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ABSTRACT: We report a systematic study on nanophase-separated structures from block- and graft-type
supramacromolecules via acid-base complexation, where supramacromolecules are termed as supramolecules
composed of a pair of macromolecules with complementary noncovalent bonding moieties. Block- or graft-type
supramacromolecules were built up by blending component polymers, that is, sulfonic acid-terminated polystyrene
(PS-SO3H, Mn ) 19 k) or polystyrene-block-poly(4-styrenesulfonic acid) (PS-P(SSO3H), Mn )23k) with primary
amine-terminated polyisoprene (PI-NH2, Mn ) 17 k). Self-assembled nanostructures of the blends were confirmed
complementarily by transmission electron microscopy and small-angle X-ray scattering. At larger acid/base molar
ratio, the blends show comparatively ordered nanophase-separated structures without macrophase-separated large
PS domain. Morphological transition controlled by composition has occurred in the blends of PS-P(SSO3H)/PI-
NH2 as ordinary block copolymers show, though the blends of PS-SO3H/PI-NH2 showed macrophase separation
at excess ratio of PI-NH2 to PS-SO3H. The difference in composition dependence of morphology between two
blend series is resulted from stoichiometric effects of sulfonic acid vs amine. Therefore, PS-P(SSO3H) is more
useful to build up various supramacromolecular complexes with PI-NH2 than PS-SO3H just by changing the
molar ratios of component polymers, that is, multiple noncovalent bonding can be found more advantageous,
resulting in conforming graft-type supramacromolecules, not a block-type supramacromolecule from PI-NH2 and
PS-SO3H.

Introduction

Nanophase-separated structures of block copolymers have
been extensively studied for four decades1-7 because they have
been expected to be a variety of highly functional materials. In
addition, supramolecular concepts have attained increasing
attention in macromolecular science, since one can design new
supramolecular architectures with interesting morphologies or
physical properties originated from noncovalent bonding.7-17

On the basis of the interests in both polymer and supramolecular
science, “supramacromolecular assembly” from a pair of dif-
ferent macromolecules with complementary noncovalent bond-
ing moieties has been studied recently.18-37 There are at least
two types of experimental researches by using of supramacro-
molecular assembly. One is producing supramacromolecules by
utilizing comparatively low association strength with a small
number of hydrogen bonds to provide thermal-tunabili-
ty.11,28,31,33,38 The other is a study to create more stable
supramacromolecular complexes with high association strength
such as a large number of hydrogen bonds,7,26,30 acid-base
complexation,18,19,21,22,27,32 and metal-to-ligand coordina-
tion.13,14

We have been investigating supramacromolecules to search
thermal-tunability in mesoscopic structure formation in com-
parison with conventional self-assembly manner of block- and
graft- polymers33,39 and to observe more complex hirerachical
structures beyond those of regular copolymers.7,30 In those
works, in principle, one set of noncovalent bonding moiety was
attached on an end of each macromolecular building block to
give a one-to-one complex, therefore, we could realize one-to-
one complex via complementary noncovalent bonding only
when we blend each building block stoichiometrically. Obvi-
ously, this limits wide-range utilization of the supramacromo-
lecular concept. However, it could be widely useful if a variety

of supramolecular connectivities is introduced, which gives one-
to-n (n > 1) complexes in addition to usual one-to-one complex.
Two different building blocks are required for this purpose. One
carries on multiple moieties and the other has only one moiety.
Ikkala and ten Brinke et al. employed a similar concept to have
complexes via supramolecular assembly, that is, supramolecular
comb copolymers composed of poly(4-vinylpyridine) and am-
phiphilic molecules, such as 3-pentadecylphenol and 4-nona-
decylphenol, while they have not investigated 1-to-1 complexes
in detail because of large molecular size difference.9,40,41

Here we present a building-up method of a variety of
supramacromolecular complexes composed of a pair of mac-
romolecules using the above concept. (Figure 1) Actually,
stoichiometric effects on morphology of block- and graft-type
supramacromolecules via acid-base complexation was studied
and compared, just changing the blend ratio of macromolecular
building blocks. The blends composed of polystyrene end-
modified with sulfonic acid (PS-SO3H), and polyisoprene end-
modified with primary amine (PI-NH2), were prepared to build
up a block-type supramacromolecule. Furthermore, the blends
composed of polystyrene-b-poly(4-styrenesulfonic acid) (PS-
P(SSO3H)) and PI-NH2 were prepared to build up mainly graft-
type42-44 supramacromolecules. Sulfonic acid and amine45 were
known to form a one-to-one complex via acid-base complex-
ation, which shows strong interaction power and hence leads
to supramolecular formation.46 In fact, there are several reports
that these two moieties are very useful and functional units to
build up one-to-one supramacromolecular complexes from
different polymers, including pioneering work by Horrion et
al. followed by the work of Russell et al. and so
on.18,19,21,22,27,32,47 In the present study, therefore, we examine
the usefulness of these moieties for building up one-to-n
complexes (n > 1) in addition to a one-to-one complex.
Nanophase-separated structures resulted from supramacromol-
ecules were discussed by changing molar ratio of building
blocks, namely, mole ratio of acid versus base.
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Experimental Section

