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Creation and control of new morphologies via
supramacromolecular self-assembly

Yushu Matsushita, Atsushi Noro and Atsushi Takano

Various supramacromolecular self-assembly mechanisms of complex polymer systems via non-covalent bonding interactions

were summarized in this article. Basically, three types of systems were introduced. The first class is the morphological

transition of block copolymer/homopolymer blends with hydrogen bonds (HBs) or block copolymer/metal salt hybrids via

complex formation. Systematic morphological transition was observed upon the addition of a homopolymer or metal salt,

depending on its composition of volume fraction. The second class consists of the formation of block copolymer-type

supramacromolecules via hydrogen bonding between two chemical moieties connected at one end of each polymer chain,

resulting in new nanophase-separated structures. As an advanced branch of this second class, new morphologies were

observed in block copolymer/block copolymer blends with HBs. The third class is supramacromolecular gelation, which was

observed for ABA triblock copolymer/C homopolymer or telechelic polymer/homopolymer blends, both including complementary

electron donors/acceptors.
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INTRODUCTION

The idea of ‘supramolecule’ is relatively new, considering the long
history of modern chemistry. Researchers in this field admit that the
basic idea, which was summarized in 1980s by Lehn et al.1 opened the
door to new chemistry and physics because the supramolecular
assembly of molecules or chemical compounds produces new classes
of functional materials through simpler processes than the tradition-
ally used covalent bond construction.

The introduction of this idea into polymer chemistry or physics is
even newer, occurring in the late 1980s. If we classify non-covalent
bonding interactions very simply, they basically belong to three
categories: (1) ionic bonding interactions, including acid–base type
ones; (2) hydrogen bonds (HBs), including complementary bio-based
pairs; and (3) metal-to-ligand coordination that functions via complex
formation between metal compounds and organic molecules as
electron acceptors.

As a pioneering work on the first category, Russell et al.2 reported
on the block-copolymer-type supramolecular self-assembly from
mixtures of two telechelic polymers: one end-capped with a tertiary
amine and the other terminated with sulfonate or carboxylate moi-
eties. Later, Haraguchi et al.3,4 studied the aggregate formation of
NH2-terminated polystyrene (S) and SO3H-terminated polyethylene-
glycol in toluene; in addition, the thermal tunability of lamellar
spacing in block copolymer-type supramolecules from NH2-termi-
nated polyisoprene (I) and telechelic SO3H-terminated S in bulk has

been investigated.5 Moreover, Pispas et al.6 observed the formation of
a miktoarm block copolymer of the type SI3, where S denotes
polystyrene with a terminal trifunctional group of dimethyl amine
and I is polyisoprene terminated with SO3H. More recently, Noro
et al.7 studied the stoichiometric effects on nanophase-separated
structures of block- and graft-type supramacromolecules using a
pair of SO3H and NH2 moieties, whereas Qian et al.8 reported
on the preparation of supramolecular graft copolymers from poly
(4-vinylpyridine) and poly(N-vinylpyrrolidone) terminated with a
COOH group.

There are a variety of studies on self-assembly via hydrogen
bonding. An earlier attempt using multiple HBs was reported by
Sijbesma et al.,9 who used a 2-ureido-4-pyrimidone terminated long
alkyl chain, which produces dimers reversibly with or without quad-
ruple HBs; furthermore, supramolecular polymer formation by multi-
ple hydrogen bonding arrays was proposed to be feasible.10 Moreover,
the formation of pseudo-block copolymers with multiple hydrogen-
bonding moieties has been examined,11–14 and the thermoreversible
structure formation of poly(alkyl acrylates) with multiple hydrogen
bonding moieties was observed.15,16

Complex supramacromolecular self-assembly with the use of HB
formation between poly(vinylpyridine) and phenol groups has been
studied by many research groups.17–20 Dai et al.21 reported on inter-
polymer complex formation between poly(4-hydroxystyrene) (H)
and poly(vinylpyridine) (P). This H/P combination was extensively
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adopted later. The self-assembly of two diblock copolymers containing
H and P block sequences have been examined;22 in addition, an even
more complex system was examined, and hierarchical structures have
been found in triblock/diblock copolymer blend systems.23 Several
extensive studies on diblock copolymer/diblock copolymer and tri-
block copolymer/diblock copolymer blends with HBs will be intro-
duced in detail later in this article.

