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Chapter 1

General Introduction

Polymers are one of the three major materials in modern society along with metals and
ceramics. There are two main classifications of polymers; one is “natural polymers” which exist
in nature and the other is “synthetic polymers” which are artificially synthesized by chemical
reactions.1 Cellulose and protein are examples of formers, which have been used in human
society as clothing or foods since ancient times, while Bakelite and celluloid belong to the class
of latters. Although some kinds of synthetic polymers had already been industrialized in the
1800s, the people of this age did not even recognize that these materials were made of “giant
molecules”. It was in the 1920s that H. Staudinger proposed the “macromolecular hypothesis”,
where the hypothesis indicated that macromolecules maintain long chain structures composed of
repeating molecular units linked by covalent bonds.2,3 In light of the argument toward his
proposal, a new class of science, “polymer chemistry,” has risen. Polymer chemistry has been
developed due to the advancement of synthesis technology or theory, and the polymer industry
has also been expanded due to the great efforts of chemists in synthesis field, such as W. H.
Carothers. Nowadays, various functional polymeric materials with good processability, lightness,
adiabaticity or conductivity have been studied in combination with the development of science
and technology. Especially in recent years, polymeric materials to deal with environmental issues
have attained great attention.4
Polymer gels5-8 and elastomers9-15 are some of the most well known polymeric materials,
as are plastics and synthetic fibers. In some cases, they are referred to as soft materials because
they have unique mechanical features, such as flexibility and stretchability, unlike other
1

polymeric materials. Such unique mechanical properties are attributed to the characteristic
molecular structure which consists of several elements, including bridging strands of “melt”
polymers, crosslink points (or junctions), dangling ends, loops, etc.16 The main difference
between gels and elastomers consists in the manner in which the flexibility of the network
strands is achieved. In general, gels contain a large amount of solvent; in other words, solvents
are conceived to be necessary to achieve the flexibility of chains in gel, whereas elastomers use
melt polymers, which have a lower glass transition temperature (Tg) than room temperature, as
the component polymers of the network strands.
The history of cross-linking reactions in elastomers is fairly old. It says that it started with
vulcanization of natural rubbers, invented by C. Goodyear in the 1800s.17 Although it has been
believed that the discovery of vulcanization happened by fortuity, very interestingly, the
discovery can be considered the biggest event in the history of the rubber industry. In the same
period, T. Hancock studied the vulcanization reaction at the molecular level in more detail, which
led to the establishment of vulcanization in the industrial field. The two major ingredients of
rubber are raw rubber latices and cross-linkers. In the time of C. Goodyear and T. Hancock,
natural rubbers, which can be extracted from rubber trees, were used as raw rubber. In the
beginning of the 20th century, the automobile industry had developed drastically, which caused
the supply of natural rubber to no longer be able to match the demand. This situation also led to
the invention of synthetic rubbers such as poly(isoprene) rubber and poly(butadiene) rubber, and
now synthetic rubbers are widely used as alternatives for natural rubbers.
The history of gels started in the mid-1900s. Researchers have paid particular attention to
the unique feature of gels; they can contain a large amount of solvents. In our daily lives, various
kinds of gel materials, such as super absorbent polymers and contact lenses, are utilizing this
feature. Although fragility due to solvent content has been regarded as a defect of gel materials,
2

new class of gels with great mechanical strength have been reported by several research groups
in recent years with materials known as tetra-PEG gels,18 slide-ring gels,