Materials. Styrene, isoprene, azobis-isobutyronitrile (AIBN),
DMF, hydrochloric acid, and methanol were purchased from
Kishida Regents Chemicals. 2,2,5,5-Tetramethyl-1-(3-bromopro-
pyl)-1-aza-2,5-disilacyclopentane, 1,1-diphenylethylene, and 1,4-
butane sulton were purchased from Aldrich, while sec-butyllithium
solution, tetrahydrofuran (THF), sodium p-styrenesulfonate, and
Solmix (A-7) were provided from Mitsuwa’s pure chemical,
Hayashi pure chemicals, TCI, and Japan Alcohol Trading Co. Ltd.,
respectively. Styrene, isoprene, 1,4-butane sulton, disilacyclopen-
tane, 1,1-diphenylethylne, and THF for anionic polymerization were
distilled before use as in the literature.48 Styrene for RAFT
polymerization was purified by passing through an aluminum oxide
column. The others were used as received.

Synthesis of Polystyrene End-Modified with Sulfonic Acid.
Polystyrene end-modified with sulfonic acid (abbreviated as PS-
SO3H) was synthesized as follows (Scheme 1).49 Styrene was
polymerized in THF at -78 °C at high vacuum by using cumyl
potassium as an initiator via living anionic polymerization,48 and
then terminated with 1,1-diphyenylethylene. Subsequently, 1,4-
butane sulton was added into THF solution with living polystyryl
anions and the temperature of the solution was made back to RT
gradually. After the color of living anions disappeared, this solution
was precipitated into methanol three times to remove excess amount
of 1,1-diphenylethylene and 1,4-butane sulton. To convert the end
of SO3

-K+ to SO3H, the THF solution of the obtained polymer
was prepared, and hydrochloric acid was added to this solution.

The polymer was precipitated into methanol with a small amount
of hydrochloric acid, and the obtained polymer was dried in Vacuo.
Reprecipitation procedure was repeated three times.

Synthesis of Polyisoprene End-Modified with Primary Amine.
Polyisoprene end-modified with primary amine (abbreviated as PI-
NH2) was also synthesized at high vacuum by cumyl potassium
via living anionic polymerization (Scheme 2).50 Living polyiso-
prenyl anion was terminated with 2,2,5,5-tetramethyl-1-(3-bro-
mopropyl)-1-aza-2,5-disilacyclopenetane, and the solution was
precipitated into methanol multiple times to remove excess amount
of the unreacted compounds. To convert 1-aza-2,5-disilacyclopen-
tane unit on each chain end to NH2, the THF solution of the obtained
polymer was prepared, and hydrochloric acid was added to this
solution. PI-NH2 thus prepared was purified with multiple repre-
cipitations, and the obtained polymer was dried in Vacuo.

Synthesis of Polystyrene-b-poly(4-styrenesulfonic acid). Poly-
styrene-b-poly(4-styrenesulfonic acid) (abbreviated as PS-P(SS-
O3H)) was synthesized via reversible addition-fragmentation chain
transfer (RAFT) polymerization (Scheme 3).39,51-54 The mono-
functional chain transfer agent (CTA), S-1-dodecyl-S′(R,R′-dimeth-
yl-R′′ -acetic acid) trithiocarbonate, required for RAFT polymeri-
zation was prepared according to the literature.52 Sodium
p-styrenesulfonate as received (0.85 g, 4.1mmol) was polymerized
in mixed solvent of DMF/water (2.4 mL/4.8 mL) at 80 °C for 5 h
with AIBN (6.8 mg, 0.041mmol) and a CTA (0.10 g, 0.27 mmol).
After the proper deactivation by cooling with dry ice methanol,
poly(sodium p-styrenesulfonate) macro-CTA (abbreviated as
P(SSO3Na)) was purified with reprecipitation from a solution of
DMF/water (1/2) into hexane/Solmix (3/1) three times. Then,
styrene (2.64 g, 0.25mol) was polymerized in DMSO (6 mL) at
130 °C for 19 h with AIBN (3.4 mg, 0.02mmol) from the macro-
CTA (0.24 g, 0.9mmol). After deactivation with dry ice methanol,