Metallo–supramolecular polymers,24,25 with the aid of metal/organic
compound complex formation, can be used to produce high-perfor-
mance and promising materials. The incorporation of metal nanoclus-
ters, such as silver, gold and palladium, into microphase-separated
phosphine-containing block copolymers with various morphologies
was first examined by Cohen et al.26 The periodic distribution of
gold nanoparticles with HBs between diamino triazine and thymine
were studied.27 The phase transformation from a cylinder to a lamellar
structure with the introduction of gold was examined,28 and the
association strength of gold, silver and copper ions with pyridine
groups in poly(4-vinylpyridine-b-e-caprolactone) was determined in
detail by the same research group.29,30 Selective incorporation of metal
nanoparticles into polyvinylpyridine chains in block copolymers was
investigated for palladium,31,32 cadmium33,34 and gold.35,36

In this article, the recent advances in supramacromolecular self-
assembly of block copolymers or related complex systems that were
made by our research groups are summarized. The scientific achieve-
ments can be divided into three categories. The first category is the
morphological transition of block copolymer/homopolymer blends
with hydrogen bonding or block copolymer/metal salt hybrids via
complex formation. The second category consists of forming block
copolymer-type supramacromolecules via hydrogen bonding between
two chemical moieties of each main polymer end. The third category
is supramacromolecular gelation, which was observed for ABA tri-
block copolymer/C homopolymer or telechelic polymer/homopoly-
mer blends, both of which include complementary electron donors/
acceptors.

SUPRAMACROMOLECULAR SELF-ASSEMBLY

The morphological transition of block copolymers with additives
produces non-covalent bonding interactions
The morphologies of block copolymers can be controlled mainly by
the composition of the component-polymers. If a ‘composition
change’ is required for morphology transition, this normally involves
syntheses of many block copolymers with different compositions.
Another easier method of changing the composition is to add
component homopolymers to parent block copolymers because a
low-molecular-weight homopolymer can dissolve in the domains of
block chains and affect the interfacial structure of the system, which
induces morphological transition. However, the effects of this proce-
dure on morphology change are quite limited because added homo-
polymer chains tend to be expelled spontaneously from the domains
of the block chains when the amount of homopolymer chains exceeds
the solubility limit, which is not extremely high, even though the
molecular weight of an added homopolymer is fairly low.

The utilization of hydrogen bonding might be a novel method to
overcome this drawback, if the proton donor/acceptor stoichiometry
is not a sensitive controlling factor. Among many donor/acceptor
pairs, we selected the combination of poly(4-hydroxystyrene) (H) as a
donor and poly(vinylpyridine) (P) as an acceptor. Then, the morphol-
ogy change of block copolymer/homopolymer blends was investigated
precisely using poly(styrene-b-2-vinylpyridine) as a block copolymer
and H as a homopolymer.37,38 Block copolymers for this study were
prepared by anionic polymerizations in tetrahydrofuran,39,40 whereas
an H homopolymer was also synthesized by an anionic polymeriza-
tion of poly(4-tert-butoxystyrene) followed by a hydrolysis reac-
tion.41–44 Sample films were obtained by casting a solvent from the
solution of tetrahydrofuran. Four images at the bottom of Figure 1
show the morphology change of the polystyrene-b-poly(2-vinylpyr-
idine) (SP-73), whose molecular weight is 130 kDa and the volume
fraction of the polystyrene (S) block is 0.67, upon the addition of H
with a molecular weight of 14 kDa. These images are compared with

Figure 1 Transmission electron microscopy (TEM) micrographs showing different structures arising from mixing a block copolymer, poly(styrene-b-2-

vinylpyridine) 73 (a), with the homopolymers P (b–e) and H (f–i). Reprinted with permission from Dobrosielska et al.37 Copyright r 2008. American

