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A,BA -Type Block-Graft Polymers with Soft Methacrylate Middle Segments
and Hard Styrene Outer Grafts: Synthesis, Morphology, and Mechanical

Properties

Yu Miura,”! Takeshi Kaneko,™ Kotaro Satoh,'”! Masami Kamigaito,*!!
Hiroshi Jinnai,*”' and Yoshio Okamoto'*

Abstract: Novel copolymers with con-
trolled architectures can function as
new building blocks for well-defined
nanostructures on the basis of micro-
phase separation, unlike conventional
ABA triblock copolymers. A series of
well-defined A,BA,-type block—graft
copolymers consisting of soft middle
segments (dodecyl methacrylate
(DMA)) and hard outer graft chains
(styrene (St)) were synthesized by
ruthenium-catalyzed living radical
block and graft polymerization. NMR
spectroscopy and size-exclusion chro-
matography combined with multiangle

well-defined structure of the A/BA,
block—graft copolymers with backbones
and graft chains of controlled lengths.
Transmission electron microscopy and
transmission electron microtomography
revealed a series of morphologies for
the copolymers. Morphological changes
were observed from PSt “honeycomb”
cylinders to lamellae and poly(DMA)
cylinders with increasing PSt-graft con-
tent, whereby the phase diagram was

Keywords: block  copolymers
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shifted significantly to lower volume
fractions of the larger-number compo-
nent (St) relative to those of the corre-
sponding ABA triblock copolymers.
More specifically, poly(DMA) cylin-
ders were observed even before the St
content reached 50 wt%. The A,BA,
and ABA copolymers with 17-30 wt %
of St exhibited characteristics of a ther-
moplastic  elastomer with tensile
strengths of 1-6 MPa and elongations
at break of 70-300%. These mechani-
cal properties can be related well to
the microphase structures of the
A,BA, and ABA copolymers.

laser light scattering confirmed the
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Introduction

Well-defined block copolymers consisting of immiscible seg-
ments can form self-assembled ordered nano- or mesoscopic
structures depending on their composition, their molecular
weight, and the sequence of the segments."! Such nanoor-
dered structures have been applied to the fabrication of mi-
croelectronic, separation, and optoelectronic devices as tem-
plates or scaffolds and have contributed to recent develop-
ments in nanotechnology.”? Another wide application of
such block copolymers is as thermoplastic elastomers
(TPEs), which are based on ABA triblock copolymers with
glassy outer chains coupled to a rubbery central chain,®
such as polystyrene-b-polybutadiene-b-polystyrene. The mi-
crophase structure of TPEs determines their mechanical
properties. The construction of the molecular structures, in-
cluding the selection of monomers, molecular weight, com-
position, and sequence of the blocks is very important for
materials design because these parameters greatly affect the
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morphology, mechanical properties, and other characteristics
of the material.

The effects of the molecular parameters of block copoly-
mers on their morphology have been studied extensively for
such copolymers prepared mainly by the living anionic poly-
merization of hydrocarbon monomers, such as styrenes
and dienes, under stringent conditions. A range of micro-
phase ordered structures, such as spheres, cylinders, lamel-
lae, and bicontinuous structures, have been made. Further
developments in living-anionic-polymerization techniques
with coupling agents have enabled the synthesis of more-
complex copolymers that contain a combination of block
and graft structures, such as A—g-B.> A B and
ABA_ "1 The effects of branching on the morphology
have been discussed for some A,B, A;B, and A;B miktoarm
copolymers and A,BA, H-shaped copolymers. Although
these studies indicated that the morphology and mechanical
properties could be changed drastically or controlled pur-
posefully by altering the molecular structure of the block or
graft copolymers, the limitations in the monomers and the
cumbersome synthetic procedures inherent to living anionic
polymerization, including repetitive purification by fraction-
ation and/or preparative size-exclusion chromatography
(SEC), restricted the variety of accessible polymers and
their practical applications.

Progress in living and controlled radical polymerization
has expanded the range of polymers with controlled archi-
tectures, such as block, graft, and star polymers, that are ac-
cessible from a variety of monomers, including nonpolar,
polar, and functionalized monomers.'>"”) These techniques
have also been applied to the synthesis of more-complex
polymers with combined architectures, such as A—g-B,,*?
A BB A AA P! and A BA_ ) Although a variety of
these structurally complex polymers have become readily
accessible by living radical polymerization, few comprehen-
sive and detailed studies have been carried out on the rela-
tionship between their architecture and their morphology
and mechanical properties.”*! Such studies might contrib-
ute greatly to the development of new polymeric materials
for emerging nanotechnologies.

Recently, we succeeded relatively easily in the prepara-
tion of a series of all-methacrylate well-defined A BA,-type
block—graft copolymers consisting of soft middle segments
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(dodecyl methacrylate (DMA)) and hard outer graft chains
(methyl methacrylate (MMA)) by ruthenium-catalyzed
living radical polymerization.’”! We characterized the co-
polymers by NMR spectroscopy, SEC, multiangle laser light
scattering (MALLS), differential scanning calorimetry
(DSC), dynamic viscoelasticity, and transmission electron
microscopy (TEM) and visualized a single molecule of the
copolymers by atomic force microscopy (AFM). These stud-
ies revealed that the synthesis had been quite successful
without any cumbersome synthetic procedures or purifica-
tion by fractionation and preparative SEC, and that branch-
ing affected the morphologies to provide different proper-
ties from those of the corresponding ABA triblock copoly-
mers. However, the morphological details could not be un-
derstood fully owing to the difficulty in differentiating or
segregating poly(DMA) segments from poly(MMA)
(PMMA), both of which contain alkyl ester moieties.