Figure 1. Schematic illustrations of block- and graft-type supramac-
romolecules: (a) A block-type supramacromolecule composed of a blue
polymer with one noncovalent bonding moiety and a red polymer with
one counterpart moiety; (b) A block-type supramacromolecule com-
posed of a blue polymer with multiple moieties and a red polymer
with one counterpart moiety. The former blend will show saturation at
the excess molar amount of red polymer chain (c), while the latter will
provide a graft-type supramacromolecule (d).

Scheme 1. Synthesis of Polystyrene End-Modified with Sulfonic
Acid

Scheme 2. Synthesis of Polyisoprene End-Modified with Primary
Amine

Scheme 3. Synthesis of Polystyrene-b-poly(4-styrenesulfonic
acid)
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PS-P(SSO3Na) was obtained and purified with reprecipitation of
DMF solution into hexane/Solmix (10/1) three times. PS-P(SSO3Na)
was converted to PS-P(SSO3H) by acidifying THF/ toluene mixture
solution of PS-P(SSO3Na), and PS-P(SSO3H) was collected and
dried in Vacuo.

Characterization. Size exclusion chromatography (SEC) was
performed to measure polydispersity of all samples by using DP-
8020 dual pump combined with two or three TSK-GEL columns
and RI-8022 reflectometer (Tosoh Corp.). The detailed conditions
of each measurement were described in Supporting Information.
500 MHz 1H NMR (Varian) was used to determine molecular
weights of PI-NH2 and P(SSO3Na), and end-functionality of PS-
SO3H, PI-NH2 by end-group determination method. 55 The mole
ratio of PS/ P(SSO3H) in the PS-P(SSO3H) block copolymer was
also measured by 1H NMR, and the molecular weight of PS-
P(SSO3Na) was calculated from the degree of polymerization of
P(SSO3Na) and the mole ratio (see Supporting Information).
Molecular characteristics of all samples used in this work were
summarized in Table 1. Polydispersity indices (PDIs) for all
component polymers are less than 1.1 and low enough for
morphological observation,48,56 as shown in Figure 2. Molecular
weights of all the polymers are around 20 k. The end-functionality
of PS-SO3H, PI-NH2 determined by 1H NMR is 98 and 95%,
respectively, which means the number of end-groups (sulfonic acid
and primary amine) for these polymers are almost 1. It is revealed
that PS-P(SSO3H) has 13 sulfonic acid units by 1H NMR.

Blend Samples and Morphological Observations. Blend
samples were prepared from PS-SO3H and PI-NH2 or PS-P(SSO3H)
and PI-NH2, leading to two series. Sample preparation is as follows:
Each component polymer was dissolved in the mixed solvent of
THF/toluene/water (66/33/1) and the films were cast from the blend
solutions on Teflon petri dishes at RT for 1 day. THF and toluene

dissolve PS and PI components, while a small amount of water
was added to enhance solubility of P(SSO3H) component. The
solvent-cast films were thermally annealed at 120 °C for 2 days.
The number of the blends prepared for PS-SO3H/PI-NH2 is seven,
and their blend ratios are 9/1, 5/1, 3/1, 1/1, 1/3, 1/5, and 1/9 by
weight, respectively. The same blending manner was applied to
the PS-P(SSO3H)/PI-NH2 series. The weight ratios of component
polymers and mole ratios of sulfonic acid vs amine are listed in
Tables 2 and 3 for both PS-SO3H/PI-NH2 and PS-P(SSO3H)/PI-
NH2. Blend samples of PS-SO3H/PI-NH2 were named as b-x/y,
where x/y means the PS-SO3H/PI-NH2 weight ratio. Blend samples
of PS-P(SSO3H)/PI-NH2 were also named as g-x/y along the same
line for b-x/y. To observe morphology of the blends in bulk,
ultrathin sections were prepared from films and they were stained
with osmium tetroxide. A transmission electron microscope (TEM)
of Hitachi model H-800 was used under an acceleration voltage of
100 or 150 kV. Small-angle X-ray scattering (SAXS) experiments
were also performed to observe the structures formed in the blend
films. Two SAXS apparatuses were used in this study. One is
installed in the beamline 15 A at Photon Factory in Tsukuba, Japan,
while the other is Nano Viewer of Rigaku. Imaging plates were
used to detect the scattered X-rays.