Chemical Society.
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the other four images at the top of Figure 1, showing the structural
change of the copolymer upon the addition of a P2VP homopolymer
(6.6 kDa). First, it is interesting that a cylindrical structure of the
parent polymer transitions to a spherical structure when the S/(P+H)
ratio is 0.56/0.44, as shown in Figure 1f. This reverse morphological
change, regardless of the addition of an H homopolymer, is due to the
film preparation process, in which a P+H complex starts to form
aggregates upon casting a solvent, resulting in the formation of
spherical domains, which remains until the final stage of domain
formation. However, this abnormal morphology disappears if the
amount of the added H increases up to an S/(P+H) ratio of 0.47/
0.53, as is shown in Figure 1g. This phenomenon probably indicates
that the excess amount of H chains can have the role of a shield-like
compound, preventing the complex from forming aggregates, as
shown in Figure 2. Upon adding more H homopolymer, a normal
morphological change can be recognized, as shown by the morpho-
logical transition from a cylindrical structure (Figure 1g) to a lamellar
one (Figure 1h) then to a reverse cylindrical structure (Figure 1i)
whose cylinders are occupied by S. Further morphological transition
can occur upon further addition of an H homopolymer up to an
excess of 28-fold compared with the P component. This wide
morphology change is remarkable if the transition at the top for

poly(styrene-b-2-vinylpyridine)/P blends is referenced. That is, the
transition from a cylindrical structure to a lamellar one is certainly
recognizable at a fS of 0.38; however, the added homopolymer starts
to form a large independent domain because it segregates from an
ordered domain structure, as shown in Figure 1d. Here, the solubility
of the H homopolymer is much higher than that of the component
homopolymer owing not only to the attracting force originating from
hydrogen bonding but also to the induced neutral field for the H
homopolymer formed by a P/H complex. Thus, a very simple and easy
method of controlling the morphology of a block copolymer is
proposed in this study.

Another method of morphology control consists of utilizing the
complex formation between electron acceptors on polymer chains and
a metal salt. This section deals with the complexes formed between
poly(4-vinylpyridine) and iron chloride as an example.45 The block
copolymer sample was prepared by the reversible addition–fragmen-
tation chain transfer polymerization method in bulk. The total
molecular weight of the sample was 48 kDa, and the volume fraction
of an S block was 0.77. Hybrid sample films were obtained by casting a
solvent from pyridine solutions. Figure 3 compares the structures of
various mixtures. As an indicator of the blend ratio, the sample code
Fe(X) was used, where X denotes an iron/pyridine molar ratio. When
X is low, relatively unclear structures are observed; however, cylindrical
structures are evident at X equal to 0.5 (2(e)) and 0.6 (2(f)) even
without staining, and the reason that it can happen without staining is
that the blended salt increases the electron density. With the further
addition of the salt, the cylindrical structure was transformed to a
lamellar one when Fe/P40.7.

The formation of periodic structures from block copolymer/metal
salt hybrids suggests the possibility of very important promising
materials such as optical- or electro-conductive materials because
metal particles could also be dispersed periodically on a mesoscopic
scale by utilizing this self-assembling manner. In addition, the basic
idea can be applied widely to various organic/inorganic hybrid
materials.

The formation of hierarchical structures from two block copolymer
molecules that have multiple hydrogen bonding moieties
As demonstrated in the previous section, HBs between H and P can
lead to several novel self-assembly processes if these two units are
attached on chain ends of different polymers. Here, the combination
of two block copolymers, poly(styrene-b-4-hydroxystyrene) (SH)
(M¼86 kDa, fS¼0.86) and poly(isoprene-b-2-vinylpyridine) (IP)
(M¼80 kDa, fI¼0.91), whose H and P sequences are fairly short,
was first considered.46,47 Polymer samples were also synthesized by
living anionic polymerizations in tetrahydrofuran, where an SH
copolymer was prepared via poly(styrene-b-4-tert-butoxystyrene) fol-
lowed by a hydrolysis reaction. Figure 4 compares the structures of the
two blends, that is, poly(styrene-b-4-tert-butoxystyrene)/IP and SH/
IP. In Figure 4a, poly(styrene-b-4-tert-butoxystyrene)/IP¼50/50 is a
macrophase-separated structure of two component block copolymers
without HBs, whereas in Figure 4b SH/IP appears to be an ordered
lamellar nanophase-separated structure from two copolymers with
HBs. One notices clearly the difference in the supramolecular self-
assembly manner with and without HBs. Moreover, Figure 5a exhibits
a detailed structure for the blend with HBs, which gives a hierarchical
structure with periodically arranged isolated domains. The darkest
domain probably indicates an H/P mixed phase because the staining
agent is I2. This domain is the cross-section of a complex lamellar
structure with three phases. Clearly, two major components in the
parent copolymers, that is, S in SH and I in IP, form alternating

