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ABSTRACT: Structurally well-defined stereoregular diblock copolymers composed of
syndiotactic polyallyltrimethylsilane (sPATMS) and poly(methyl methacrylate) (PMMA)
were prepared by using an α-bromoester-terminated sPATMS macroinitiator, which was
chain extended by MMA using a cuprous halide-based atom transfer radical polymeriza-
tion (ATRP) system. The α-bromoester-terminated sPATMS macroinitiator was prepared
via the esterfication of hydroxyl-capped sPATMS with α-bromoisobutyryl bromide.
The hydroxyl-capped sPATMS was generated via a selective chain transfer reaction to
triethylaluminum (TEA) during the syndiospecific polymerization of allyltrimethylsilane
(ATMS) conducted in the presence of syndiospecific ansa-metallocene catalysts. The
proposed synthetic route not only offers the high-yield production of stereoregular
sPATMS-b-PMMA but also provides the linking of the stereoregular block (sPATMS)
with PMMA through a controlled/living radical polymerization process. Moreover, the proposed method offers effective control
over the block chain length, the molecular weight distribution (Mw/Mn) and the stereoregularity of sPATMS block. Thus, the
self-assembly of the resultant diblock copolymers produces well-ordered nanostructures from microphase separation, as
evidenced by transmission electron microscopy and small-angle X-ray scattering results.

■ INTRODUCTION
Self-assembly is the spontaneous association of compounds under
equilibrium conditions into stable, structurally well-defined aggre-
gates via cooperating secondary interactions (namely, noncovalent
bonding forces) without human intervention.1,2 The self-assembly
of synthetic molecules, especially block copolymers (BCPs),
have been comprehensively studied for their fascinating phase
behaviors and tunable properties.3 Block copolymers consist of
chemically distinct polymer chains covalently linked to form a
single molecule. Owing to their mutual repulsion, dissimilar
blocks tend to segregate into different domains so as to self-
assemble into one-, two-, or three-dimensional periodic nano-
structures in the bulk state.4 In the simplest case of noncrystalline
flexible coiled diblock copolymers, various nanostructures such
as spheres (S), cylinders (C), gyroid (G), and lamellae (L) can
be found, depending on the relative compositions (i.e., volume
fraction) between blocks, the sequence of constituted blocks
and the architecture of polymer chains as well as the persistence
lengths of blocks. In contrast to the formation of conventional
phases from the self-assembly of noncrystalline BCPs, the com-
petition between crystallization and microphase separation in
the self-assembly of semicrystalline BCPs has attracted exten-
sive attention because the crystallization will affect the self-assembled
nanostructures and create various interesting morphologies.5

Namely, the final morphology of semicrystalline BCPs is strongly

dependent upon the experimental temperature, with respect to
the order−disorder transition temperature (TODT), the crystal-
lization temperature of the crystalline block (Tc

c), the glass
transition of the amorphous block (Tg

a), and the crystallization
rate.6 As a result, well-defined nanostructures can thus be tailored
by the molecular engineering of synthetic BCPs, which provides
promising features for the applications of nanotechnologies.7,8

Silicon-containing polymers have attracted growing interests
as functional materials due to their unique physical properties,
including high oxygen permeability, low surface energy, high
electrical resistance (insulator), thermal stability, photostability,
and ease of cross-linking.9 For the formation of self-assembled
nanostructures, in particular nanostructured thin films, silicon-
containing BCPs have been demonstrated to function as rigid
nanopatterned templates that can be used for pattern transfer
in nanoimprint lithography.10 Despite this, studies on the self-
assembly of silicon-containing BCPs have been quite limited due
to the difficulty in the preparation of structurally well-defined
silicon-containing BCPs.11,12 This limits the preparation of
silicon-containing BCPs for use in self-assembling studies and
hampers their use in nanotechnological applications.
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We have previously conducted syntheses and self-assembling
studies of propylene- and styrene-based stereoregular diblock
copolymers.13 Previous studies have demonstrated that the
incorporation of stereoregular and crystallizable moieties within
block copolymers enhances morphological richness and offers
various morphological controls in the self-assembly processes.14,15