With the aim of developing such novel A ,BA, block—graft
copolymers for the construction of ordered periodic nano-
scale morphologies as well as new TPEs, we prepared a new
series of A,BA,-type polymers with soft middle poly(DMA)
segments and hard outer polystyrene (PSt) grafts and fo-
cused on the analysis of the morphologies by TEM and
transmission electron microtomography (TEMT).®! These
techniques enabled the direct observation of nanoscale mor-
phologies in three dimensions,*” and the mechanical proper-
ties of the polymers were compared with those of the corre-
sponding ABA triblock polymers. Our synthetic method was
based on the ruthenium-catalyzed living radical block co-
polymerization of DMA and 2-(trimethylsilyloxy)ethyl
methacrylate (TMSHEMA), which was initiated by a bi-
functional initiator, followed by the direct in situ replace-
ment of the trimethylsilyl groups with units containing a C—
Br bond to create a multifunctional macroinitiator I,BI,,
and subsequent ruthenium-catalyzed “grafting-from” living
radical polymerization of St (Scheme 1).

Results and Discussion

Synthesis of Methacrylate—Styrene-Based A, BA, Block-
Graft Copolymers

Prior to the synthesis of the A,BA, block—graft copolymers,
the macroinitiators I,BI,, which consist of DMA (B) and
multi-initiating sites (I; number-average molecular weight:
M,=132,000 (by MALLS); molecular-weight distribution
(MWD): M,/M,=1.17; initiating sites: F=10.9), were pre-
pared as reported previously.* The ruthenium-catalyzed
living radical polymerization of styrene was then initiated by
the macroinitiator in the presence of [Ru(Ind)Cl(PPh;),]
(Ind=indenyl) and nBu;N in toluene at 100°C to form the
A,BA, block—graft copolymers.

Figure 1 shows the SEC curves, M,, and M,/M, of the co-
polymers obtained simply by the precipitation of the poly-
merization mixtures into methanol. As the graft polymeri-
zation proceeded, the SEC curves shifted toward higher mo-
lecular weights with retention of the unimodal and narrow
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Scheme 1. Synthesis of A BA, block—graft copolymers by ruthenium-catalyzed living radical polymerization.
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Figure 1. Graft polymerization of styrene (St) from the I,BI, multifunctional macroinitiator (M,(MALLS)=132000, M,/M,=1.17) with [Ru(Ind)CI-
(PPh;),]/nBusN in toluene at 80-100°C. @ =M, (MALLS), A=M,/M,. [St],=3.0-6.0M, initial concentration of C—X bonds in the macroinitiator =

10 mM, [Ru(Ind)CI(PPh;),],=1.0 mm, [nBu;N],=5.0 mm.

MWDs (M, /M,<1.4). The M, values obtained by MALLS
from the absolute molecular weights (M,,) agreed well with
the calculated values if one assumes that one molecule of
the I,BI, macroinitiator generates one molecule of the
A,BA, polymer. However, the M, values based on a PMMA
standard calibration by SEC were lower than the calculated
values owing to the smaller hydrodynamic volumes of the
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branched structures.”™ These results indicate the successful
preparation of the methacrylate-styrene-based ABA, co-
polymers by the ruthenium-catalyzed living radical grafting-
from polymerization of styrene.

The A,BA, block—graft copolymers and the macroinitia-
tors were also analyzed by '"H NMR spectroscopy (Figure 2).
The I,BI, macroinitiators (Figure 2a) showed the character-
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Figure 2. '"H NMR spectra (CDCl;, 50°C) of a) the I,BI, multifunctional macroinitiator b) the A,BA, block—graft copolymer obtained with [Ru(Ind)Cl-

(PPh;),]/nBusN in toluene at 100°C.

istic signals of DMA units, that is, those for the ester methyl-
ene hydrogen atoms (g) and the other hydrogen atoms of
the alkyl chain (h-j), and of the multifunctional initiating
sites, that is, those for the ester ethylene hydrogen atoms (a,
b) and the methyl groups (d) adjacent to the C—Br bonds, as
well as large absorptions for the a-methyl (f) and main-
chain methylene hydrogen atoms (e) of both units. The unit
ratio of DMA to the initiating sites as calculated from the
peak-intensity ratio (g versus b) was 491:8.7, which agrees
well with the calculated ratio of 491:8.9 for the macroinitia-
tor. Thus, the macroinitiators obtained possessed about 11
initiating sites per molecule, including the C—Br bonds and
the original C—Cl bonds at the chain ends.