Figure 2 The formation of spherical domains owing to the production of

aggregates between P block chains and H homopolymer chains (a), and a

more periodic lamellar domain structure due to the stabilizing effect of

added H homopolymer in the P+H mixed phase (b).
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lamellae, whereas an H/P mixed phase connects the two major phases.
The alignment of the three domains is schematically shown in Figures
5b, and a possible arrangement of two molecules is drawn in Figure 5c,

where the two molecules are self-assembled into star-like molecules
whose arm number should be large. It should be noted that there are
no junction points between the white S phase and the gray I phase,
which have principle roles in the lamellar structure.

The morphological change that depends on the blend ratios of SH/
IP was studied in detail by using two extremely asymmetric copoly-
mers, SH (M¼71.3 kDa, fS¼0.96) and IP (M¼57.6 kDa, fI¼0.96).48

These two parent block copolymers show spherical structures (images
are not presented here). When the complex formation is attained in
blend solutions, the supramolecular self-assembling manner varies
back again. Sample films were obtained by solvent casting from
solutions of a tetrahydrofuran/toluene (1:1 by volume) mixed solvent.
Toluene was added to control the polarity of a solvent so that the
domain structure can form under moderate conditions. Figure 6
compares three typical images from the IP/SH¼50/50 blend film
stained with osmium tetroxide. Many dark loops in a bright matrix
of SH can be seen in Figure 6a, whereas bright closed loops can be
recognized in a dark matrix of IP in Figure 6b. These structures
are part of the single-layered, vesicle-type structures through the
formation of complexes from SH and IP molecules that are stoichio-
metrically associated to form block copolymer-type supramacromo-

Figure 3 Transmission electron microscopy (TEM) images of Fe(X) (X¼0.10.9): (a) Fe(0.1), (b) Fe(0.2), (c) Fe(0.3), (d) Fe(0.4), (e) Fe(0.5), (f) Fe(0.6),

(g) Fe(0.7), (h) Fe(0.8) and (i) Fe(0.9). The scale bar represents 100nm. The samples were not stained with vapors but show strong contrast because of the

electron density between the two phases that results from the incorporation of FeCl3 (which is indicated as the darker phase). Reprinted with permission

from Noro et al.45 Copyright r 2010. American Chemical Society.

Figure 4 Transmission electron microscopy (TEM) images of an IP-91/

poly(styrene-4-tert-butoxystyrene)-91¼50/50 diblock copolymer blend film,

showing a typical domain boundary between two microphase-separated

structures (a), and TEM images of IP-91/SH-91 blends with weight ratios of

50/50 (b). Ultrathin sections were stained with osmium tetroxide. Reprinted

with permission from Asari et al.47 Copyright r 2006. Nature Publishing Group.
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lecules. The S block in SH is embedded in S matrix as shown in
Figure 6a, whereas a polyisoprene (I) part is embedded in an I matrix
as shown in Figure 6b. In contrast, when stoichiometric complex
formation is realized in a one-to-one manner, a long-range lamellar
structure can be created, as shown in Figure 6c. An enlarged figure in
the inset of Figure 6c shows interesting isolated domains for an H/P
mixed phase, which have the role of giant junction points, and hence,
the S and I principle chains must be extended from this complex phase.

Figure 7, in turn, compares morphologies of the blends at various
SH/IP ratios from 1/9 to 9/1. It is easily recognized that a spherical
structure at an SH/IP ratio of 1/9 changes to a cylindrical structure at
the ratios between 2/8 and 3/7 and then to a lamellar structure at the
ratios between 4/6 and 5/5. Furthermore, morphologies continuously
changes to a lamellar/cylindrical mixed structure at 6/4, then to a

reverse cylindrical structure at 7/3 and finally to a spherical one at
ratios between 8/2 and 9/1. This morphological transition was easily
realized by merely blending at different ratios two molecules whose
behavior is similar to that of block copolymers with different
compositions.

Thus, we can provide a very simple idea of morphological transition
to put it into practice just by changing the blend ratio of two parent
molecules.