The prospect of using silicon-containing stereoregular BCPs for
their self-assembly studies and for use as rigid nanopatterned
templates have prompted us to develop a method for their pre-
paration, which is unable to achieve using existing methods.
Stereoregular silicon-containing polymers, including isotactic

polyallytrimethylsilane (iPATMS) and syndiotactic polyally-
trimethylsilane (sPATMS), have been prepared via stereospecific
polymerization of allytrimethylsilane using Zieglar−Natta16
and metallocene catalysts,17 respectively. Nevertheless, the syntheses
of stereoregular silicon-containing BCPs remain a synthetic
challenge. How to achieve the connection between the silicon-
containing stereoregular block and the other polymer block
with high linking efficiency is essential in addition to accomplish
the block length control in the construction of silicon-containing
stereoregular BCPs. Methods for syntheses of α-olefin-based
stereoregular BCPs with simultaneous stereoregularity, block
connection and block length controls via stereospecific living
polymerization of various α-olefins have been developed using
stereospecific living coordination catalysts18 or stereospecific
controlled/living radical polymerization catalysts.19 Unfortunately,
silicon-containing stereoregular BCPs cannot be synthesized directly
by using these stereospecific living polymerization systems as silicon-
containing α-olefins (e.g., allytrimethylsilane) fail to undergo
the respective stereospecific living polymerization reactions.
Another approach for the construction of silicon containing

stereoregular BCPs is to conduct a selective chain transfer reac-
tion during stereospecific polymerization of silyl group-containing
α-olefins for the generation of an end-functionalized silyl group-
containing stereoregular prepolymer in the first step, and then use
the end-functionalized prepolymer in postpolymerization reac-
tion for block formation. This two-step process allows for a broad
variety of polymer architecture linked onto the silicon-containing
stereoregular block but it needs to overcome the difficulty in the
synthesis of silyl group-containing end-functionalized stereoregular
prepolymer, which can only be generated via the induction of a
selective chain transfer reaction during stereospecific polymer-
ization of silyl group-containing α-olefins.20

Herein, silicon-containing stereoregular BCPs composed
of syndiotactic polyallyltrimethylsilane (sPATMS) and poly-
(methyl methacrylate) (PMMA) are prepared by using an
α-bromoester-terminated sPATMS macroinitiator, which is chain
extended by MMA via the controlled/living radical polymer-
ization of MMA using a cuprous halide-based ATRP process.
The α-bromoester-terminated sPATMS macroinitiator is pre-
pared via the esterfication of hydroxyl-capped sPATMS with
α-bromoisobutyryl bromide. The hydroxyl-capped sPATMS
can be generated by inducing a selective chain transfer reac-
tion to triethylaluminum (TEA) during the syndiospecific
polymerization of allyltrimethylsilane (ATMS) conducted in
the presence of syndiospecific ansa-metallocene catalysts. The
unique synthetic route allows the preparation of structurally
well-defined silyl-containing stereoregular BCPs with good
yield. The obtained silyl-containing stereoregular BCPs give a
uniform chemical architecture and can self-assemble into well-
ordered nanostructures, as evidenced by transmission electron
microscopy (TEM) and small-angle X-ray scattering (SAXS)
results.

■ EXPERIMENTAL SECTION
General Procedure. All reactions and manipulations were

conducted under a nitrogen atmosphere using the standard Schlenk
line or drybox techniques. Solvents and common reagents were com-
mercially obtained and used either as received or purified by distilla-
tion with sodium/benzophenone. Allyltrimethylsilane (ATMS, purity
>98%) and methyl methacrylate (99%) purchased from Aldrich were
dried over calcium hydride and distilled under vacuum before use.
Oxygen (purity >99.5%) was obtained from Matheson and were used
as received. Me2C(Cp)(Flu)ZrCl2 (I)21 and Ph2Si(Cp)(Flu)ZrCl2
(II)22 were synthesized using methods described in the literature.
The α-bromoisobutyryl bromide (98%), copper bromide (98%) and
1,10-phenanthroline (>99%) were purchased from Aldrich and used as
received. Triethylaluminum (TEA, 1 M in hexane) was purchased
from Aldrich and used as received. Methylaluminoxane (MAO, 14%
in toluene), purchased from Albemarle, was dried under vacuum to
remove residual TMA.23 The resulting TMA-free MAO was diluted in
toluene to the desired concentration before use.

Preparation of Hydroxyl-Capped sPATMS. Representative
experiment (for entry 11 of Table 1): A 100 mL stainless steel re-
actor, equipped with a magnetic stirrer, was allowed to dry at 80 °C
under vacuum. After being refilled with nitrogen, the reactor was
cooled to −20 °C and then charged sequentially with 20 mL of
toluene, 25.0 mmol of MAO, and 12.5 μmol of Me2C(Cp)(Flu)ZrCl2.
After the reactor was allowed to stir at −20 °C for 5 min, it was
charged with 8.0 mmol of TEA and then with 31.5 mmol ATMS to
initiate the polymerization reaction. Polymerization was conducted
at −20 °C for 24 h. The polymer solution was then treated with
oxygen at a flow rate of 10 mL/min for 1 h. The solution was slowly
warmed to room temperature and was then charged with H2O2 (5 mL,
30% in H2O). After being stirred at room temperature for 30 min, the
solution was charged with excess methanol (ca. 40 mL), which led to
the deposition of the OH-capped sPATMS as a white precipitate. After
isolation by filtration, the resulting polymer was purified by removing
the atactic polyallytrimethylsilane via boiling acetone extraction in a
Soxhlet extractor. The resulting insoluble fraction of the polymer was
dried under vacuum to provide 1.64 g of OH-capped sPATMS [Mn =
15800, Mw/Mn = 1.81 by GPC (in THF at 40 °C)].