19

double network

gels,20 and nanocomposite (NC) gels.21
One of the defects for conventional soft materials, including gels and elastomers, is the
difficulty in processing. In conventional network materials, the cross-link points are composed of
covalent bonds, which are strong but irreversible. Therefore, gels and elastomers are normally
insoluble in solvents, and they are not reactive against external-stimuli. In addition, since the
cross-linking reaction tends to proceed explosively once it has started, another problem arises in
the control of cross-linking reactions. Thus, disordered networks with inhomogeneous cross-link
points are easily formed, and the investigation of gelation behavior is also difficult due to the
insoluble nature.
Recently, network materials with precisely designed network structures formed via
non-covalent cross-links, which are referred to as “supramolecular soft materials,”22 including
supramolecular polymers,23,24 supramolecular (polymer) gels,25-27 supramolecular rubbers or
supramolecular elastomers,28,29 have been studied to overcome the defects of conventional soft
materials explained above. The term “supramolecuar” is associated with “supramolecular
chemistry” proposed by J-M. Lehn in the 1970s,30-32 and supramolecular soft materials express
the soft materials composed of supramolecular associations. Unlike conventional materials,
supramolcular soft materials show stimuli-responsiveness, such as thermo-,33,34 and
pH-responsiveness,35,36 due to the weak association strength of the cross-link points. Therefore,
macroscopic transition between semi-solid state (or gel state) and liquid state can be achieved.
Meijer et al. have reported the supramolecular polymers formed by self-complementary
quadruple hydrogen-bonding units based on 2-ureido-4-[1H]-pyrimidone (UPy) (Figure
1-1a).37,38 The materials obtained are able to melt at high temperatures due to the dissociation of
3

hydrogen bonded cross-links. Leibler’s groups have reported the preparation of supramolecular
rubbers composed of hydrogen bonded small molecules (Figure 1-1b),39 where self-healing
ability40-45 was generated due to the re-association of dissociated functional groups near the
fractured surfaces. Various kinds of supramolecular soft materials formed via non-covalent bonds,
e.g. hydrogen bonds,46-52 ionic interaction,53-60 metal-ligand coordination,61-70 or inclusion
complexation,71-75 have been reported in recent days. On the other hand, there are not many
reports which demonstrated the effects of stoichiometric valance on the physical properties of
supramolecular soft materials in detail.

Figure 1-1. (a) Formation of quadruple hydrogen bonding between 2-ureido-4-[1H]-pyrimidone (UPy) units
reported by Meijer et al. (see reference #37 and #38). (b) Components and hydrogen bonds used in the
supramolecular rubbers reported by Leibler et al. (see reference #39).

Studies on thermoplastic elastomers (TPEs) have also been explored to overcome the
difficulty in material processing of elastomers.76-80 ABA triblock copolymers, such as
polystyrene-b-polybutadiene-b-polystyrene and polystyrene-b-polyisoprene-b-polystyrene,81-85
are used in some typical TPEs, where polymer species with a Tg higher than room temperature
are used as the A end blocks and polymer species with a Tg lower than room temperature are used
as the B middle block. The glassy A blocks form pseudo cross-link domain86-88 due to the
segregation from the soft middle blocks, while the soft B middle block serves as a network
4

strand bridging the cross-link domains. TPEs are able to melt at higher temperatures than the Tg
of component polymers, which enables re-shaping after processing.87-95 The use of precisely
synthesized ABA triblock copolymers96-100 has another advantage for preparing elastomers
because the bridge-type conformation can directly contribute to enhance the macroscopic
physical properties of the materials.101-108
In addition, the studies of network materials composed of an ABA triblock copolymer and
a cross-linker polymer having a non-covalent interaction to the A end blocks have been
developing,109-113 e.g. by Noro and Lodge et al. (some examples are represented in Figure
1-2).114-118 For further improvement of mechanical properties of ABA triblock copolymer-based
elastomers, modification of the soft middle block could be effective. If transient weak cross-links
of non-covalent bonding are incorporated into the soft middle blocks, such cross-links would
improve the stiffness due to an increase in the cross-link density. Furthermore, the transient
cross-links22 incorporated in the middle block can repeat dissociation and re-association during
stress application due to the dynamic nature, which could work to prevent local stress
concentration in the network. In other words, incorporating transient cross-links into the soft
middle block enables enhancement of the mechanical properties of elastomers.

Figure 1-2. Schematic illustration of the molecular design on the basis of blend of ABA triblock copolymer
chains and cross-linker molecules. See references #114-118.
5

The dynamics of supramolecular soft materials with transient cross-links have also been
developing

as

a

basic

study,

which

are

mainly

conducted

through

rheological

measurements.119-129 Feldman et al. have reported the viscoelasticity of the materials formed by
random copolymers of n-butyl acrylate units and hydrogen bonding units based on UPy.130
Theoretical studies on the materials of associative polymers have also been explored on the basis
of scaling laws by several researchers.131-137 In other words, investigation of the dynamics of
supramolecular network is important to understand the macroscopic physical properties of
supramolecular soft materials.