The combination of H/P complex formation and self-assembly of
block copolymers can be further extended to the new field of polymer
morphology. Figure 8 shows a structure of an IP/SH blend with a
weight ratio of 1:1 whose parent molecules are both symmetric block
copolymers, SH (Mn¼74 kDa fS¼0.49) and IP (Mn¼84 kDa and
fI¼0.54). Three phases, bright, dark and gray, can be clearly distin-

Figure 5 (a) An enlarged transmission electron microscopy (TEM) image of the IP-91/SH-91¼50/50 blend. The inset shows the fast Fourier transform

pattern for all of the areas in this TEM image. (b) A schematic drawing of a microdomain assembly for the corresponding blend observed in Figure 8a.

(c) The enlarged domain assembly and a possible molecular arrangement within the structure of the complex. Reprinted with permission from Asari et al.46

Copyright r 2005. American Chemical Society.

Figure 6 Transmission electron microscopy (TEM) images of an SH/IP¼5/5 blend cast from tetrahydrofuran ((a) and (b)). (c) An image from a solution of a

mixed solvent of tetrahydrofuran + toluene (1:1). Sample specimens were stained with osmium tetroxide. The inset in panel c shows a magnified image of c

but stained with I2. Reprinted with permission from Dobrosielska et al.48 Copyright r 2010. American Chemical Society.
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guished with a periodical arrangement; these phases correspond to S, I
and an H/P mixed phase, respectively, because the sample specimen
was stained with osmium tetroxide. This image shows the cross-
section of a complex lamellar structure: the ‘simple’ lamella (with a
gray color) consists of an H/P mixed phase with a volume fraction of
B0.5, and the other lamella is composed of two alternating isolated

domains of S and I. This structure is one of the simplest hierarchical
structures that possess two periodicities. In Figure 8b, the arrangement
of three domains is drawn schematically, where bright and dark
domains are alternating in both the vertical and horizontal directions.
In Figure 8c, the possible molecular conformations are also drawn
schematically in the domains. It is somewhat surprising that there are

Figure 7 Transmission electron microscopy (TEM) micrographs showing microphase-separated structures at different SH/IP molar ratios (staining agent

osmium tetroxide) (a–i). Reprinted with permission from Dobrosielska et al.48 Copyright r 2010. American Chemical Society.

Figure 8 (a) An enlarged transmission electron microscopy (TEM) image of the IP-55/SH-55¼1/1 blend. The inset shows the fast Fourier transform pattern

for all of the areas in this TEM image. (b) A schematic drawing of the microdomain arrangement for the corresponding blend observed in Figure 5a. (c) The

enlarged domain assembly and possible molecular arrangement within this structure. Reprinted with permission from Asari et al.46 Copyright r 2005.

American Chemical Society.
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no junction points between the S and I domains so that the S/I
boundary tends to become a flat surface spontaneously.

Furthermore, the structure formation of diblock copolymer/tri-
block copolymer blends was investigated. Figure 9 compares structures
of a mixture of an SH diblock copolymer (Mn¼86 kDa, fS¼0.86) and
a PIP triblock copolymer (Mn¼92 kDa, fI ¼0.93).49 Figure 9a shows a
blend of SH/PIP¼1/1 with a simple alternating lamellar structure
(osmium tetroxide staining), whereas the structure shown in Figure 9b
exhibits a hierarchical structure. This specimen was stained with I2 so
that the H/P mixed phase remained between the S and I lamellae, as
shown in Figure 5 for SH/IP. Alternatively, Figure 10 represents
another periodic structure, arising from an SH/PIP blend with a
weight ratio of 2:1. In Figure 10a, the simple hexagonal bright
domains, whose matrix should be an I phase, are aligned hexagonally,
and these hexagonal domains correspond to an S phase because the
specimen was stained with osmium tetroxide. In Figure 10b, the
detailed structure is displayed, showing that isolated mixed domains
are aligned at every corner of the hexagons; this alignment is another
typical example of a hierarchical arrangement of domains, namely, this
structure includes two periodicities: one is the hexagonal arrangement
of the S domains, and the other is the occupancy of the mixed phase
arranged hexagonally.