Fractionation of Hydroxyl-Capped sPATMS. On a vacuum line,
0.7 g of OH-capped sPATMS (Mn = 15800, Mw/Mn = 1.81, entry 11
of Table 1) was placed in a Soxhlet extractor and allowed to undergo
Soxhlet extraction in a boiling MEK/THF mixture (5:1) for 24 h. The
resulting MEK/THF solution was collected and allowed to concen-
trate under vacuum to 10 mL. The resulting solution was then charged
with excess methanol (ca. 20 mL), which resulted in the deposition of
a MEK/THF-soluble OH-capped sPATMS sample as a white precipitate.
The resulting precipitate was isolated by filtration and dried under vacuum
to provide 0.53 g of OH-capped sPATMS [Mn = 13300,Mw/Mn = 1.40 by
GPC (in THF at 40 °C)].

Preparation of α-Bromoisobutylester-Capped sPATMS. In a
200 mL round-bottom flask, 0.35 g of OH-capped sPATMS (Mn=
13300, Mw/Mn= 1.40) was allowed to dissolve in 50 mL of toluene.
The solution was then charged with excess Et3N (ca., 1.0 mL) and
then with excess α-bromoisobutyryl bromide (ca. 0.5 mL). The result-
ing solution was allowed to heat up to 60 °C; the esterfication reaction
was conducted at 60 °C for 4 h. The reaction solution was cooled to
room temperature and then charged with excess methanol (∼80 mL),
which led to the deposition of a sPATMS-based polymer as a pale
brown precipitate. The resulting reaction product was collected through
filtration, washed with methanol, and dried under high vacuum to
provide 0.34 g of α-bromoisobutylester-capped sPATMS [Mn = 13500,
Mw/Mn = 1.40 by GPC (in THF at 40 °C)].

Synthesis of sPATMS-b-PMMA. In a drybox, a 100 mL Schlenk
flask equipped with a magnetic stirrer was charged sequentially with
0.26 g (0.02 mmol) of α-bromoisobutylester-capped sPATMS (Mn =
13500, Mw/Mn = 1.4), 30 mL of toluene, 5.5 μmol of copper bromide,
and then 11.0 μmol of 1,10-phenanthroline.24 The reaction vessel was
capped and removed from the drybox. The reaction vessel was immersed
in a oil bath and was allowed to heat up to 95 °C for 30 min for the in situ
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generation of macroinitiator. Then, the reaction vessel was charged with
1.60 g of MMA (16.0 mmol) and allowed to undergo the chain-extension
reaction at 95 °C for 24 h. The resulting solution was collected by
filtration to remove insoluble copper metal complexes. The result-
ing polymer solution was concentrated to 15 mL via the removal of
volatiles under vacuum. The resulting solution was charged with excess
methanol (ca. 20 mL), which led to the deposition of the reaction prod-
uct as an off-white precipitate. The resulting precipitate was isolated
by filtration and allowed to undergo Soxhlet extraction with boiling
cyclohexane to remove residual sPATMS. The resulting sPATMS-b-
PMMA was dried under vacuum for 24 h to provide 1.02 g of sPATMS-
b-PMMA [Mn = 45500,Mw/Mn = 1.29 as determined by GPC (in THF
at 40 °C).
Characterization of Polymers. The molecular weight and molec-

ular weight distribution (MWD) of synthesized polymers were deter-
mined by using GPC (Waters 2410-CALAC/GPC) with a refractive
index (RI) detector and a set of U-Styragel HT columns with 106, 105,
104, and 103 Å pore sizes in series. The measurements were taken at
40 °C using THF as solvent. Polystyrene (PS) samples with narrow
MWDs were used as the standards for calibration. The standards were
in the range of absolute molecular weight from 980 to 2,110 000 g/mol;
the R square of the ideal calibrated line was limited up to 0.999.
All 1H and 13C NMR spectra were recorded on a Bruker AV-500

NMR spectrometer. The sPATMS-based samples were dissolved in
CDCl3 or benzene-d6. The recorded temperature was 60 °C.
Preparation of Bulk Samples. Bulk samples of sPATMS-b-