Results

TEM Observation. Figure 3 compares seven TEM images
for the blends of PS-SO3H/PI-NH2 (see also Figures S7-S10).
The content of PI-NH2 increases from top left to bottom right
where the scale bars for all images are 200 nm. The brighter

Table 1. Molecular Characteristics of all Component Polymers

sample Mn/104 Mw /Mn
a Fb

PS-SO3H 1.9 1.03 1
PI-NH2 1.7 1.06 1
PS-P(SSO3H) 2.3c 1.09 13

a Polydispersity index measured by SEC using polystyrene standards. b

The number of functionality determined by 1H NMR, where decimal
fractions were rounded off. c Calculated from degree of polymerization of
P(SSO3Na) and mole fraction of PS/P(SSO3H) by 1H NMR.

Table 2. Weight Ratios of Component Polymers and the
Corresponding SO3H/NH2 Mole Ratios in the PS-SO3H/PI-NH2

Blends

code WPS-SO3H/WPI-NH2
a XSO3H/XNH2

b

b-9/1 9/1 8.1/l
b-5/1 5/l 4.5/1
b-3/1 3/1 2.7/1
b-1/1 1/l 1/1.1
b-1/3 1/3 1/3.4
b-1/5 1/5 1/5.6
b-1/9 1/9 1/10

a Weight ratios of component polymers. b Mole ratios of sulfonic acid
to amine calculated from molecular weights Mn and the number of
functionality F of polymers in Table 1.

Table 3. Weight Ratios of Component Polymers and the
Corresponding SO3H/NH2 Mole Ratios in the PS-P(SSO3H)/

PI-NH2 Blends

code WPS-P(SSO3H)/WPI-NH2
a XSO3H/XNH2

b

g-9/1 9/1 86/1
g-5/1 5/1 48/1
g-3/1 3/1 29/1
g-1/1 1/1 9.6/1
g-1/3 1/3 3.2/1
g-1/5 1/5 1.9/1
g-1/9 1/9 1.1/1

a Weight ratios of component polymers. b Mole ratios of sulfonic acid
to amine calculated from molecular weights Mn and the number of
functionality F of polymers in Table 1.

Figure 2. SEC chromatograms for all component polymers: (a) PS-
SO3H; (b) PI-NH2; (c) PS-P(SSO3H). The detailed experimental
conditions were described in Supporting Information.
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phase expresses polystyrene phase, and the darker phase shows
the polyisoprene one. Comparatively ordered nanophase-
separated structures with the matrix of PS phase were observed
at higher PS-SO3H content, particularly asymmetric lamellar
structure is evident at b-3/1. Note these samples are not block
copolymers but actually homopolymer blends, nevertheless, they
show nanophase-separated structures. On the other hand, if the
mole fraction of amine is more than that of sulfonic acid in the
blends, such as the case of b-1/1, b-1/3, b-1/5, and b-1/9,
macrophase separation structure can be recognized, which
includes PI large domains in PS matrix as immiscible ho-
mopolymer blends show.

Seven TEM images for the blends of PS-P(SSO3H)/PI-NH2

are displayed in Figure 4, where the content of PI-NH2 increases

from top left to bottom right. The samples, g-9/1 and g-5/1,
show comparatively ordered nanophase-separated structures of
PI domain in PS matrix over very wide range. The same type
of structure can be recognized in Figure 4c for the sample of
g-3/1 but the darker phase is richer in this figure than the images
in Figure 4a,b. When the fraction of PI increases and PS/PI
ratio reaches unity at g-1/1, the blend show alternating lamellar
structure, although both ordering and orientation are poor. With
further increasing PI fraction, the morphological transition takes
place and we can see the isolated PS domain in PI matrix in
Figure 4e-g for g-1/3, g-1/5, and g-1/9, respectively. After all,
macrophase-separation has never been observed at any com-
position in the present experiments, and this is in contrast to
the results for PS-SO3H/PI-NH2 blends.

Figure 3. Typical TEM images of blends composed of PS-SO3H and PI-NH2: (a) b-9/1; (b) b-5/1; (c) b-3/1; (d) b-1/1; (e) b-1/3; (f) b-1/5; (g) b-1/9.
The brighter phase is PS phase, while the darker phase shows PI phase.