Thus, we are able to create a variety of hierarchical structures by
combining the natural ability of supramolecular self-assembly of block
copolymers and hydrogen bonding between an electron donor and an
acceptor. This method is highly novel because it produces such high

Figure 9 Transmission electron microscopy (TEM) images of the PIP-91/SH-

91¼1/1 blend. Sample specimens were stained with (a) osmium tetroxide
and (b) I2. Reprinted with permission from Asari et al.49 Copyright r 2006.

American Chemical Society. A full color version of this figure is available at

Polymer Journal online.

Figure 10 Transmission electron microscopy (TEM) images of the PIP-91/
SH-91¼2/1 blend. Sample specimens were stained with (a) osmium

tetroxide and (b) I2. Reprinted with permission from Asari et al.49 Copyright

r 2006. American Chemical Society. A full color version of this figure is

available at Polymer Journal online.

Figure 11 (a) Small-angle X-ray scattering profiles of block-type supra-

macromolecules (poly(3,4,5-trimethoxystyrene-PHS/PBA-P2VP) in an IL at

various temperatures. The temperature increased from the bottom curve

(30 1C) to the middle one (110 1C) and decreased from the middle to the

top (30 1C). (b) Small-angle X-ray scattering profiles of a block copolymer
(poly(3,4,5-trimethoxystyrene-PBA) in an IL at various temperatures, which

vary in the same manner as in (a). Reprinted with permission from Noro

et al.50. Copyrightr 2009. American Chemical Society.

Figure 12 A schematic illustration of the thermoreversible morphology

transition between nanophase separation and macrophase separation of

block-type supramacromolecules with multiple hydrogen bonds at the

nanoscopic length scale and molecular level: (a) at a low temperature; (b)

at a high temperature. Complete macrophase separation is achieved at
temperatures high enough to neglect the contribution of hydrogen bonding.

Reprinted with permission from Noro et al.50 Copyright r 2009. American

Chemical Society. A full color version of this figure is available at Polymer

Journal online.
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morphological variation; moreover, the method itself is very simple
because only blending is required, so it can easily provide new
morphological control strategies.

Another approach for dynamic morphology control was examined
with two incompatible polymers bearing multiple hydrogen bonding
moieties on each end.50 One of the polymers was poly(3,4,5-trimethox-
ystyrene)-b-PHS with a total molecular weight of 53 kDa, which has a
degree of polymerization of 264 and 13 for poly(3,4,5-trimethoxystyr-
ene) and PHS, respectively. The other polymer was poly(n-butyl
acrylate)-b-P2VP (PBA-P2VP), which had a degree of polymerization
of 412 and 15 for the PBA and P2VP sequences, respectively.
Two samples were prepared by reversible addition–fragmentation
chain transfer polymerization. Two polymers were blended in
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, which
is known as an ionic liquid (IL), with the aid of tetrahydrofuran as a
volatile solvent. The final fractions of poly(3,4,5-trimethoxystyrene)-
b-PHS, PBA-P2VP and IL were 20:20:60 for poly(3,4,5-trimethoxy-
styrene)-b-PHS: PBA-P2VP:IL, that is, a 40% concentrated polymer
solution was prepared in an IL. A solution of a PTS-PBA block
copolymer with a 40% polymer concentration was also prepared in
the same IL as a reference sample. Small-angle X-ray scattering experi-
ments were carried out by varying the temperature of the blend solution.

Figure 11a compares scattering curves for blend samples obtained at
various temperatures. The intensity curve shown at the bottom of the
figure was measured at 30 1C and includes several integer number-
ordered peaks on the axis of the scattering vector, q, indicating that the
sample possesses a highly ordered, alternating lamellar structure in
solution. The diffracted peaks gradually disappear as the temperature
of the solution increases, and no peaks can be seen at 90 1C, indicating
that the ordered, self-assembled structure is no longer present owing
to the dissociation of the hydrogen bonded complex into component
polymers at higher temperatures. However, in the upper part of Figure
11a it is apparent that diffracted peaks reappeared at lower tempera-
tures owing to the re-formation of an ordered structure from two
diblock copolymers as a result of re-association via hydrogen bonding
with decreasing temperature. This thermoreversible phenomenon was
confirmed by repeat experiments. In Figure 11b, a simple diblock
copolymer system with a covalent bond shows no essential change in
the scattering pattern with varying temperature, reflecting that the
nanophase-separated structure of a block copolymer is naturally stable

under the conditions used in the present study. In Figure 12, thermo-
reversible morphology transition that occurs as temperature increases
is schematically displayed, showing thermoreversible dissociation–
association phenomena with and without HBs.