PMMA BCPs were prepared by solution casting from a nonselective
solvent, dichloromethane (CH2Cl2), at a concentration of 10 wt %
sPATMS-b-PMMA at room temperature. After completely dissolving
the polymers, the solution was filtrated through a filter with 0.45 μm
pathways to remove impurities. The solution was then transferred to a
vial and sealed well by aluminum foil with punch holes for the slow
evaporation of the solvent. After drying, the bulk samples were further
dried in a vacuum oven to remove residual solvent.
Characterization of Nanostructures. Bright-field transmission

electron microscopy (TEM) images were obtained by using a JEOL
JEM-2100 LaB6 transmission electron microscope at an accelerating
voltage of 200 kV. The bulk samples were sectioned at room tempera-
ture by using a Leica ultramicrotome. The microsections were collected

on copper grids (100 mesh) with polyvinyl formal as a supporting
membrane and covered by a thin film of carbon to protect the unstained
samples from the electron damages such as shrinkage and degradation.
For these silyl-containing BCPs, no staining procedure was required to
enhance the mass−thickness contrast because the atomic number of
silicon is obviously higher than that of carbon and oxygen. Accordingly,
the sPATMS domains exhibited dark regions while the PMMA blocks
appeared bright areas under TEM observations due to the intrinsic
mass−thickness contrast. Small-angle X-ray scattering (SAXS) experi-
ments were conducted at the synchrotron X-ray beamline 23A1 at the
National Synchrotron Radiation Research Center (NSRRC) in Hsinchu,
Taiwan.

■ RESULTS AND DISSCUSSION

Synthesis of Hydroxyl-Capped sPATMS by Selective
Chain Transfer to Alkylauminum.25 The synthesis of OH-
capped sPATMS via the selective chain transfer to alkylaluminum
were investigated by syndiospecific polymerization of allyl-
trimethylsilane (ATMS) conducted in the presence of two ansa-
metallocene catalysts [(Me)2C(Cp)(Flu)ZrCl2 (I) and (Me)2Si-
(Cp)(Flu)ZrCl2 (II)] using TEA as the chain transfer agent. The
selective chain transfer reaction to TEA led to the generation of
alkylaluminum-capped sPATMS as the preliminary product.
After polymerization, the polymer solution was in situ treated
with O2/H2O2

13a,b,26 for converting the aluminum end group
into a stable hydroxyl terminal group; this led to the generation
of OH-capped sPATMS as the final reaction product. The re-
sulting polymer solution was then charged with excess methanol,
leading to the deposition of the ATMS-based polymer as a white
precipitate, which can be isolated after filtration. The 1H and 13C
NMR spectra of the ATMS-based polymers synthesized under
these conditions were evaluated to determine the chain end struc-
tures. The results of the polymerization studies are summarized in
Table 1.
There are four possible chain releasing pathways, which lead

to the generation of sPATMSs with characteristic hydroxy,

Table 1. Preparation of End-Functionalized Stereoregular Polyallyltrimethylsilane via Selective ChainTransfer to
Triethylaluminum (TEA) Mediated by Various Syndiospecific Metallocene Catalystsh

end group ratio(%)g

run catala
chain transfer

agent
alkylaluminum

(mmol)
temp
(°C) activityc Mn

d PDId
Mn

e

(calcd)
Tm

f

(°C)
−ΔHf
(J/g) hydroxyl vinylidene

1 I TEAb 2 20 13.03 9800 1.74 6100 250 10.6 31.4 68.6
2 I TEA 4 20 10.51 7200 1.77 4500 248 8.5 39.4 61.6
3 I TEA 6 20 8.47 4800 1.66 2800 244 5.6 45.4 54.6
4 I TEA 8 20 6.24 4600 1.54 2500 238 4.4 49.2 51.8
5 I TEA 8 40 18.42 2100 1.31 1200 250 2.8 42.8 57.2
6 I TEA 8 0 7.72 14 800 1.70 11 200 255 18.6 63.4 36.6
7 I TMA 8 0 4.65 16 200 1.86 13 100 249 16.7 58.4 41.8
8 I TEA 2 −20 14.14 57 700 2.04 32 300 263 20.9 >99 -
9 I TEA 4 −20 8.54 30 000 1.97 18 200 256 18.0 >99 -
10 I TEA 6 −20 6.02 21 300 1.89 12 200 255 16.6 >99 -
11 I TEA 8 −20 5.45 15 800 1.81 9800 251 10.4 >99 -
12 I TEA 25 −20 1.95 7900 1.78 5600 248 9.9 >99 -
13 II TEA 2 20 3.89 9800 1.65 6100 244 7.8 80.0 20.0
14 II TEA 8 20 1.53 4400 1.53 2500 241 4.7 84.2 15.8
15 II TEA 8 0 0.89 8600 1.65 5100 244 7.8 92.3 7.7
16 II TMA 8 20 0.53 5100 1.81 3000 235 4.2 79.2 20.8

aCatalyst I: Me2C(Cp)(Flu)ZrCl2; Catalyst II: Ph2Si(Cp)(Flu)ZrCl2.
bTEA = triethylaluminum. cActicity = kg sPATMS·mol−1Zr·h−1 dMn (number-

average molecular weight), Mw (weight-average molecular weight), and PDI (polydispersity, Mw/Mn) were determined by high temperature GPC
(solvent, tetratydrofuran ; temperature 40 °C.). eMn calculated by

