-CH2-MA was found to be too sterically hindered
to polymerize by the current chiral ansa-zirconocene-based catalysts via the coordination-addition
polymerization mechanism, macromer P3HT-(CH2)2-MA with eased steric pressure through insertion
of one more carbon to the linkage between the P3HT and MA moieties was readily homopolymerized
or copolymerized with MMA in the stereospecific fashion. With the C2-ligated zirconocenium catalyst
1, highly isotactic brush polymer it-PMA-g-P3HT and graft copolymer it-P(M)MA-g-P3HT with mm%
≥ 92% were readily synthesized under ambient conditions. The P3HT graft density in the graft
copolymer can be controlled by the initial MMA/macromer feed ratio. The synthesized isotactic
brush polymer and graft copolymers displayed both thermal transitions with the Tg and Tm values
corresponding to the isotactic P(M)MA and crystalline P3HT domains. On the other hand, the
Cs-ligated zirconocenium catalyst 2 produced highly syndiotactic brush polymer st-PMA-g-P3HT and
graft copolymer st-P(M)MA-g-P3HT with rr% ≥ 93%. The resulting syndiotactic brush polymer and
graft copolymers also showed both thermal transitions with the Tg and Tm values corresponding to
the syndiotactic P(M)MA and crystalline P3HT domains. With successful encapsulation of the acceptor
C60 by graft copolymer st-P(M)MA-g-P3HT to construct a thermodynamically driven (via molecular
recognition), unique supramolecular helical crystalline complex, these new architectures offer a novel
strategy to potentially control the donor/acceptor domain morphology of critical importance to the
solar conversion efficiency of OPV solar cells.

Acknowledgments: This work was supported by the National Science Foundation (NSF-1507702). We thank
Boulder Scientific Co. for the research gift of [Ph3C][B(C6F5)4].

Author Contributions: Miao Hong, Travis S. Bailey and Eugene Y.-X. Chen formulated the research idea and
participated in the design of the experiments and preparation of the manuscript. Miao Hong and Yang Wang
carried out the actual experiments, interpreted the data and drafted the initial manuscript. All authors have read
and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sirringhaus, H.; Tessler, N.; Friend, R.H. Integrated optoelectronic devices based on conjugated polymers.
Science 1998, 280, 1741–1744. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.280.5370.1741
http://www.ncbi.nlm.nih.gov/pubmed/9624049


Polymers 2017, 9, 139 14 of 15

2. Roncali, J. Conjugated poly(thiophenes): Synthesis, functionalization, and applications. Chem. Rev. 1992, 92,
711–738. [CrossRef]

3. Sirringhaus, H.; Brown, P.J.; Friend, R.H.; Nielsen, M.M.; Bechgaard, K.; Langeveld-Voss, B.M.W.;
Spiering, A.J.H.; Janssen, R.A.J.; Meijer, E.W.; Herwig, P.; et al. Two-dimensional charge transport in
self-organized, high-mobility conjugated polymers. Nature 1999, 401, 685–688. [CrossRef]

4. Zaumseil, J.; Sirringhaus, H. Electron and ambipolar transport in organic field-effect transistors. Chem. Rev.
2007, 107, 1296–1323. [CrossRef] [PubMed]

5. Mas-Torrent, M.; Rovira, C. Role of molecular order and solid-state structure in organic field-effect transistors.
Chem. Rev. 2011, 111, 4833–4856. [CrossRef] [PubMed]

6. Wang, C.; Dong, H.; Hu, W.; Liu, Y.; Zhu, D. Semiconducting π-conjugated systems in field-effect transistors:
A material odyssey of organic electronics. Chem. Rev. 2012, 112, 2208–2267. [CrossRef] [PubMed]

7. Ma, W.; Yang, C.Y.; Gong, X.; Lee, K.; Heeger, A. Thermally stable, efficient polymer solar cells with nanoscale
control of the interpenetrating network morphology. J. Adv. Funct. Mater. 2005, 15, 1617–1622. [CrossRef]

8. Dou, L.; You, J.; Hong, Z.; Xu, Z.; Li, G.; Street, R.A.; Yang, Y. 25th anniversary article: A decade of
organic/polymeric photovoltaic research. Adv. Mater. 2013, 25, 6642–6671. [CrossRef] [PubMed]