Thus, the reversible control of the nanoscopic–macroscopic
structure was realized simply by changing the temperature.
This behavior is directly related to the association–dissociation
of hydrogen bonding between the two moieties connected at
each end of the long chains. Therefore, this study suggests great
potential of the applications to create temperature-switching or
-tuning materials.

Supramolecular gelation phenomena in telechelic-polymer/
multifunctional polymer systems
In the previous section, we demonstrated that supramolecular
assembly of a polymer block with multiple proton acceptor units
(such as P2VP) and a polymer block with multiple proton donor units
(such as PHS) provides novel multi-component supramacromolecular
complexes. In these complexes, polymer blocks have hydrogen-
bonding moieties connected to form supramolecular giant junction
points (or phases), representing a variety of hierarchical structures.
The idea of connecting polymer blocks is very useful for practical
materials, allowing the build-up not only of hierarchical nanophase-
separated structures of multi-component supramacromolecular
complexes but also of supramacromolecular networks with novel
viscoelastic properties. Although the presence of supramolecular
polymer networks has been known empirically since the nineteenth
century, for example, in gelatin (an aqueous solution of collagen),51

the concept of designing and building a supramolecular polymer
network is relatively new. One of the studies at the early stage
of supramolecular polymer networks was reported in the 1980s by
Stadler et al.52 The general procedure for constructing supramolecular
polymer networks proposed therein is the syntheses of telechelic
polymers with many self-complementary, non-covalent bonded
units on both ends. However, this process limits the study of a
wide range of supramolecular polymer networks because special
polymers must be synthesized. Here, we show a convenient prepara-
tion procedure in which polymers as components were synthesized via
only a common reversible addition–fragmentation chain transfer
polymerization method. In addition, we describe the interesting

Figure 13 Storage (G¢) and loss (G00) moduli of supramolecular polymer gels

in an ionic liquid (P2VP-poly(ethyl acrylate)-P2VP:PHS:EMITFSI¼10:4:90

by weight) as a function of temperature.53

Figure 14 Master curves of storage (G¢) and loss (G00) moduli of

supramolecular polymer gels in an ionic liquid (P2VP-poly(ethyl acrylate)-

P2VP:PHS:EMITFSI¼10:4:90 by weight) as a function of reduced-

frequency. The reference temperature was 140 1C.53
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physical properties of supramolecular polymer networks, that is,
supramolecular polymer gels (or supramacromolecular gels), at the
macroscopic scale.

A useful design for building supramolecular networks of polymers
is to blend two polymers in a non-volatile solvent.53,54 One of the two
polymers used in this design is an ABA triblock copolymer that has
two proton acceptor A blocks, and the other is a C homopolymer that
functions as a multifunctional crosslinker with many proton-donor
groups. A thermally stable IL is used as the non-volatile solvent and
plasticizer to make the supramolecular polymer networks soft and
flexible. The A blocks and a C homopolymer form a giant hydrogen-
bonded phase, whereas the B blocks form connecting hydrogen-
bonded phases, leading to the formation of supramolecular polymer
networks (or supramacromolecular networks). As an example, P2VP-
b-poly(ethyl acrylate)-b-P2VP (P2VP-PEA-P2VP) and PHS were
blended in a hydrophobic IL, 1-ethyl-3methylimidazolium bis(tri-
fluoromethylsulfonyl) imide (EMITFSI), which dissolves PEA well.
The blend formed a thermoreversible supramolecular polymer gel in
an IL, which is called a supramacromolecular ion gel.