Figure 4. Typical TEM images for the blends composed of PS-P(SSO3H)/PI-NH2: (a) g-9/1; (b) g-5/1; (c) g-3/1; (d) g-1/1; (e) g-1/3; (f) g-1/5; (g)
g-1/9.
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SAXS Measurements. SAXS intensities for all the blend
samples were measured to confirm morphologies observed by
TEM complementarily. Figure 5 displays SAXS profiles for PS-
SO3H/PI-NH2 blends. Both b-9/1 and b-5/1 have a very broad
and small scattering peak at approximately 0.14 nm-1, in terms
of q()4π sin θ/λ), where λ and 2θ are the wavelength of X-rays
employed and scattering angle, respectively. These peaks might
come from coarsely aligned nanostructures as were shown in
TEM images of Figure 3. The profile of b-3/1 has two peaks at
0.13 and 0.26 nm-1, which are reflecting lamellar structure with
domain spacing of 48 nm (D ) q1/2π). There are no distinct
peaks within the q range in the profiles of b-1/1, b-1/3, b-1/5,
and b-1/9, indicating that the order of nanodomain arrangement
is very poor and macrophase separation may occur.

On the other hand, Figure 6 displays the profiles of PS-
P(SSO3H)/PI-NH2 blends. g-9/1, g-5/1, and g-3/1 have a very
broad and small peak at approximately 0.15 nm-1 as was shown
for b-9/1 and b-5/1, which might also come from coarsely
aligned PI nanodomain in PS matrix with average distance of
42nm. There are one large and broad peak at approx 0.5 nm-1

on profiles of g-9/1, g-5/1, and g-3/1, which may be the
correlation hole peaks for PS-P(SSO3H) itself as shown in
Supporting Information (see Figure S6). The profile for g-1/1
has integer number ordered peaks which reflect lamellar
structure. However, the sample of g-1/3 has small scattering
peaks, and they are difficult to assign, which might mean
orientation of the nanostructure is quite poor as was shown in
Figure 4e. At more extreme composition of g-1/5 and g-1/9,
the profiles have several peaks at relative q values of 1, 31/2,
41/2, 71/2, etc, which reflect hexagonally packed cylinders in
matrix. Thus the SAXS data for these blends in Figure 6 are
quite consistent with the structures observed in Figure 4a-g.

Discussion

We mainly discuss the difference in composition dependence
of morphology between PS-SO3H/PI-NH2 blends and PS-
P(SSO3H)/PI-NH2 ones. It is clear that supramacromolecules
are formed in two blend systems, considering the facts that both
TEM and SAXS show the strong evidence of nanophase-
separated structures which have never been observed in blends

of immiscible and nonassociating homopolymers. Sulfonic acid
and amine are known to form a one-to-one complex via
acid-base complexation, as is the present case, resulting in
forming block-type or graft-type supramacromolecules com-
posed of different polymers, that is, PS and PI, which are self-
assembled into nanophase-separated structures in this work.

Composition dependence of morphology for the blends of
PS-SO3H/PI-NH2 is shown directly in Figure 3 (see also Figures
S7-S10), and they are summarized as follows. At PS-rich
composition, the blends show isolated PI domain embedded in
PS matrix. With decreasing the amount of PS-SO3H, the
regularity of the structure is getting higher up to b-3/1, where
the blend shows comparatively clear but asymmetric PS-PI
lamellar nanophase-separated structure with larger PS domain,
its distance being at most 1 µm (see Figure S9). With further
decreasing PS, the blends, such as b-1/1, b-1/3, b-1/5, and b-1/
9, show macrophase separation composed of huge PI domain
with large polydispersity.

Here, we pay attention to the asymmetry of structural
formation of the first series, that is, PS-SO3H/PI-NH2. Acid-base
stoichiometry between sulfonic acid and primary amine must
be one of the key factors to determine morphology of the blends,
but there are other factors. From Figure 3, it is evident this blend
series does not show equal relationship, in another words,
lamellar structure was not observed at b-1/1, it was recognized
at b-3/1 instead. And three TEM images in the top row have
some regularity in them, while four TEM images in the bottom
row do not. It can be conceived that the efficiency of complex
formation is not so high in evaporating solvents, so that the
blends always include block-type supramacromolecule and
component homopolymers in bulk more or less. In reality, when
PS-SO3H is rich at b-9/1, 5/1 and 3/1, block-type supramacro-
molecules self-assembled into periodic structure keep having
PS homopolymer which behaves as so-called dry brush, and
the phenomena have often been observed for block copolymer/
homopolymer blends.57 It is most evident at b-3/1, the image
shows typical dry brush where block type supramacromolecules
tend to form “vesicle” in the sea of PS homopolymer. The
situation has been totally changed if we have a stoichiometric
blend at b-1/1, which should include block-type supramacro-

Figure 5. Comparison of SAXS diffraction patterns for the blends of
PS-SO3H/PI-NH2. The profiles for b-9/1, b-5/1, b-3/1, b-1/1, b-1/3, b-1/
5, and b-1/9 are displayed from top to bottom. Arrows are guide for
the eyes.