9. Liu, F.; Gu, Y.; Shen, X.; Ferdous, S.; Wang, H.; Russell, T.P. Characterization of the morphology of
solution-processed bulk heterojunction organic photovoltaics. Prog. Polym. Sci. 2013, 38, 1990–2052.
[CrossRef]

10. Li, G.; Shrotriya, V.; Huang, J.; Yao, Y.; Moriarty, T.; Emery, K.; Yang, Y. High-efficiency solution processable
polymer photovoltaic cells by self-organization of polymer blends. Nat. Mater. 2005, 4, 864–868. [CrossRef]

11. Kim, K.; Liu, J.; Namboothiry, M.A.G.; Carroll, D.L. Thermal diffusion processes in bulk heterojunction
formation for poly-3-hexylthiophene/C-60 single heterojunction photovoltaics. Appl. Phys. Lett. 2006, 88,
181911-1–181911-3. [CrossRef]

12. Woo, C.H.; Thompson, B.C.; Kim, B.J.; Toney, M.F.; Fréchet, J.M.J. The influence of poly(3-hexylthiophene)
regioregularity on fullerene-composite solar cell performance. J. Am. Chem. Soc. 2008, 130, 16324–16329.
[CrossRef] [PubMed]

13. Dang, M.T.; Hirsch, L.; Wantz, G. P3HT: PCBM, best seller in polymer photovoltaic research. Adv. Mater.
2011, 23, 3597–3602. [CrossRef] [PubMed]

14. Hains, A.W.; Liang, Z.; Woodhouse, M.A.; Gregg, B.A. Molecular semiconductors in organic photovoltaic
cells. Chem. Rev. 2010, 110, 6689–6735. [CrossRef] [PubMed]

15. Peet, J.; Heeger, A.J.; Bazan, G.C. “Plastic” solar cells: Self-assembly of bulk heterojunction nanomaterials by
spontaneous phase separation. Acc. Chem. Res. 2009, 42, 1700–1708. [CrossRef] [PubMed]

16. Thompson, B.C.; Fréchet, J.M.J. Polymer–fullerene composite solar cells. Angew. Chem. Int. Ed. 2008, 47,
58–77. [CrossRef] [PubMed]

17. Yang, X.; Loos, J. Toward high-performance polymer solar cells: The importance of morphology control.
Macromolecules 2007, 40, 1353–1362. [CrossRef]

18. Yu, G.; Hummelen, J.C.; Wudl, F.; Heeger, A.J. Polymer photovoltaic cells: Enhanced efficiencies via a
network of internal donor-acceptor heterojunctions. Science 1995, 270, 1789–1791. [CrossRef]

19. Higashihara, T.; Sugiyama, K.; Yoo, H.S.; Hayashi, M.; Hirao, A. Combining living anionic polymerization
with branching reactions in an iterative fashion to design branched polymers. Macromol. Rapid Commun.
2010, 31, 1031–1059. [CrossRef] [PubMed]

20. Higashihara, T.; Hayashi, M.; Hirao, A. Synthesis of well-defined star-branched polymers by stepwise
iterative methodology using living anionic polymerization. Prog. Polym. Sci. 2011, 36, 323–375. [CrossRef]

21. Higashihara, T.; Segawa, Y.; Sinananwanich, W.; Ueda, M. Synthesis of hyperbranched polymers with
controlled degree of branching. Polym. J. 2012, 44, 14–29. [CrossRef]

22. Higashihara, T.; Ito, S.; Fukuta, S.; Miyane, S.; Ochiai, Y.; Ishizone, T.; Ueda, M.; Hirao, M. Synthesis and
characterization of multicomponent ABC- and ABCD-type miktoarm star-branched polymers containing a
poly(3-hexylthiophene) segment. Macro Lett. 2016, 5, 631–635. [CrossRef]

23. Hu, M.; Xia, Y.; McKenna, G.B.; Kornfield, J.A.; Grubbs, R.H. Linear rheological response of a series of
densely branched brush polymers. Macromolecules 2011, 44, 6935–6943. [CrossRef]