Figure 13 shows the storage (G¢) and loss (G00) moduli of gels with a
weight ratio of P2VP-PEA-P2VP/PHS/EMITFSI of 10:4:90. The mea-
surement condition was at a frequency of 0.3 rad s�1, a cooling rate of
1 1C min�1 and a strain of 3%. At high temperatures, G00 is larger than
G¢, indicating a liquid behavior; however, with decreasing tempera-
tures, G¢ and G00 achieved the same value at 141 1C, and G¢ eventually
became larger than G00 at lower temperatures, suggesting a gel state
with a plateau modulus of B3000 Pa. This viscoelastic behavior was
seen both on cooling and heating. Therefore, this gel was found to be
thermoreversible. To understand the viscoelastic properties from
the viewpoint of molecular dynamics, measurements of dynamic
frequency sweeps at various temperatures were undertaken. Time–
temperature superposition master curves are shown in Figure 14 with

a reference temperature of 140 1C. The curves superposed compara-
tively well, except that systematic deviations occurred at higher
reduced-frequencies. A liquid behavior was observed at low reduced
frequencies, whereas a remarkably wide plateau with at least 11 orders
of magnitude of o was seen at higher frequencies. The crossover of G¢
and G00 was 0.24 rad s�1, which indicates an estimated longest relaxa-
tion time of 4.2 s at 140 1C. These observations suggest that the longest
relaxation time of the gel increases up to at least 1011 s at room
temperature because of the formation of HBs between a given P2VP
block and the PHS homopolymer.

This distinct supramolecular gelation is also related to the nano-
phase separation between a hydrogen-bonded phase and an IL-soluble
phase. Figure 15 shows the small-angle X-ray scattering profiles of the
blends of P2VP-PEA-P2VP/PHS/EMITFSI, where the weight ratio of
the blends was set as 10:X:90 (X¼0, 0.5, 1, 2, 4, 8). There is no distinct

Figure 15 Small-angle X-ray scattering profiles of different blend samples at

room temperature. The profiles are displayed in the order of X (the fraction

of PHS) from the bottom curve to the top: that is, the bottom curve is for

X¼0, the second from the bottom is for X¼0.5, the third for X¼1.0, the

fourth for X¼2.0, the fifth for X¼4.0 and the top for X¼8.0.54
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Figure 16 Schematic illustrations of building blocks ((a) and (b)) and a

supramolecular polymer network via hydrogen bonding (c). Reprinted with

permission from Noro et al.55 Copyright r 2011. RSC Publishing.
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scattering peak in the profile of the 10:0:90 blend, shown at the
bottom, indicating that there is no particular nanostructure. As the
amount of PHS added increases, some scattering peaks are detected,
although the 10:0.5:90 blend with a small amount of PHS shows quite
a broad peak. All of these results suggest that the addition of PHS
induces nanophase separation in blends, as well as supramolecular
gelation.

By simplifying the above molecular design, supramolecular polymer
gels can be prepared easily even in a bulk state.55 Figure 16 displays
one of the simplest models of a supramolecular polymer network
together with its building blocks. One building block used as a
bridging strand is carboxy-terminated telechelic poly(ethyl acrylate),
and the other building block used as a multifunctional crosslinker is
polyethyleneimine with many amino groups. Both polymers are
liquids. The carboxylic acid and the amine moieties form acid–base
complexes with HBs, which build up supramolecular networks of
liquid polymers, in other words, supramolecular polymer gels in bulk.
Because the supramolecular polymer gels are ‘bulk’, the gels possess a
higher modulus of approximately 1 MPa, making them much more
robust under conditions of stress than supramolecular polymer gels in
solvents such as ILs (as shown by 10 wt% gels in an IL having a plateau
modulus of 3000 Pa; Figures 13 and 14). The crossover of G¢ and G00,
which could be regarded as a gel–liquid transition temperature, is also
much lower than that of the previously constructed gels with multiple
HBs at crosslinks in an IL, probably because there are fewer HBs at a
crosslink or a junction point in bulk supramolecular polymer gels than
in the previously constructed gels in an IL.

As stated above, studies of the molecular design and physical
properties of supramolecular gels are just beginning;56 therefore,
these gels will need to be explored further in the future for the
development of attractive materials, such as advanced rubber materials
that self-heal via hydrogen bonding,57,58 or ionic hydrogen bonding.59

CONCLUSION

The combination of the self-assembling ability of block copolymers
together with non-covalent bonding interactions produces many
interesting structures with a mesoscopic length scale. As mentioned
above, non-covalent bonding interactions include hydrogen bonding,
ionic interactions and metal-to-ligand coordination. The materials
created by applying this new idea of supramacromolecular self-
assembly could lead to a variety of attractive high-performance
materials, for optical-, electromagnetic- and stimuli-responsive pur-
poses.
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