Figure 6. Comparison of SAXS diffraction patterns for the blends of
PS-P(SSO3H)/PI-NH2. The profiles for g-9/1, g-5/1, g-3/1, g-1/1, g-1/
3, g-1/5, and g-1/9 are displayed from top to bottom. Arrows are a
guide for the eyes.
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molecules and equal amount of PS and PI homopolymers. It is
clear that PI homopolymer phase-separated macroscopically and
form micelle-like domain with irregular size,58 which is obvi-
ously free from periodically nanophase-separated structure. This
phenomenon is probably due to the aggregation formation of
PI-NH2 due to self-association of amine,59 which induces the
segregation of PI homopolymer easily from self-assembled
regular structure.

Alternatively, the structures of the second series, that is, PS-
P(SSO3H)/PI-NH2 keep regularity throughout the composition
from g-9/1 to g-1/9, as shown in Figure 4, though the domain
ordering is not so good. The most distinct difference between
the first and second series is the acid/base ratio of SO3H and
NH2 units. The ratio varies from 8/1 (sulfonic acid-rich) to 1/10
(amine-rich) for PS-SO3H/PI-NH2, while it varies from 86/1
for g-9/1 to 1/1 for g-1/9, since PS-P(SSO3H) includes 13 SO3H
moieties. Note that the smallest ratio for the latter is unity for
g-1/9. This means that all the excess mass of PI-NH2 was
associated with PS-P(SSO3H) even at g-1/9. This might be the
reason why PI was not segregated macroscopically even at
excess mass amount of PI-NH2 for the second series and the
blends show comparatively homogeneous nanophase-separated
structures which may be due to the formation of heterogeneous
one-to-n (n > 1) supramacromolecular complexes, that is, graft-
type supramacromolecules. If the acid/base ratio in the blend
of PS-P(SSO3H)/PI-NH2 becomes smaller than unity, it would
be possible to have macroscopic phase of PI.

Summary

In this paper, we carried out a systematic study on the
formation of block- and graft-type supramacromolecules via
acid-base complexation, where supramacromolecules are termed
as supramolecules composed of a pair of macromolecules with
complementary noncovalent bonding moieties. Block- or graft-
type supramacromolecules were built up by components of
sulfonic acid-terminated polystyrene (PS-SO3H) or polystyrene-
b-poly(4-styrenesulfonic acid) (PS-P(SSO3H)) with primary
amine-terminated polyisoprene (PI-NH2) via acid-base com-
plexation, and their nanophase-separated structures were con-
firmed by TEM and SAXS. At PS-rich composition for both
series, the blends show comparatively ordered nanophase-
separated structures without large PS macrophase-separated
domain. However, the difference in morphological variation for
two series is evident when the fraction of PI-NH2 increased.
That is, PI homopolymer was macroscopically segregated from
self-assembled structure for the series of PS-SO3H/PI-NH2 at
b-1/1, the phenomena was observed up to b-1/9. On the other
hand, actually no macrophase separation was observed for the
second series, that is, PS-P(SSO3H)/PI-NH2, even if the relative
mass amount reaches 9 at g-1/9. The difference in composition
dependence on morphology between two blend series is resulted
from “stoichiometry” of acid versus base. This work also
suggests that macromolecular building blocks with multiple
noncovalent bonding moieties might be more useful than the
blocks with single moiety to provide a variety of supramacro-
molecular complexes.

Acknowledgment. A.N. thanks JSPS Research Fellowships for
Young Scientists (No. 18-6533). The authors also thank Dr. Shigeo
Arai at the Ecotopia Science Institute in Nagoya University for his
help in taking transmission electron micrographs, Mr. Tatsuo Hikage
at High Intensity X-ray Diffraction Laboratory in Nagoya University
for his assistance in measuring X-ray scattering, and Mr. Haruhisa
Choshi at the Department of Applied Chemistry in Nagoya
University for his help of glass-blowing. The authors thank Prof.
Timothy Lodge and Prof. Marc Hillmyer at University of Minnesota
for their fruitful comments to this work, and Prof. Takashi Ooi

and Dr. Daisuke Uraguchi at Nagoya University for their useful
suggestions for end-functionality determination. Use of synchrotron
X-ray source was supported by Photon Factory, KEK in Japan (No.
2007G524 for Atsushi Takano and No. 2008G187 for Atsushi
Noro). This work was also partially supported by the Global COE
Program in Chemistry entitled “Elucidation and Design of Materials
and Molecular Functions” and Grant-in-Aid for Scientific Research
on Priority Area “Soft Matter Physics” (No. 463) from the Ministry
of Education, Culture, Sports and Science, and Technology of Japan.