In chapter 2 of this thesis, syntheses of component polymers and methods of blend
preparation were described. Details of experimental conditions for physical property
investigations were also explained, where some basics of rheological measurements were
demonstrated.
In chapter 3, carboxyl-terminated telechelic poly(ethyl acrylate) (PEA-(COOH)2) was
prepared, and was blended with polyethyleneimine (PEI) possessing multiple amines in a chain.
The use of telechelic-type polymer could be effective to form relatively homogeneous network.
In addition, these component polymers have opposite solubility nature, that is, PEA is
hydrophobic while PEI is hydrophilic, which could work to form self-assembled network even
with component polymers having small molecular weights. The supramolecular network was
formed via ionic hydrogen bonding138-140 between carboxylic acids on PEA-(COOH)2 and
amines on PEI, where PEA-(COOH)2 and PEI serve as a network strand and a cross-linker,
respectively, as schematically shown in Figure 1-3.141 Note that both polymers have lower Tgs
than room temperature, and hence solvents were not needed to attain the softness of materials,
6

which can remove the complication of solvent evaporation during measurements at high
temperatures. The importance of stoichiometric valance between functional groups in
optimization of supramolecular networks was studied through rheological measurements, while
the effects of the molecular weight of component polymers on the mechanical properties were
investigated.22

Figure 1-3. Molecular design and schematic illustration of the component polymers and network structure.
See reference #22.

In chapter 4, a novel strategy to enhance material properties by incorporating hydrogen
bonds on the soft middle block of ABA triblock-based elastomers was proposed.142 To realize
this

objective,

an

ABA

triblock-type

copolymer,

poly(4-vinylpyridine)-b-[(poly(butyl

acrylate)-co-polyacrylamide]-b-poly(4-vinylpyridine) (P-Ba-P), was prepared. In the molecular
design, the end blocks of poly(4-vinylpyridine) were aimed to form pseudo cross-link domains
due to segregation from the soft middle block, while acrylamide units were introduced to form
self-complementary hydrogen bonds on the middle block, serving as transient cross-links (Figure
1-4). The mechanical properties of the elastomers were investigated by dynamic mechanical
measurements and tensile tests. In addition, the effects of the hydrogen bonds in the middle block
on the dynamics of triblock copolymers were discussed in detail in terms of the sticky
Rouse-type relaxation of the middle block of P-Ba-P.
7

Figure 1-4. Chemical structure of P-Ba-P and schematic illustration of P-Ba-P based network structure. The
elastomer sample during elongation is also shown. See reference #142.

In chapter 5, further enhancement in physical properties was attained by preparing ABA
triblock copolymer-based elastomers cross-linked via coordination and hydrogen bonds. The
above mentioned P-Ba-P was used as a component polymer, which was blended with metal salt,
ZnCl2. The pyridine units can serve as the ligand site to form metal-ligand coordination,143-148
and thus, coordination bonds can be formed in the cross-link domains of P blocks by blending
with ZnCl2. Simultaneously, self-complementary hydrogen bonds form between acrylamide units
on the middle block. The effects of simultaneous cross-links in the middle blocks and in the end
blocks on the physical properties were investigated by morphological observations and
mechanical measurements.

Finally, please note that the Figures, Schemes, and Tables and even many technical terms,
phrases and sentences adopted in this thesis referred to previous papers written by the authors
including myself to make clear the expression concerning experimental procedures, results and
discussion.
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Chapter 2

Experiment and Analytical Procedures

2-1. Synthesis and characterization of polymers used in the 3rd chapter.
The synthetic procedure and characterization of three PEA-(COOH)2 and PEA used in
the 3rd chapter are explained below. The method for preparing blends of PEA-(COOH)2 and PEI
is also described.