The A,BA, block—graft copolymers showed the character-
istic signals of the aromatic hydrogen atoms (q) of the poly-
styrene graft chains and the methine hydrogen atoms (r) ad-
jacent to the C—X terminals, as well as the absorptions of
the prepolymer (Figure 2b). The DMA/St unit ratio (83:17
wiw) calculated from the peak-intensity ratio (g versus q)
agreed with the DMA/St ratio calculated from the monomer
feed ratio and monomer conversion (81:19 w/w). These re-
sults also serve as evidence that the simple synthetic method
based on ruthenium-catalyzed living radical block and graft
polymerization is effective in the synthesis of the methacry-
late-styrene A,BA, block-graft copolymers with controlled
molecular weights and compositions. A series of the A BA,
block—graft polymers with varying graft-chain lengths were
thus synthesized successfully by simply changing the mono-
mer conversion, as summarized in Table 1. All of these co-
polymers had controlled molecular weights and narrow
MWDs, and the monomer composition varied in the range
DMA/St=85:15-53:47 (w/w). Table 1 also shows that the
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molecular weight and mean radius of gyration (R,) generally
increased with the length () of the graft chains, although
some exceptional cases were observed, probably as a result
of experimental error in the measurements.

The polystyrene (PSt) graft chains in the A BA, block—
graft copolymers prepared in this way are connected to the
backbone chain through ester linkages; the ester linkages of
the backbone and the graft chains can be hydrolyzed. To
confirm the molecular weights and uniformity of the PSt
graft chains, the copolymers were hydrolyzed with potassi-
um hydroxide in a mixture of methanol and N,N-dimethyl-
formamide (1:3 v/v) at 80°C (Scheme 2).[*!

Figure 3 shows a series of SEC curves of the hydrolyzed
products (dashed and dotted lines) from the A ,BA, block-
graft copolymers obtained at different monomer conversions
as well as that of the I,BI, macroinitiator (solid line). After
the hydrolysis, each SEC curve had two peaks. The peak at
higher molecular weight was attributed to the original back-
bone chain from which the PSt grafts were removed, where-
as the peak at lower molecular weight was ascribed to the
detached PSt graft chains. The peaks at lower molecular
weight shifted with styrene conversion and showed narrow
MWDs (M, /M,<1.4). The M, values of the detached PSt
graft chains increased with monomer conversion (solid diag-
onal line). However, they were consistently slightly higher
than the values calculated on the assumption that each ini-
tiating site generates one PSt graft chain (dashed diagonal
line), probably because the initiation efficiency of the initiat-
ing units in the macroinitiator was slightly lower than unity.
A similar result was also observed for copper-catalyzed graft
polymerization for the synthesis of densely grafted copoly-
mers.’”! These results indicate that most initiating sites ini-
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Table 1. A,BA, block—graft and ABA triblock copolymers obtained by ruthenium-catalyzed living radical polymerization.®

Code nll  A¥ [EIYAC M, MM R dn/dc® DMA/St (W) fasal! T
(m+2) (MALLS) caled¥  SEC  MALLS!Y [nm] [mLg™] caled®  obs® [°C]
1 491 109 0 154000 128000 97000 132000 1.17 22.9 0.0715 - - - n.d.
2 491 109 22 198000 153000 115000 161000 1.23 253 0.0946 83:17 85:15 0.14 n.d.
3 491 109 26 203000 157000 114000 171000 1.19 254 0.0980 81:19 83:17  0.15 —50.8, 42.9
4 491 109 28 210000 160000 122000 175000 1.20 25.8  0.1036 80:20 82:18  0.16 n.d.
5 491 109 35 206000 168000 124000 167000 1.23 26.8 0.1080 76:24 77:23 0.21 —51.6, 54.1
6 491 109 51 236000 186000 142000 186000 1.27 28.8 0.1292 69:31 70:30  0.27 —51.1, 67.5
7 491 109 52 239000 187000 136000 196000 122 282  0.1261 68:32 70:30 027 n.d.
8 491 109 71 252000 209000 152000 202000 1.25 30.1 0.1376 60:40 62:38 035 —51.5,73.2
9 491 109 99 332000 240000 197000 235000 1.41 33.8 0.1603 52:48 53:47  0.44 —52.2, 80.5
10 560 2 0 176000 142000 123000 149000 1.18 244 0.0825 - - - n.d.
11 560 2 158 229000 175000 170000 191000 1.20 27.3 0.1120 81:19 81:19 0.17 —51.4, 86.1
12 560 2 298 273000 204000 214000 228000 1.20 30.5 0.1276 70:30 70:30  0.27 —51.0, 92.5

[a] Polymerization conditions: [St]/[C—X bonds in the macroinitiator]y/[[Ru(Ind)CI(PPhs),]],/[nBu;N],=3000-6000:10:1.0:5.0 mm in toluene at 80-100°C
(codes 1-9); [St]/[C—X bonds in the macroinitiator]y/[[Ru(Cp*)Cl(PPhs),]]y/[nBusN],=2000:2.5:4.0:40 mMm in toluene at 80°C (codes 10-12). Cp* =pen-
tamethylcyclopentadienyl. [b] Determined by 'H NMR spectroscopy. [c] Measured by SEC with a multiangle laser light scattering (MALLS) detector
(A=633 nm). [d] M,(calcd)= M, (macroinitiator, calcd)+ ([M]y/[C—X]) x conversion x Fx MW(St). [e] The number-average molecular weight (M,), the
weight-average molecular weight (M,,), and the polydispersity index (M,/M,) were determined by size-exclusion chromatography (SEC) with a refrac-
tive-index (RI) detector (PMMA standard). [f] M,(MALLS) =M, (MALLS)/(M,/M,(SEC)). [g] The refractive index increment was measured with a re-
fractometer (A=633 nm). [h] Calculated from the feed ratio and monomer conversion. [i] Calculated from the reported densities: d(poly(DMA))=
0.929 gem =31 d(PSt)=1.05 gem = [j] The glass transition temperature was determined by differential scanning calorimetry (DSC); n.d.=not deter-
mined.