24. Heinrich, C.D.; Thelakkat, M. Poly-(3-hexylthiophene) bottlebrush copolymers with tailored side-chain
lengths and high charge carrier mobilities. J. Mater. Chem. C 2016, 4, 5370–5378. [CrossRef]

http://dx.doi.org/10.1021/cr00012a009
http://dx.doi.org/10.1038/44359
http://dx.doi.org/10.1021/cr0501543
http://www.ncbi.nlm.nih.gov/pubmed/17378616
http://dx.doi.org/10.1021/cr100142w
http://www.ncbi.nlm.nih.gov/pubmed/21417271
http://dx.doi.org/10.1021/cr100380z
http://www.ncbi.nlm.nih.gov/pubmed/22111507
http://dx.doi.org/10.1002/adfm.200500211
http://dx.doi.org/10.1002/adma.201302563
http://www.ncbi.nlm.nih.gov/pubmed/24105687
http://dx.doi.org/10.1016/j.progpolymsci.2013.07.010
http://dx.doi.org/10.1038/nmat1500
http://dx.doi.org/10.1063/1.2199970
http://dx.doi.org/10.1021/ja806493n
http://www.ncbi.nlm.nih.gov/pubmed/18998653
http://dx.doi.org/10.1002/adma.201100792
http://www.ncbi.nlm.nih.gov/pubmed/21936074
http://dx.doi.org/10.1021/cr9002984
http://www.ncbi.nlm.nih.gov/pubmed/20184362
http://dx.doi.org/10.1021/ar900065j
http://www.ncbi.nlm.nih.gov/pubmed/19569710
http://dx.doi.org/10.1002/anie.200702506
http://www.ncbi.nlm.nih.gov/pubmed/18041798
http://dx.doi.org/10.1021/ma0618732
http://dx.doi.org/10.1126/science.270.5243.1789
http://dx.doi.org/10.1002/marc.200900773
http://www.ncbi.nlm.nih.gov/pubmed/21590854
http://dx.doi.org/10.1016/j.progpolymsci.2010.08.001
http://dx.doi.org/10.1038/pj.2011.99
http://dx.doi.org/10.1021/acsmacrolett.6b00207
http://dx.doi.org/10.1021/ma2009673
http://dx.doi.org/10.1039/C6TC01029F


Polymers 2017, 9, 139 15 of 15

25. Khanduyeva, N.; Senkovskyy, V.; Beryozkina, T.; Bocharova, V.; Simon, F.; Nitschke, M.; Stamm, M.;
Grötzschel, R.; Kiriy, A. Grafting of poly(3-hexylthiophene) from poly(4-bromostyrene) films by Kumada
catalyst-transfer polycondensation: Revealing of the composite films structure. Macromolecules 2008, 41,
7383–7389. [CrossRef]

26. Khanduyeva, N.; Senkovskyy, V.; Beryozkina, T.; Horecha, M.; Stamm, M.; Uhrich, C.; Riede, M.; Leo, K.;
Kiriy, A. Surface engineering using Kumada catalyst-transfer polycondensation (KCTP): Preparation and
structuring of poly(3-hexylthiophene)-based graft copolymer brushes. J. Am. Chem. Soc. 2009, 131, 153–161.
[CrossRef] [PubMed]

27. Paoprasert, P.; Spalenka, J.W.; Peterson, D.L.; Ruther, R.E.; Hamers, R.J.; Evansa, P.G.; Gopalan, P. Grafting
of poly(3-hexylthiophene) brushes on oxides using click chemistry. J. Mater. Chem. 2010, 20, 2651–2658.
[CrossRef]

28. Meng, D.; Sun, J.; Jiang, S.; Zeng, Y.; Li, Y.; Yan, S.; Geng, J.; Huang, Y. Grafting P3HT brushes on GO sheets:
Distinctive properties of the GO/P3HT composites due to different grafting approaches. J. Mater. Chem.
2012, 22, 21583–21591. [CrossRef]

29. Chen, E.Y.-X. Coordination polymerization of polar vinyl monomers by single-site metal catalysts. Chem. Rev.
2009, 109, 5157–5214. [CrossRef] [PubMed]

30. Sato, M.; Kato, T.; Ohishi, T.; Ishige, R.; Ohta, N.; White, K.L.; Hirai, T.; Takahara, A. Precise synthesis
of poly(methyl methacrylate) brush with well-controlled stereoregularity using a surface-initiated living
anionic polymerization method. Macromolecules 2016, 49, 2071–2076. [CrossRef]