2-1-1. Synthesis of PEA-(COOH)2 and PEA.
Ethyl acrylate monomer was purchased from TCI, and was purified by passing them
through an aluminum oxide column before polymerizations.
Carboxyl-terminated telechelic poly(ethyl acrylate) (PEA-(COOH)2) was synthesized
via reversible addition-fragmentation chain transfer (RAFT) polymerization by using a
difunctional chain transfer agent with two carboxylic acids, S,S’-bis(,’-dimethyl-”-acetic
acid) trithiocarbonate as a chain transfer agent (CTA) and 2,2’-azobis(isobutyronitrile) (AIBN)
as an initiator (Scheme 2-1).1 Firstly, CTA and AIBN were added to a 200 mL Schlenk flask, and
the atmosphere was substituted by argon gas. After injecting ethyl acrylate monomer into the
flask, it was bubbled with nitrogen for 15 min. The polymerization was conducted in an oil bath
at 75 ºC for 45 min. The progress of polymerization was confirmed by monitoring the viscosity,
and the polymerization was terminated by immersing the flask in liquid nitrogen. The polymer
obtained was purified by repeating reprecipitation two times with THF as a good solvent and
hexane as a poor solvent. The molecular weight of PEA-(COOH)2 was tuned by the feed ratio of
the CTA and the monomer. To investigate the effects of the molecular weight of PEA-(COOH)2
15

on the physical properties, three PEA-(COOH)2 with different molecular weights were
synthesized. In addition, a control sample, non-functionalized poly(ethyl acrylate) (PEA), was
also synthesized via RAFT polymerization by using 2-Cyano-2-propyldodecyl trithiocarbonate
as a CTA and AIBN as an initiator (Scheme 2-2). The synthetic procedure was similar to that for
PEA-(COOH)2 as explained above. PEA was purified in the similar way to the case of
PEA-(COOH)2.

Scheme 2-1. Synthesis of PEA-(COOH)2

Scheme 2-2. Synthesis of PEA
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2-1-2. Characterization.
NMR spectroscopy.

The degree of polymerization (N) and number average molecular

weight (Mn) of three PEA-(COOH)2 were determined by proton nuclear magnetic resonance
(1H-NMR) by using dDMSO, and the NMR spectra for three PEA-(COOH)2 are shown in Figure
2-1. The N value was estimated by comparing the integral of peaks at 4.7 ppm from two protons
adjacent to the CTA residue (S-C(=S)-S) with the integral of the peaks at around 4.0 ppm from
two protons of methylene on the side chain of PEA-(COOH)2. The N value of PEA was also
estimated by the same way (Figure 2-2). Since the PEI used has a branched structure, 13C-NMR
was performed for PEI by using D2O to estimate the fraction of primary, secondary, tertiary
amines in a chain. The

13

C-NMR spectrum is shown in Figure 2-3, revealing that the ratio of

primary, secondary, and tertiary amines was approximately 0.4, 0.4, and 0.2, respectively.
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Figure 2-1. 1H-NMR spectra of (a) PEA-(COOH)2-8k, (b) PEA-(COOH)2-14k, and (c) PEA-(COOH)2-26k.
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Figure 2-2. 1H-NMR spectrum of PEA.

Figure 2-3. 13C-NMR of PEI.
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SEC measurements.

Polydispersity indices (PDIs) of three PEA-(COOH)2 and PEA were

determined by size exclusion chromatography (SEC), using three TSK gel columns (two
G3000HHR and one G4000HHR Tosoh Corp.), combined with an HPLC pump and a refractive
index detector (Tosoh Corp.). THF was used as an eluent, and the flow rate was 1 ml/min.
Calibration was done with polystyrene standards. The SEC spectra for three PEA-(COOH)2 and
PEA are shown in Figure 2-4.

Figure 2-4. SEC spectra of; (a) PEA-(COOH)2-8k, (b) PEA-(COOH)2-14k, and (c) PEA-(COOH)2-26k (left),
and PEA (right). Please refer to the section below for the explanation of the molecular codes.

Molecular characteristics and codes.