Supporting Information Available: Details of characteriza-
tion and morphological observations for component polymers and
blends. This material is available free of charge via the Internet at
http://pubs.acs.org.

References and Notes

(1) Matsuo, M.; Sagae, S.; Asai, H. Polymer 1969, 10, 79.
(2) Leibler, L. Macromolecules 1980, 13, 1602–1617.
(3) Ohta, T.; Kawasaki, K. Macromolecules 1986, 19, 2621–2632.
(4) Bates, F. S.; Fredrickson, G. H. Annu. ReV. Phys. Chem. 1990, 41,

525–557.
(5) Matsen, M. W.; Bates, F. S. Macromolecules 1996, 29, 1091–1098.
(6) Lodge, T. P. Macromol. Chem. Phys. 2003, 204, 265–273.
(7) Matsushita, Y. Macromolecules 2007, 40, 771–776.
(8) Frechet, J. M. J. Science 1994, 263, 1710–1715.
(9) Ruokolainen, J.; Makinen, R.; Torkkeli, M.; Makela, T.; Serimaa, R.;

ten Brinke, G.; Ikkala, O. Science 1998, 280, 557–560.
(10) Boal, A. K.; Ilhan, F.; DeRouchey, J. E.; Thurn-Albrecht, T.; Russell,

T. P.; Rotello, V. M. Nature 2000, 404, 746–748.
(11) Brunsveld, L.; Folmer, B. J. B.; Meijer, E. W.; Sijbesma, R. P. Chem.

ReV. 2001, 101, 4071–4097.
(12) Berl, V.; Schmutz, M.; Krische, M. J.; Khoury, R. G.; Lehn, J. M.

Chem.sEur. J. 2002, 8, 1227–1244.
(13) Beck, J. B.; Rowan, S. J. J. Am. Chem. Soc. 2003, 125, 13922–13923.
(14) Hofmeier, H.; Schubert, U. S. Chem. Soc. ReV. 2004, 33, 373–399.
(15) Weck, M. Polym. Int. 2007, 56, 453–460.
(16) Kato, T.; Mizoshita, N.; Kishimoto, K. Angew. Chem., Int. Ed. 2006,

45, 38–68.
(17) Cordier, P.; Tournilhac, F.; Soulie-Ziakovic, C.; Leibler, L. Nature

2008, 451, 977–980.
(18) Horrion, J.; Jerome, R.; Teyssie, P. J. Polym. Sci., Part C: Polym.

Lett. 1986, 24, 69–76.
(19) Russell, T. P.; Jerome, R.; Charlier, P.; Foucart, M. Macromolecules

1988, 21, 1709–1717.
(20) Tanaka, F.; Ishida, M.; Matsuyama, A. Macromolecules 1991, 24,

5582–5589.
(21) Iwasaki, K.; Hirao, A.; Nakahama, S. Macromolecules 1993, 26, 2126–

2131.
(22) Inomata, K.; Haraguchi, M.; Nose, T. Polymer 1996, 37, 4223–4228.
(23) Huh, J.; ten Brinke, G. J. Chem. Phys. 1998, 109, 789–797.
(24) Harada, A.; Kataoka, K. Science 1999, 283, 65–67.
(25) Russell, T. P. Science 2002, 297, 964–967.
(26) Jiang, S. M.; Gopfert, A.; Abetz, V. Macromolecules 2003, 36, 6171–

6177.
(27) Pispas, S.; Floudas, G.; Pakula, T.; Lieser, G.; Sakellariou, S.;

Hadjichristidis, N. Macromolecules 2003, 36, 759–763.
(28) Yang, X. W.; Hua, F. J.; Yamato, K.; Ruckenstein, E.; Gong, B.; Kim,

W.; Ryu, C. Y. Angew. Chem., Int. Ed. 2004, 43, 6471–6474.
(29) Huh, J.; Jo, W. H. Macromolecules 2004, 37, 3037–3048.
(30) Asari, T.; Matsuo, S.; Takano, A.; Matsushita, Y. Macromolecules

2005, 38, 8811–8815.
(31) Binder, W. H.; Bernstorff, S.; Kluger, C.; Petraru, L.; Kunz, M. J.