1H NMR. fTm, (melting temperature), -ΔH(enthalpy of melting temperature) was
determined by DSC. gThe end group ratios were determined by 500 MHz 1H NMR analyses (solvent, CDCl3; temperature 60 °C).

hPolymerization
conditions: 30 mL of toluene; 31.5 mmol of ATMS (allyltrimethylsilane); 12.5 μmol of catalyst; 25.0 mmol of MAO; reaction time = 24 h.
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vinylidene, 1-trimethylsilyl-1-butenyl, and 1-trimethylsilyl-2-butenyl
end groups, respectively, as illustrated in Scheme 1. As shown
in Figure 1 (entries 4, 6, and 12 of Table 1), sPATMSs with two
different chain end structures, namely hydroxyl and vinylidene
end groups, can be generated under these reaction conditions.
The hydroxyl end group was produced from the 1,2- insertion
of a terminal ATMS unit, which underwent chain transfer to
aluminum to give aluminum-capped sPATMS as the prelimi-
nary reaction product; subsequently, the in situ oxidation of the
resulting aluminum-capped sPATMS by the method described
in the experiment section led to the generation of OH-capped
sPATMS. The vinylidene chain end was generated from the
1,2-insertion of a terminal ATMS unit, which, in contrast,
underwent β-hydride elimination chain transfer. It is noted that
we were unable to detect the formation of 1-trimethylsilyl-1-
butenyl-capped sPATMS [(CH3)3Si −CHCH−CH2−CH2−
sPATMS] and 1-trimethylsilyl-2-butenyl-capped sPATMS
[(CH3)3Si−CH2−CHCH−CH2−sPATMS] generated from
the 2,1-insertion of a terminal ATMS unit, which underwent sub-
sequent β-hydride elimination transfer by abstracting methylene
hydrides at the α- and γ-positions, respectively, from the
terminal trimethylsilyl group. The generations of OH-capped

and vinylidene-capped sPATMSs without 1-trimethylsilyl-1-
butenyl-capped and 1-trimethylsilyl-2-butenyl-capped sPATMSs
reveals that the insertion of ATMS follows the predominant 1,2-
insertion patterns and that OH-capped sPATMS and vinylidene-
capped sPATMS were generated from the 1,2-inserted terminal
ATMS unit, which underwent a subsequent chain transfer reac-
tion to TEA and the β-hydride elimination chain transfer reac-
tion, respectively.
Although the syndiospecific ATMS polymerization conducted

in the presence of these ansa-metallocene catalysts provides pe-
rfect regioselectivity (predominant 1,2-insertion) control, the
formation of sPATMSs containing two different terminal groups
(hydroxyl and vinylidene end groups; see entries 1−7 of Table 1)
indicates that these catalyst systems fail to facilitate chain-end
structural control through regulating chain transfer mechanisms
especially when polymerization was conducted at a high poly-
merization temperature. The results listed in Table 1 reveal that
the formation of OH-capped sPATMS via the selective chain
transfer to alkylaluminums depends on the structures and con-
centration of chain transfer agents. As shown in entry 1−5 of
Table 1, β-hydride elimination transfer (producing vinylidene-
capped sPATMS) was the predominant chain releasing pathway

Scheme 1. Probable Polymer Chain End in Syndiotactic Poly(allyltrimethylsilane) Synthesis by Metallocene

Figure 1. Expanded 1H NMR (500 MHz) region of various sPATMS samples (a) Mn = 4600 g/mol, Mw/Mn = 1.54 (entry 4 of Table 1), (b) Mn =
14800 g/mol,Mw/Mn = 1.70 (entry 6 of Table 1), (c)Mn = 7900 g/mol,Mw/Mn = 1.78 (entry 12 of Table 1) (solvent, CDCl3; temperature 60 °C).

Macromolecules Article

dx.doi.org/10.1021/ma300034f | Macromolecules 2012, 45, 2720−27302723



when polymerization was conducted at high temperature
(≥20 °C). In contrast, syndiospecific ATMS polymerization
conducted at low temperature (≤20 °C) shifted the chain re-
leasing pathway from β-hydride elimination transfer to mainly
the chain transfer to alkylaluminums. A comparison of entries
6−7 and 14−16 of Table 1 shows that replacing TMA with TEA
led to the production of an increased amount of OH-capped
sPATMS and that the amount of OH-capped sPATMS can be
enhanced by increasing the concentration of trialkylaluminum in
the feed. Although increasing the concentration of TEA increases
the amount of OH-capped sPATMS, OH-capped sPATMS can-
not be prepared as a single reaction product since these reaction
conditions also generate vinylidene-capped sPATMS, which is
generated through β-hydride elimination transfer, as the minor
reaction product.
In order to provide pure OH-capped sPATMS for use as the