Three PEA-(COOH)2 were coded as

PEA-(COOH)2-X, where X represents Mn of each PEA-(COOH)2 in the unit of kg/mol. Note that
the critical molecular weight (Mc) of PEA related to the entanglement molecular weight (Me ~12
kg/mol) is approximately 24 kg/mol at room temperature.2 Molecular characteristics of three
PEA-(COOH)2 are summarized in Table 2-1, together with those of PEA and PEI.
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Table 2-1. Molecular characteristics of polymers
Sample code

Mna

PDIb

nfuncc

PEA-(COOH)2-8k

8,000

1.13

2

PEA-(COOH)2-14k

14,000

1.16

2

PEA-(COOH)2-26k

26,000

1.15

2

PEA

11,000

1.14

-

PEI

1,200

1.11d

28e

a

Number average molecular weight determined by 1H-NMR. bPolydispersity index measured by SEC.

c

Average number of functional groups per chain (carboxylic acids or amines). dPDI for PEI was calculated

from the sample information obtained from Aldrich (Mn ~ 1200, Mw ~ 1300). enfunc of PEI was calculated by
dividing the number average molecular weight (1200 g/mol) by that of a monomer unit of (-CH2-CH2-NH-, 43
g/mol).

2-1-3. Blend preparation.

An aqueous solution of polyethyleneimine (PEI, Mn ~ 1200,

Mw ~ 1300) was purchased from Aldrich. Neat PEI polymer for blend experiments was prepared
by drying the PEI solution in vacuo. For preparation of the blends, PEA-(COOH)2 and PEI were
firstly dissolved in a mixture solvent of THF and MeOH (1: 1 vol%) separately. After mixing the
solutions in a metal mold, the solvents were evaporated on a heater at 40 ºC for 48 h, followed by
drying in vacuo at 40 ºC for 24 h. To investigate the effects of the blend weight ratio and the
molecular weight of PEA-(COOH)2 on the physical properties, three series of blends were
prepared by varying the weight ratio of PEA-(COOH)2 : PEI as 10 : Y. Blend samples were
coded as AI-Xk-Y, where X is a molecular weight of PEA-(COOH)2 and Y represents the value in
the weight ratio of 10 : Y. The information for the blend samples are summarized in Table 2-2.
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Table 2-2. Blend samples
code

a

wPEA-(COOH)2 : wPEI a

nCOOH: namine b

AI-8k-0.4

10 : 0.4

1 : 3.9

AI-8k-0.6

10 : 0.6

1 : 5.8

AI-8k-0.8

10 : 0.8

1 : 7.7

AI-8k-1

10 : 1.0

1 : 9.7

AI-8k-1.2

10 : 1.2

1 : 12

AI-14k-0.3

10 : 0.3

1 : 4.8

AI-14k-0.4

10 : 0.4

1: 6.4

AI-14k-0.5

10 : 0.5

1 : 8.0

AI-14k-0.6

10 : 0.6

1 : 9.5

AI-14k-0.7

10 : 0.7

1: 11

AI-26k-0.1

10 : 0.1

1: 3.0

AI-26k-0.2

10 : 0.2

1 : 6.0

AI-26k-0.3

10 : 0.3

1 : 8.9

AI-26k-0.35

10 : 0.35

1 : 10.4

AI-26k-0.4

10 : 0.4

1 : 12.0

Weight ratio of PEA-(COOH)2 : PEI.

b

Mole ratio of carboxylic acids on PEA-(COOH)2 to amines on PEI,

where namine includes primary and tertiary amines as well as secondary amine.
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2-2. Synthesis and characterization of polymers used in the 4th and 5th chapter.
Here in this section, the synthesis and characterization of P-Ba-P, P-B-P, Ba, and B,
which are used for the chapter 4 and 5, are explained below.

2-2-1. Synthesis.
Synthesis of triblock copolymers.