AdV. Mater. 2005, 17, 2824.
(32) Huh, J.; Park, H. J.; Kim, K. H.; Kim, K. H.; Park, C.; Jo, W. H. AdV.

Mater. 2006, 18, 624.
(33) Noro, A.; Nagata, Y.; Takano, A.; Matsushita, Y. Biomacromolecules

2006, 7, 1696–1699.
(34) Mather, B. D.; Baker, M. B.; Beyer, F. L.; Berg, M. A. G.; Green,

M. D.; Long, T. E. Macromolecules 2007, 40, 6834–6845.
(35) Feng, E. H.; Lee, W. B.; Fredrickson, G. H. Macromolecules 2007,

40, 693–702.
(36) Lee, W. B.; Elliott, R.; Katsov, K.; Fredrickson, G. H. Macromolecules

2007, 40, 8445–8454.
(37) Feldman, K. E.; Kade, M. J.; de Greef, T. F. A.; Meijer, E. W.; Kramer,

E. J.; Hawker, C. J. Macromolecules 2008, 41, 4694–4700.
(38) Muller, M.; Dardin, A.; Seidel, U.; Balsamo, V.; Ivan, B.; Spiess,

H. W.; Stadler, R. Macromolecules 1996, 29, 2577–2583.
(39) Noro, A.; Matsushita, Y.; Lodge, T. P. Macromolecules 2008, 41,

5839–5844.

9282 Noro et al. Macromolecules, Vol. 41, No. 23, 2008



(40) Ruokolainen, J.; tenBrinke, G.; Ikkala, O.; Torkkeli, M.; Serimaa, R.
Macromolecules 1996, 29, 3409–3415.

(41) Ruokolainen, J.; Tanner, J.; Ikkala, O.; ten Brinke, G.; Thomas, E. L.
Macromolecules 1998, 31, 3532–3536.

(42) Milner, S. T. Macromolecules 1994, 27, 2333–2335.
(43) Matsushita, Y.; Watanabe, J.; Katano, F.; Yoshida, Y.; Noda, I.

Polymer 1996, 37, 321–325.
(44) Takano, A.; Kondo, K.; Ueno, M.; Ito, K.; Kawahara, S.; Isono, Y.;

Suzuki, J.; Matsushita, Y. Polym. J. 2001, 33, 732–740.
(45) Hanski, S.; Junnila, S.; Almasy, L.; Ruokolainen, J.; Ikkala, O.

Macromolecules 2008, 41, 866–872.
(46) Yashima, E.; Matsushima, T.; Okamoto, Y. J. Am. Chem. Soc. 1997,

119, 6345–6359.
(47) Schadler, V.; Wiesner, U. Macromolecules 1997, 30, 6698–6701.
(48) Matsushita, Y.; Noro, A.; Iinuma, M.; Suzuki, J.; Ohtani, H.; Takano,

A. Macromolecules 2003, 36, 8074–8077.
(49) Quirk, R. P.; Kim, J. Macromolecules 1991, 24, 4515–4522.
(50) Ueda, K.; Hirao, A.; Nakahama, S. Macromolecules 1990, 23, 939–

945.

(51) Mitsukami, Y.; Donovan, M. S.; Lowe, A. B.; McCormick, C. L.
Macromolecules 2001, 34, 2248–2256.

(52) Lai, J. T.; Filla, D.; Shea, R. Macromolecules 2002, 35, 6754–6756.
(53) Moad, G.; Rizzardo, E.; Thang, S. H. Aust. J. Chem. 2005, 58, 379–

410.
(54) Lowe, A. B.; McCormick, C. L. Prog. Polym. Sci. 2007, 32, 283–

351.
(55) Noro, A.; Nagata, Y.; Tsukamoto, M.; Hayakawa, Y.; Takano, A.;

Matsushita, Y. Biomacromolecules 2005, 6, 2328–2333.
(56) Lynd, N. A.; Hillmyer, M. A. Macromolecules 2005, 38, 8803–8810.
(57) Hashimoto, T.; Tanaka, H.; Hasegawa, H. Macromolecules 1990, 23,

4378–4386.
(58) Bates, F. S.; Maurer, W. W.; Lipic, P. M.; Hillmyer, M. A.; Almdal,

K.; Mortensen, K.; Fredrickson, G. H.; Lodge, T. P. Phys. ReV. Lett.
1997, 79, 849–852.

(59) Singh, S.; Rao, C. N. R. J. Phys. Chem. 1967, 71, 1074.

MA801661C

Macromolecules, Vol. 41, No. 23, 2008 Block- and Graft-Type Supramacromolecules 9283