X X %r;y E%NO HO o
Y™ X
o S S ¢

Scheme 2. Detachment of PSt graft chains from the backbone chain. DMF = N,N-dimethylformamide.

"\ 10000 7100 3600 L

1338 124 141

Morphology of A BA, Block-Graft Copolymers

We analyzed the bulk morphology of a series of the meth-
acrylate-styrene-based A ,BA, block—graft copolymers, the
< PSt-graft-chain lengths of which were changed systematical-
s ly while keeping the molecular weight of the middle poly-

—_
o
T

[
T

g d41.6 (DMA) segments the same. We found by TEM that the

N 1.4 DMA/St content of these polymers varied in the range

. . ) . . IO o :s 85:15-53:47 (w/w) (Figure 4). In these TEM images, the PSt
106 10° 104 10° %0 5 10 15" domains were stained dark with RuO,. In contrast to the

MW (PSt) M, (calcd) x 1078

all-methacrylate A,BA, block—graft copolymers, which ex-
hibited complex microphase-separated structures, probably
as a result of the similarity in the structures of the PMMA
and poly(DMA) segments,” the methacrylate-styrene-
based counterparts were found to have clearer, nanoordered
microphase-separated structures. As observed for the linear

Figure 3. SEC curves of the original I,BI, multifunctional macroinitiator
(solid line) and the hydrolyzed products from the A BA, block—graft co-
polymers (codes 3, 6, and 8 in Table 1; dashed or dotted lines), and M,
(@) and M, /M, (O) of the detached PSt graft chains.

tiate the graft polymerization of styrene to form PSt graft
chains with controlled molecular weights and produce well-
defined methacrylate-styrene-based A,BA, block—graft co-
polymers.
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block polymers, the morphologies can be changed systemati-
cally by changing the composition. As the weight fraction of
PSt (fpsiw) increased, the morphology changed in the follow-
ing order: spheres or cylinders of PSt (fps.,=0.15 (Fig-
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Figure 4. TEM images of the A ,BA, block-graft copolymers (F=10.9).
a) M,(MALLS)=161000, M,/M,=1.23, B/A=85:15; b) M ,(MALLS)=
171000, M, /M,=1.19, B/A=83:17; c¢) M ,(MALLS)=167000, M, /M,=
1.23, B/IA=77:23; d) M,(MALLS)=186000, M,/M,=1.27, B/A=70:30;
e) M, (MALLS)=202000, M, /M,=1.25, B/A=62:38; f) M,(MALLS)=
235000, M,/M,=1.41, B/A=53:47. The films were stained with RuQOy,;
scale bars: 200 nm.

ure 4a)-0.17 (Figure 4b)), the coexistence of cylindrical and
lamellar phases and/or cylindrical phases with different
grains (fps,i=0.23 (Figure 4c¢)), lamellae (fps,,, =0.30 (Fig-
ure 4d)-0.38 (Figure 4¢)), and finally, the coexistence of
poly(DMA) cylinders and lamellae or two cylindrical phases
(fesiw=0.47 (Figure 41)). Especially in the TEM image of
the specimen with the 17 wt% PSt fraction (Figure 4b), a
morphology of highly ordered, long-range hexagonally
packed PSt domains in a poly(DMA) matrix was observed.
More interestingly, the PSt cylinders appear to have a hexa-
gon-like cross-section and thus form a “honeycomb” mor-
phology, as described later. To make sure that these polymer
morphologies can be observed over the entire samples, we
also analyzed a series of the samples by TEM over a wider
range (see the TEM images with lower magnification in the
Supporting Information). These images showed similar mor-
phologies to those in Figure 4 over the whole region.

Milner proposed that the introduction of a branched ar-
chitecture into block copolymers results in asymmetry in the
phase diagram: The larger excluded volume of the graft
chains anchored around the domain boundary relative to
that of a single block chain causes an interfacial curvature."!
The volume-fraction windows for our A ,BA, block—graft co-
polymers were thus shifted to lower volume fractions of the
larger-number component (PSt in this case) than those for
the corresponding linear block copolymers. These phenom-
ena were also observed for A,B, A;B, and A;B miktoarm
copolymers and A,BA, H-shaped copolymers of isoprene
and styrene that were prepared by living anionic polymeri-
zation, although some deviations from the theory were sug-
gested.") The A BA, block—graft copolymers prepared by
simple living radical polymerization also showed similar
asymmetry to that predicted by Milner’s theory and similar
deviations from the theory. The coexistence of poly(DMA)
cylinders and lamellae or two cylindrical phases vertical and
parallel to the cross-sectional direction were observed even
with a 47 wt% PSt fraction (Figure 4 f). The microstructure
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was further clarified by TEMT, as described below. The pos-
sibility of controlling the morphology through the branching
number without changing the volume fraction or the hard-
ness of the material would be beneficial for materials
design. Although it has already been shown for miktoarm
and H-shaped polymers prepared by living anionic polymer-
izations that a particular morphological design can be at-
tained not only by changing the volume fraction but also
through changes in the molecular architecture, this study ex-
tends the concept to living radical polymerizations, which
would be more practical for making materials.