31. Bolig, A.D.; Chen, E.Y.-X. ansa-Zirconocene ester enolates: Synthesis, structure, reaction with organo-lewis
acids, and application to polymerization of methacrylates. J. Am. Chem. Soc. 2004, 126, 4897–4906. [CrossRef]
[PubMed]

32. Zhang, Y.; Ning, Y.; Caporaso, L.; Cavallo, L.; Chen, E.Y.-X. Catalyst-site-controlled coordination
polymerization of polar vinyl monomers to highly syndiotactic polymers. J. Am. Chem. Soc. 2010, 132,
2695–2709. [CrossRef] [PubMed]

33. Ning, Y.; Chen, E.Y.-X. Metallocene-catalyzed polymerization of methacrylates to highly syndiotactic
polymers at high temperatures. J. Am. Chem. Soc. 2008, 130, 2463–2465. [CrossRef] [PubMed]

34. Kawauchi, T.; Kumaki, J.; Kitaura, A.; Okoshi, K.; Kusanagi, H.; Kobayashi, K.; Sugai, T.; Shinohara, T.;
Yashima, E. Encapsulation of fullerenes in a helical pmma cavity leading to a robust processable complex
with a macromolecular helicity memory. Angew. Chem. Int. Ed. 2008, 47, 515–519. [CrossRef] [PubMed]

35. Vidal, F.; Falivene, L.; Caporaso, L.; Cavallo, L.; Chen, E.Y.-X. Robust crosslinked stereocomplexes and c60

inclusion complexes of vinyl-functionalized stereoregular polymers derived from chemo/stereoselective
coordination polymerization. J. Am. Chem. Soc. 2016, 138, 9533–9547. [CrossRef] [PubMed]

36. Iovu, M.C.; Sheina, E.E.; McCullough, R.D. Experimental evidence for the quasi-“living” nature of the
grignard metathesis method for the synthesis of regioregular poly(3-alkylthiophenes). Macromolecules 2005,
38, 8649–8656. [CrossRef]

37. Surin, M.; Coulembier, O.; Tran, K.; Winter, J.D.; Leclère, P.; Gerbaux, P.; Lazzaroni, R.; Dubois, P.
Regioregular poly(3-hexylthiophene)-poly(ε-caprolactone) block copolymers: Controlled synthesis,
microscopic morphology, and charge transport properties. Org. Electron 2010, 11, 767–774. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/ma800889c
http://dx.doi.org/10.1021/ja8050734
http://www.ncbi.nlm.nih.gov/pubmed/19128176
http://dx.doi.org/10.1039/B920233A
http://dx.doi.org/10.1039/c2jm35317b
http://dx.doi.org/10.1021/cr9000258
http://www.ncbi.nlm.nih.gov/pubmed/19739636
http://dx.doi.org/10.1021/acs.macromol.5b02773
http://dx.doi.org/10.1021/ja031558k
http://www.ncbi.nlm.nih.gov/pubmed/15080695
http://dx.doi.org/10.1021/ja908818y
http://www.ncbi.nlm.nih.gov/pubmed/20121281
http://dx.doi.org/10.1021/ja710822g
http://www.ncbi.nlm.nih.gov/pubmed/18251485
http://dx.doi.org/10.1002/anie.200703655
http://www.ncbi.nlm.nih.gov/pubmed/18058787
http://dx.doi.org/10.1021/jacs.6b04064
http://www.ncbi.nlm.nih.gov/pubmed/27388024
http://dx.doi.org/10.1021/ma051122k
http://dx.doi.org/10.1016/j.orgel.2010.01.016
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	General Information 
	Synthesis of P3HT with H/Br Chain-Ends, H-P3HT-Br 
	Synthesis of Macromer P3HT-(CH2)2-MA 
	Synthesis of P3HT-CH2-MA 
	General Polymerization Procedures 
	Encapsulation of Acceptor C60 by st-P(M)MA-g-P3HT 

	Results and Discussion 
	Synthesis of Macromers P3HT-(CH2)2-MA and P3HT-CH2-MA 
	Homopolymerization of P3HT-MA Macromers and Theirs Copolymerization with MMA 
	Thermal Behavior of Brush Polymers and Graft Copolymers and Inclusion Complex Formation between C60 and st-P(M)MA-g-P3HT 

	Conclusions 