end-functionalized prepolymer in the synthesis of stereoregular
BCPs, syndiospecific polymerizations of ATMS at a lower
temperature (−20 °C)13b,27 were conducted to suppress the
β-hydride elimination transfer for the formation of vinylidene-
capped sPATMS. Entries 8−12 of Table 1 show that OH-
capped sPATMS can be selectively produced as the only
detectable product (by NMR analyses) at low temperature.
Figure 2 shows the plot of polymer molecular weight versus
[ATMS]/[TEA] by conducting the allyltrimethylsilane poly-
merization at −20 °C using (Me)2C(Cp)(Flu)ZrCl2 (I) as the
catalyst and TEA as the chain transfer agent (entries 8−12).
The nearly linear relationship between the molecular weight of
sPATMSs and [ATMS]/[TEA] ratio indicates that chain transfer
to TEA (rate constant = ktr) competes with the allyltrimethylsi-
lane chain propagation reaction. Since the degree of polymer-
ization (Xn) follows the equation Xn = kp[ATMS]/ktr[TEA], the
plot in Figure 2 can be used to calculate the chain transfer
constant (ktr/kp = 1/35.5) for the generation of OH-capped
sPATMS by predominant chain transfer to TEA. Nevertheless,
OH-capped sPATMS can be selectively generated by selective
chain transfer to TEA during syndiospecific polymerization of
allyltrimethylsilane conducted in the presence of syndiospecific
metallocene catalysts.
End Group Analyses of Hydroxyl-Capped sPATMS.

End group analyses provide detailed structural information for

the resultant ATMS polymers and give direct evidence of the
successful preparation of pure OH-capped sPATMS. Figure 1c
shows the 1H NMR spectrum (with an inset showing the
expanded region and chemical shift assignments) of the OH-
capped sPATMS (Mn = 7900 g/mol, Mw/Mn = 1.78; entry 12
of Table 1) isolated after the O2/H2O2 treatment. As shown in
the 1H NMR spectrum, in addition to the four major upfield re-
sonances (δ = 0.31, 0.42, 1.13, 1.65) corresponding to the
−CH[CH2Si(CH3)3]−CH2−, −CH[CH2Si(CH3)3]−CH2−,
−CH[CH2Si(CH3)3]−CH2− and −CH[CH2Si(CH3)3]−
CH2− proton resonances of the sPATMS backbone, respec-
tively, there is a weak downfield resonance at 3.47 ppm, which
corresponds to the chain end −CH[CH2Si(CH3)3]−CH2−OH
proton resonance. The detailed chemical assignments are based
on the structural information on [13C (DEPT 135); Figure 3]
and [two-dimensional 1H−13C HMQC; Supporting Information]
NMR spectra. These NMR spectra clearly reveal that OH-capped
sPATMS prepared by selective chain transfer to TEA has a single
hydroxyl terminal group, making it suitable for use as a stereo-
regular end-functionalized prepolymer in the construction of ste-
reoregular BCPs. Two aliphatic chain ends, 2-(trimethylsilylmethyl)-
butyl [CH3CH2CH(CH2SiMe3)CH2−] (approximately 88% based
on integration) and 2-(trimethylsilylmethyl)propyl [CH3CH-
(CH2SiMe3)CH2−] (approximately 12% based on integration),
generated in the chain initiation steps, can be identified by 13C
NMR analyses (Figure 3). The [CH3CH2CH(CH2SiMe3)CH2−]
end group was generated in the chain initiation step by the
primary insertion of allyltrimethylsilane to [Zr−Et], formed in
the chain releasing step by selective chain transfer to TEA. The
[CH3CH(CH2SiMe3)CH2−] end group was generated by the
primary insertion of allyltrimethylsilane to [Zr−Me], which was
formed in the chain releasing step by chain transfer to MAO.

Synthesis of Silyl-Containing Stereoregular BCPs. As
demonstrated by the chain end analysis, OH-capped sPATMS
prepared by the selective chain transfer route contains a single
hydroxyl end group, making it suitable for use as the end-
functionalized macroinitiator for the synthesis of stereoregular
BCPs. Unfortunately, the OH-capped sPATMS macroinitiator
prepared via the metallocene-catalyst-mediated selective chain
transfer route has a broad range of molecular weight distribu-
tion, and hence is not suitable for use directly in the post block