To clarify the morphologies of the A ,BA, block—graft co-
polymers in more detail, two samples were studied by
TEMT: one with hexagon-like cylinder morphology (fps; =
0.17) and the other with mixtures of cylinders and lamellae
or two cylindrical phases (fps.,=0.47). Figure 5 shows two-

Figure 5. Two-dimensional planar (x, y) and cross-sectional (x, z; y, z)
slices of the morphologies as observed by 3D TEMT (a and b) and 3D
solid renditions of the poly(DMA) microdomains within a transparent
PSt matrix (c and d: 400x400x50 nm). a, c¢) M,(MALLS)=171000,
M,/M,=1.19, B/A=83:17; b, d) M ,(MALLS)=235000, M,/M,=141,
B/A =53:47). The z axis is parallel to the depth direction of the ultrathin
section. Dashed and solid lines in each cross-section represent the posi-
tion of two other orthogonal cross-sections.

dimensional planar (x, y) and cross-sectional (x, z; y, z)
slices of the morphologies as observed by TEMT and 3D
solid-rendered images of the poly(DMA) microdomains
within a transparent PSt matrix. The electron beam comes
from the z direction. The 3D reconstructed images of the
morphologies in Figure Sc and d prove the existence of or-
thogonally aligned hexagon-like “honeycomb” cylinders
(festw=0.17; Figure 5¢), which are clearly different from
normal circular cylinders, and the coexistence of lamellar/cy-
lindrical morphologies (fps.w=0.47; Figure 5d), both of
which are aligned with the z axis. Although the “honey-
comb” morphology has been reported for multiple-compo-
nent copolymers, such as ABC triblock, ABC heteroarm
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star, and ABCD tetrablock copolymers and their blends,
this is the first time that the hexagon-like “honeycomb”
morphology has been observed in two-component A ,BA,
block—graft copolymers.’”! Furthermore, TEMT of the
second sample (fpsw=0.47) indicated the coexistence of
poly(DMA) cylinders and lamellae more clearly and direct-
ly.

To characterize further the morphologies built by the
A,BA, block—graft copolymers in comparison to those of
the ABA triblock copolymers, a series of PSt-b-poly(DMA)-
b-PSt polymers with similar compositions were synthesized
by ruthenium-catalyzed living radical polymerization ac-
cording to Scheme 3. As summarized in Table 1, the triblock
copolymers obtained also exhibited controlled molecular
weights, narrow MWDs, and the desired compositions of
DMA and St: Codes 11 and 12 of the ABA triblock copoly-
mers have DMA/St ratios similar to those of codes 3, 4 and
codes 6, 7 of the A,BA, block—graft copolymers, respective-
ly.

The ABA samples with DMA/St=81:19 (Figure 6a) and
70:30 (Figure 6b) exhibited spherical and cylindrical mor-
phologies, respectively, as expected from the comonomer
compositions for the conventional block copolymers. As
mentioned above, the A,BA, samples with similar PSt com-
positions formed cylinders (Figure 6¢; DMA/St=83:17) and
lamellae (Figure 6d; DMA/St=70:30), respectively, in
volume-fraction windows that were apparently shifted to
lower volume fractions of the larger-number component.
These morphologies were crucial for some of the mechanical
properties observed. The A,BA, block-graft copolymers
showed similar mechanical properties to ABA triblock co-
polymers with different compositions but similar morpholo-
gies.

Mechanical Properties of A BA, Block-Graft Copolymers

The mechanical characteristics of the ABA, copolymers
were evaluated in terms of their dynamic viscoelasticity and
tensile stress—strain properties along with the ABA triblock
copolymers. Figure 7 shows the dynamic tensile storage
modulus (E') and tan 6 (=E"/E") as a function of tempera-
ture. In all spectra, the storage moduli showed the two loss
peaks associated with the glass transitions of the poly-
(DMA) and PSt domains in the microphase-separated struc-
ture and a rubbery plateau between the two transition tem-
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Figure 6. TEM images of the ABA triblock copolymers: a)M,-
(MALLS)=191000, M,/M,=120, B/A=81:19; b)M,(MALLS)=
228000, M,/M,=1.20, B/A=70:30); and A,BA, block—graft copolymers
(F=10.9): ¢) M,(MALLS)=171000, M,/M,=1.19, B/A=83:17; d) M,-
(SEC)=186000, M,/M,=1.27, BIA=70:30. The films were stained with
RuO,.

tan &

1004 : : : 0
-100 -50 0 50 100 150
T/°C

Figure 7. Dynamic tensile storage moduli (E’) and tan J as a function of
temperature for the A BA, block-graft copolymers (F=10.9; solid line:
M, (MALLS)=175000, M,/M,=1.20, B/A=82:18; dashed line: M,-
(MALLS)=196000, M,/M,=1.22, B/A=70:30) and ABA triblock co-
polymers (dash-dotted line: M, (MALLS)=191000, M,/M,=1.20, BIA=
81:19; dotted line: M, (MALLS)=228000, M,/M,=1.20, B/A=70:30).
Heating rate: 10°Cmin™'; frequency: 11 Hz.
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Scheme 3. Synthesis of ABA triblock copolymers by ruthenium-catalyzed living radical polymerization.
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peratures. These results indicate that the A BA, block—graft
copolymers (dashed and solid lines) behave as thermoplastic
elastomers between the two transitions, in which the PSt do-
mains serve as anchor phases, in a similar way to the ABA
triblock copolymers (dotted and dashed—dotted lines). The
storage moduli of the plateau in the ABA, block—graft co-
polymers were higher than those in the corresponding ABA
triblock copolymers and became lower as the PSt content
increased. More interestingly, at a lower temperature, the
tensile moduli of A,BA, (solid line; code 4; DMA/St=
82:18) and ABA (dotted line; code 12; DMA/St=70:30)
were the same, although the polymers had different A/B
compositions, and became different at a higher temperature
as a result of the difference in the 7, values of the PSt seg-
ments. The differences in the morphologies probably led to
the differences in these properties, as mentioned above.
Figure 8 shows the stress—strain curves of the A,BA,
block—graft and ABA triblock copolymers. As also summar-
ized in Table 2, the mechanical strength and strain at break

Stress/MPa
N

N

OO 100 200 300 400
Strain/ %

Figure 8. Stress—strain curves of the A ,BA, block-graft copolymers (F=
10.9; solid line: M,(MALLS)=175000, M, /M,=1.20, BIA=82:18, fps.,,=
0.18; dashed line: M, (MALLS)=196000, M.,/M,=1.22, B/A=70:30,
fosiw=0.30) and ABA triblock copolymers (dash-dotted line: M,-
(MALLS)=191000, M,/M,=1.20, B/A=81:19, fp5,,=0.19; dotted line:
M,(MALLS)=228000, M,/M,=1.20, B/A=70:30, fps,,=0.30).

of all the copolymers were relatively low (1-6 MPa) com-
pared to the values for commercially available styrene-
diene block copolymers,”! most probably as a result of the
central poly(DMA) blocks, which have a high molecular
weight between chain entanglements, M, (M.,(DMA)=
115000).4¢41 The stresses at the early stage of the tensile
test (Young modulus) of the A,BA, block—graft copolymers
(dashed and solid lines) were apparently dependent on the
PSt content and were much higher than those of the corre-

Table 2. Tensile properties of A BA, block—graft and ABA triblock copolymers.
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sponding ABA copolymers (dotted and dashed-dotted
lines). We also ascribe these differences to the differences in
the morphologies. The tensile strength and strain at break of
the A,BA, block—graft copolymers were comparable to
those of the corresponding ABA samples. In contrast, the
values of tensile strength and strain at break for multigraft
copolymers with equally spaced graft chains prepared by
living anionic polymerization increased in proportion to the
number of the junction points.!”! Thus, the mechanical prop-
erties at break for these DMA/St copolymers are dependent
on the comonomer content but not on the microphase struc-
ture, whereas the dynamic viscoelasticity and the Young
modulus are determined by the morphology. These results
suggest that the A,BA, block—graft copolymers have specific
mechanical properties, which are clearly different from
those of the ABA triblock copolymers and graft copolymers
with equally spaced graft chains. The rheological properties
of the A,BA, block—graft copolymers are now under investi-
gation.

Conclusions

Novel well-defined A,BA,-type block-graft copolymers
were prepared readily by ruthenium-catalyzed living radical
block and graft copolymerization. The characteristic nanoor-
dered microphase separation, which is different from that of
conventional ABA triblock copolymers, resulted in different
types of TPEs. This study widens the scope of materials
design based on well-defined copolymer structures, as the
morphologies of these copolymers can be controlled by
changing the molecular architecture, that is, the branching
number, without changing the comonomer composition,
which may affect other properties of the material.

Experimental Section

Materials

Styrene (Wako Chemicals, >98%), DMA (Tokyo Kasei, >99%), and
TMSHEMA (Aldrich, >96 %) were distilled from calcium hydride under
reduced pressure before use. [Ru(Ind)CI(PPh;),] and [Ru(Cp*)Cl(PPh;),]
(both provided by Wako Chemicals) were used as received. All metal
compounds were handled in a glove box (VAC Nexus) under a moisture-
and oxygen-free argon atmosphere (<1 ppm O,). Toluene was distilled
over sodium benzophenone ketyl, and dry nitrogen was bubbled into it
for 15 min just before use. nBu;N (an additive) and tetralin (an internal
standard for NMR spectroscopic or gas chromatographic analysis of the
monomers) were distilled from calcium hydride before use. 2-Bromoiso-

Codel®!  F*! DMA/St (w/ Young modulus 100 % modulus Tensile strength at break Elongation at break Morphology!!
(m42) w)l! [MPa] [MPa] [MPa] [%]

4 10.9 82:18 8.4 1.6 1.8 310 cylinders

7 10.9 70:30 210 - 5.6 66 lamellae
11 2 81:19 0.33 0.18 1.3 280 spheres
12 2 70:30 3.5 33 4.6 140 cylinders
[a] Code numbers as in Table 1. [b] Determined by 'H NMR spectroscopy. [c] Observed by transmission electron microscopy (TEM).
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butyryl bromide (Aldrich, >98%) and 2,2-dichloroacetophenone (Al-
drich, >97 %) were distilled before use.