Figure 2. Plot of number-average molecular weight (Mn) of OH-capped sPATMS vs the mole ratios of [ATMS]/[TEA] (entries 8−12 of Table 1).
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polymerization reaction for the preparation of structurally
well-defined stereoregular BCPs. Although BCPs with relatively
high polydispersity are capable of self-organizing into ordered
morphologies, the broad distribution in chain length shifts the
phase boundaries (relative to those of the corresponding mono-
disperse BCPs) and modifies the microdomain size.28 Narrow-
MWD samples of OH-capped sPATMSs are preferred for use
as the end-functionalized stereoregular prepolymer for the pre-
paration of structurally well-defined sillyl-containing stereoregular
BCPs.13b,c Narrow-MWD samples of end-functionalized stereo-
regular polymers can be obtained by the fractionation of the
broad-MWD product through extraction processes, as demon-
strated by prior reports.13,29 Thus, fractionation of the broad-
MWD product (Mn = 15800, Mw/Mn = 1.81) by Soxhlet extrac-
tions in MEK/THF (3:1) using methods described in the
Experimental Section giving a narrow-MWD sample of
OH-capped sPATMS (Mn = 13100,Mw/Mn = 1.40). The hydroxyl
terminal group of OH-capped sPATMS was allowed to convert
into the α-bromoester end group by the reaction between the
OH-capped sPATMS and α-bromoisobutyryl bromide to pro-
vide α-bromoester-terminated sPATMS with high yield. The
comparison of the 1H NMR spectra of OH-capped sPATMS
(Mn = 13100 g/mol,Mw/ Mn = 1.40) with that of α-bromoester-
capped sPATMS (Mn = 13200 g/mol, Mw/Mn =1.40) is shown
in Figure 4. The resulting α-bromoester-terminated sPATMS
was in situ treated with CuBr and was chain-extended with
MMA by the controlled/living radical polymerization of MMA
to give sPATMS-b-PMMA (Mn = 42600 g/mol, Mw/Mn = 1.30)

as a structurally well-defined silyl-containing stereoregular diblock
copolymer with a good MMA conversion ratio and high BCP
yield. The detailed synthetic routes for the preparation of sPATMS-
b-PMMA are illustrated in Scheme 2. The comparison of the GPC

Figure 3. 13C (DEPT-135) NMR (125 MHz) spectra of OH-capped sPATMS (Mn = 15800 g/mol, Mw/Mn = 1.81; entry 11 of Table 1) (solvent,
CDCl3; temperature 60 °C).

Figure 4. 1H NMR spectra (500 MHz) of (a) OH-capped sPATMS
(Mn = 13300 g/mol, Mw/ Mn = 1.40), (b) Br-capped sPATMS (Mn =
13500 g/mol, Mw/Mn =1.40) (solvent, CDCl3; temperature 60 °C).
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elution curves of OH-capped sPATMS with that of sPATMS-b-
PMMA (Mn = 42600 g/mol,Mw/Mn = 1.30) is shown in Figure 5.
Figures 6 show the 1H NMR spectrum (with insets showing
chemical shift assignments) of sPATMS-b-PMMA. [ The 13C
(DEPT 135) NMR spectra can be found in Supporting
Information]. The proposed synthetic route is further illus-
trated by the preparation of a second sPATMS-b-PMMA sample
(Mn = 29900 g/mol,Mw/Mn = 1.24; GPC and 1H NMR spectrum
of this sample can be found in the Supporting Information) from

the same narrow-MWD end-functionalized α-bromoester-capped
sPATMS (Mn = 13500 g/mol, Mw/Mn = 1.40).

Self-Assembled Nanostructures of Stereoregular
BCPs. Owing to the stereoregularity of the sPATMS block,
the synthesized sPATMS-b-PMMA samples show semicrystal-
line behavior. The thermal behavior of the sPATMS-b-PMMA
was first examined by DSC. The DSC thermograms were re-
corded during the second heating cycle from 0 to 270 °C with a
heating rate of 10 °C/min after fast cooling by 150 °C/min

Scheme 2. Synthetic Routes for Preparations of End-Functionalized sPATMS and sPATMS-Based Stereoregular Block
Copolymers
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from the melt sate of samples at 270 °C. From DSC profiles of
the second heating process (Figure 7), the sPATMS-b-PMMA
with various volume fractions of sPATMS exhibit different ther-
mal properties. For sPATMS13-PMMA32 with a lower volume
fraction of PLLA (i.e., f v

sPATMS = 0.35), the glass transition
temperatures (Tg) of sPATMS and PMMA blocks were deter-
mined as approximately 36 and 117 °C, respectively (Figure 7a).
The absence of a sPATMS crystallization temperature and
melting point in the high temperature region is attributed to the
confinement effect for sPATMA chains restricted in the PMMA
matrix. For comparison, sPATMS13-PMMA17 with a higher
volume fraction of sPATMS (i.e., f v