Synthesis of the Multifunctional Macroinitiator

All polymerizations were carried out by syringe techniques under dry
nitrogen in a flask equipped with a three-way stopcock.

Typical procedure: [Ru(Ind)CI(PPh;),] (25.4 mg, 0.032 mmol), toluene
(143 mL), tetralin (0.5 mL), DMA (46.8 mL, 160 mmol), CHCL,(COPh)
(0.8mL of a 400 mm solution in toluene, 0.320 mmol), and nBu;N
(1.6 mL of a 400 mm solution in toluene, 0.640 mmol) were placed in a
100-mL round-bottomed flask at room temperature. (The total volume of
the reaction mixture was 64.0 mL.) The flask was placed in an oil bath
maintained at 80°C, and the reaction mixture was stirred vigorously.
When the monomer conversion had reached 93% (46 h), TMSHEMA
(3.2 mL of a 1.0M solution in toluene, 3.20 mmol) was added. After a pre-
determined period of time (38 h), the polymerization was terminated by
cooling the reaction mixture to —78°C. Monomer conversion was deter-
mined by '"H NMR spectroscopy with tetralin as an internal standard.
Toluene (20 mL) and 2-bromoisobutyryl bromide (0.8 mL, 6.4 mmol,
2.0 equiv with respect to the trimethylsilyoxy units) were added to the
quenched reaction mixture, and the resulting mixture was stirred at room
temperature for 24 h then precipitated into acetone. The precipitate was
then dissolved in toluene and reprecipitated in acetone. This precipitation
was repeated twice. The precipitate was then dissolved in toluene and
reprecipitated into methanol. This procedure was repeated three times.
The precipitate was then evaporated to dryness and dried overnight in
vacuo at room temperature to yield the product (38.0g, 93%; M,=
97000, M, /M,=1.17). The polymer was dissolved in distilled toluene to
give a 2.0M solution for graft copolymerization.

Synthesis of A.BA, Block-Graft Copolymers

Graft copolymerizations were also carried out by syringe techniques
under dry nitrogen in a flask equipped with a three-way stopcock.

Typical procedure: The macroinitiator I.BI, (17.7 mL, 0.381 mmol with
respect to the C—Br bonds), toluene (5.0 mL), tetralin (1.7 mL), styrene
(13.5mL, 117 mmol), [Ru(Ind)CI(PPh;),] (30 mg, 0.038 mmol), and
nBu;N (048 mL of a 400 mm solution in toluene, 0.192 mmol) were
placed in a 50-mL round-bottomed flask at room temperature. (The total
volume of the reaction mixture was 38.4 mL.) The flask was placed in an
oil bath maintained at 100°C, and the reaction mixture was stirred vigo-
rously. After a predetermined period of time, the polymerization was ter-
minated by cooling the reaction mixture to —78°C. Monomer conversion
was determined by gas chromatography with hexane as an internal stan-
dard. The quenched reaction mixture was precipitated into methanol,
and the precipitate was isolated by centrifugation. The precipitation was
repeated twice, then the precipitate was evaporated to dryness and dried
overnight in vacuo at room temperature to yield the product (6.36 g,
94 %; M,=136000, M, /M,=1.22).

Synthesis of ABA Triblock Copolymers by Ruthenium-Catalyzed Block
Copolymerization of Styrene

Typical procedure for the synthesis of the poly(DMA) bifunctional mac-
roinitiator: [Ru(Ind)CI(PPhs),] (12.7 mg, 0.017 mmol), toluene (7.0 mL),
tetralin (0.6 mL), DMA (23.4 mL, 79.8 mmol), CHCL,(COPh) (0.1 mL of
a 800 mm solution in toluene, 0.080 mmol), and nBus;N (0.80 mL of
400 mm solution in toluene, 0.320 mmol) were placed in a 50-mL round-
bottomed flask at room temperature. (The total volume of the reaction
mixture was 32.0 mL.) The flask was placed in an oil bath maintained at
80°C, and the reaction mixture was stirred vigorously. After a predeter-
mined period of time (10h), the polymerization was terminated (at
~56 % conversion) by cooling the reaction mixture to —78°C. Monomer
conversion was determined by '"H NMR spectroscopy with tetralin as an
internal standard. The reaction mixture was precipitated into acetone,
and the precipitate was isolated by centrifugation. The precipitation was
repeated twice. The precipitate was then dissolved in toluene and precipi-
tated into methanol. This procedure was repeated three times. The pre-
cipitate was then evaporated to dryness and dried overnight in vacuo at
room temperature to yield the product (12.5g, 94%; M,=123000,
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M /M,=1.18). The polymer was dissolved in distilled toluene to give a
2.0Mm solution for block copolymerization.

Typical procedure for the block copolymerization of styrene: The poly-
(DMA) bifunctional macroinitiator (18.2 mL, 0.0702 mmol with respect
to the C—Cl bonds), tetralin (0.50 mL), styrene (6.5 mL, 56.5 mmol), [Ru-
(Cp*)CI(PPhs),] (89.5 mg, 0.112 mmol), and nBu;N (2.81 mL of a 400 mm
solution in toluene, 1.12 mmol) were placed in a 50-mL round-bottomed
flask at room temperature. (The total volume of the reaction mixture was
28.1 mL.) The flask was placed in an oil bath maintained at 80°C, and
the reaction mixture was stirred vigorously. After a predetermined
period of time, the polymerization was terminated by cooling the reac-
tion mixture to —78°C. Monomer conversion was determined by gas
chromatography with tetralin as an internal standard. The quenched reac-
tion mixture was precipitated into acetone, and the precipitate was isolat-
ed by centrifugation. The precipitation was repeated twice, then the pre-
cipitate was evaporated to dryness and dried overnight in vacuo at room
temperature to yield the product (6.65¢g, 93%; M,=214000, M. /M,=
1.20).

Detachment of PSt Graft Chains from the Backbone

The ABA, block—graft copolymer with PSt graft chains (50 mg) was
placed in a 25-mL round-bottomed flask and dissolved in N,N-dimethyl-
formamide (7.5mL). A solution of KOH (0.3 g) in methanol (2.5 mL)
was added, and the mixture was heated at 60°C for 24 h. The solvent was
then removed by evaporation, and CHCl; (10.0 mL) was added to the re-
maining solid. The resulting solution was washed with water (3x
10.0 mL), and the organic layer was evaporated to dryness to yield the
product, which was subsequently dried overnight in vacuo at room tem-
perature to give 39 mg of a mixture of the backbone polymers and the
detached PSt.

Measurements

'HNMR spectra were recorded on a Varian Gemini 2000 spectrometer
(400 MHz). The number-average molecular weights (M,) and molecular-
weight distributions (MWDs: M, /M,) of the polymers were measured by
SEC with THF at a flow rate of 1.0 mLmin' at 40°C on two polysty-
rene-gel Shodex KF-805L columns connected to a JASCO PU-980 preci-
sion pump and a JASCO RI-930 detector. The molecular weight was cali-
brated against seven standard poly(methyl methacrylate) samples (M, =
1,990-6,590,000) or eight standard polystyrene samples (M,=526—
900,000). Monomer conversions were determined from the concentration
of the residual monomer as measured by gas chromatography with tetra-
lin as an internal standard. The absolute weight-average molecular
weight (M,,) of the polymers was determined by multiangle laser light
scattering in tetrahydrofuran (THF) at 40°C on a Wyatt Technology
DAWN DSP photometer (A=633 nm). The refractive index increment
(dn/dc) was measured in THF at 25°C on a Wyatt Optilab rEX refrac-
tometer (A=633nm); the dn/dc values were in the range 0.072—
0.160 mLg™" for the A,BA, block—graft copolymers. The glass transition
temperature (7,) of the polymers was recorded by differential scanning
calorimetry on an SSC-5200 instrument (Seiko Instruments Inc.). Sam-
ples were first heated to 150°C at 10°Cmin~', then equilibrated at this
temperature for 5 min, and cooled to —120°C at 5°Cmin~". The samples
were held at this temperature for 20 min, then reheated to 150°C at
10°Cmin"". All T, values were obtained from the second scan after re-
moving the thermal history. Sample films for dynamic tensile viscoelastic-
ity were prepared by hot-press molding of the copolymers at 230°C. Dy-
namic tensile storage (E') and loss (E”) moduli and tan 6 (E"/E') were
measured on a UBM Rheogel-E4000 spectrometer operating at a fre-
quency of 11 Hz (heating rate: 10°Cmin"). For TEM, a film specimen
was prepared by casting from a 5 wt% solution in toluene for 2 weeks.
The cast film was annealed at 140°C for 24 h under vacuum and stained
subsequently by exposure to ruthenium tetraoxide (RuO,) vapor for
2 min. The stained film thus obtained was cryomicrotomed with a dia-
mond knife at —120°C by using a Lica Ultracut UCT. The ultrathin sec-
tion of approximately 100 nm was transferred onto a Cu mesh grid with a
polyvinylformal substrate. TEM and TEMT experiments were performed
with an energy-filtering transmission electron microscope with a field-
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emission gun operated at 200kV (JEM-2200FS, JEOL Co., Ltd.,
Japan).’'? The tensile properties (Young modulus, tensile strength at
break, and elongation at break) were measured on compression-molded
dogbone specimens (width: ~4.0 mm; thickness: ~0.6-0.7 mm) by using
an Instron Universal Testing Machine 5566 at a crosshead speed of
200 mmmin~" at 23°C. At least two specimens per sample were tested.
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