sPATMS = 0.51) gives glass
transition temperatures of sPATMS and PMMA blocks at
approximately 36 and 105 °C, respectively (Figure 7b). The
slightly lower Tg,PMMA of sPATMS13-PMMA17 than that of
sPATMS13-PMMA32 is attributed to the molecular weight
effect. In contrast to the amorphous behavior of sPATMS in
sPATMS13-PMMA32, a small endothermic peak at 232 °C for
the sPATMS melting point (Tm) can be observed in the high
temperature region,17 further confirming the confined effect on
the crystallization of sPATMS chains in sPATMS13-PMMA17.
To achieve the formation of well-ordered nanostructures from

the self-assembly of sPATMS-b-PMMA BCPs in the bulk state,
the bulk samples of sPATMS-b-PMMA were first heated to the
maximum annealing temperature, Tmax = 270 °C, for 3 min to
eliminate the sPATMS crystalline residues resulting from sample
preparation. Subsequently, the thermally treated bulk samples
could be obtained after rapidly cooling at a rate of 150 °C/min
from the melt state at 270 °C. For sPATMS13-PMMA32
( f vsPATMS = 0.35), hexagonally packed cylindrical nanostuctures
were observed in TEM images (Figure 8a). Owing to the higher
atomic number of silicon than that of carbon and oxygen, the
dark cylinders can be referred to the sPATMS microdomains and
dispersed in the bright PMMA matrix under TEM observa-
tion. The self-assembled morphology can be further identified

Figure 5. The GPC curves comparison between (A) OH-capped sPATMS
(Mn = 13500 g/mol, Mw/ Mn = 1.40), (B) sPATMS-b-PMMA (Mn =
45500 g/mol, Mw/ Mn = 1.29) (in THF, at 40 °C).

Figure 6. 1H (500 Hz) NMR spectrum of sPATMS-b-PMMA (Mn = 45500 g/mol,Mw/Mn = 1.29, fsPATMS = 0.35) (solvent, CDCl3; temperature 60 °C).
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by SAXS experiments. Corresponding one-dimensional SAXS
profile (Figure 8b) shows well-ordered reflections with peak
positions at the q ratios of 1:√4:√7:√13, indicating a well-
ordered cylindrical phase with hexagonal packing. Using the
primary peak, the d-spacing of the (100) plane was determined
as 49.3 nm and the interspacing of each cylinder was then
calculated as 56.9 nm. These results suggest that the crystal-
lization temperature of sPATMS is below the order−disorder
transition temperature (TODT) and the self-assembled nano-
structure driven from the incompatibility of the sPATMS and
PMMA blocks can be successfully developed. In contrast,

Figure 9a shows the lamellar nanostructure of sPATMS13-
PMMA17 ( f vsPATMS = 0.51) resulting from the self-assembly in
the melt state. For SAXS experiments, the self-assembled mor-
phology of the sPATMS-b-PMMA is identified as a lamellar
phase according to the reflection peaks at the q ratios of 1: 2: 3: 4
(Figure 9b). The d-spacing of the (100) plane was determined as
42.9 nm from the primary peak of the reflections.

■ CONCLUSIONS

The preparations of structurally well-defined silyl-containing
stereoregular BCPs composed of syndiotactic polytrimethylal-
lysilane (sPATMS) and poly(methyl methacrylate) (PMMA)
through the controlled living atom transfer radical polymer-
ization (ATRP) of methyl methacrylate using α-bromoester
end-capped sPATMS for the in situ generation of CuBr-capped
macroinitiator was presented. The α-bromoester end-capped
sPATMS was generated via the esterification of hydroxyl-
capped sPATMS with α-bromoisobutyl bromide. Hydroxyl-
capped sPATMS was produced by inducing the selective chain
transfer reaction to trialkylaluminum during the syndiospecific
polymerization of allytrimethylsilane. This work is the first ex-
ample to prepare the sily functional-moieties containing stereo-
regular diblock copolymers, which have a well-defined chemical
architecture with uniform molecular length, and which can self-
organize into the consistent morphologies, as revealed by TEM
and SAXS examinations.
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Figure 9. (a) TEM micrographs of sPATMS−PLLA ( f vPLLA = 0.51)
block copolymer with lamellar nanostructure. The microdomains of
sPATMS appear dark while the PMMA microdomain displays bright.
(c) Corresponding one-dimensional SAXS profile.

Figure 7. DSC thermograms of sPATMS−PMMA with sPATMS
volume fraction of (a) 0.35 and (b) 0.51, respectively. The heating rate
is 10 °C/min.

Figure 8. (a) TEM micrographs of sPATMS−PMMA ( f vsPATMS =
0.35) block copolymer with hexagonally packed cylinder nanostruc-
ture. The microdomains of sPATMS appear dark while the PMMA
microdomain displays bright. (b) Corresponding one-dimensional
SAXS profile.
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