All monomers, including 4-vinylpyridine, butyl

acrylate, and acrylamide, were purchased from TCI. The monomers were purified by passing
them through an aluminum oxide column before polymerizations.
The component polymers were synthesized via RAFT polymerization. Firstly,
4-vinylpyridine (8.0 g, 76

mmol) was polymerized via RAFT polymerization by using a

difunctional chain transfer agent (CTA), S,S’-bis(,’-dimethyl-”-acetic acid) trithiocarbonate
CTA (0.33 g, 1.15 mmol) and 2,2’-azobis(isobutyronitrile) (AIBN, 60 mg, 0.35 mmol) as an
initiator in 1,1,2,2-tetrachroloethane (12 ml) at 80 °C for 2 h. After purification by repeating
reprecipitations, butyl acrylate (3.5 g, 27 mmol) and acrylamide (0.4 g. 5.6 mmol) were
co-polymerized from the precursor poly(4-vinylpiridine) (P, 0.62 g, 0.11 mmol) as a macro-CTA
with AIBN (7 mg) in DMF (3 ml) at 80 °C for 45 min. The triblock-type copolymer was purified
by reprecipitation procedures, followed by removing unreacted precursor P with a selective
solvent. The scheme for P-Ba-P synthesis is shown in Scheme 2-3.
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Scheme 2-3. Syntheses of P-Ba-P and P-B-P

As a control sample, P-B-P was prepared in the similar way to P-Ba-P synthesis. Unlike
the P-Ba-P synthesis, only butyl acrylate monomer (2.5 g, 20 mmol) was polymerized from the
precursor P (0.41 g, 0.075 mmol) as a macro CTA. Purification and removal of unreacted P
precursor were conducted in the same way to P-Ba-P synthesis. The scheme for P-B-P synthesis
is also shown in Scheme 2-3.

Synthesis of Ba and B.
As reference samples in physical property investigations, two homopolymers, i.e.,
poly(butyl acrylate)-co-polyacrylamide (Ba) and poly(butyl acrylate) (B), were individually
synthesized via RAFT polymerization by using 2-Cyano-2-propyldodecyl trithiocarbonate as a
CTA with AIBN in DMF at 80 °C for 45 min. Schemes for Ba and B synthesis are shown in
Scheme 2-4.
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Scheme 2-4. Syntheses of Ba and B

2-2-2. Characterization.
NMR spectroscopy.

The degree of polymerization (N) and the number-average molecular

weight (Mn) of polymers were estimated by 1H-NMR (see Figures 2-5 to 2-9). The degree of
polymerization of 4-vinylpyridine of the precursor P (NP) was firstly estimated by end-group
analysis. The value of NP was determined by comparing integral of peaks at 4.7 ppm from two
protons adjacent to the CTA residue (S-C(=S)-S) with the integral of peaks at around 8.2 ppm
from two protons on the side chain of pyridine rings of P block. The N values of butyl acrylate
(NB) and acrylamide (Na) in P-Ba-P were then estimated by comparing the integral of peaks
originating from pyridine rings of P block with the integral of peaks at 4 ppm and at 6 – 7 ppm
from protons on the side chain of butyl acrylate and acrylamide, respectively, after subtracting
the integral of peaks originating from pyridine rings. The value of NB in P-B-P was estimated by
the similar way to the case of P-Ba-P. The value of NB and Na in Ba or B was estimated by
comparing the integral of of peaks at 4.7 ppm from one proton adjacent to the CTA residue
(S-C(=S)-S) with the integral of peaks at 4 ppm and at 6 – 7 ppm from protons on the side chain
of butyl acrylate and acrylamide, respectively.
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Figure 2-5. 1H-NMR spectrum of P.

Figure 2-6. 1H-NMR spectrum for P-Ba-P.
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Figure 2-7. 1H-NMR spectrum of P-B-P.

Figure 2-8. 1H-NMR spectrum of Ba.
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Figure 2-9. 1H-NMR spectrum for B.

SEC measurements.

PDIs of the polymers were determined by SEC measurements, using

three TSK gel columns (two G3000HHR and one G4000HHR), combined with an HPLC pump and
a refractive index detector (Tosoh Corp.). Dimethylformamide (DMF) was used as an eluent, and
the flow rate was 1 ml/min. The elution volumes were calibrated with polystyrene standards.
SEC chromatograms of the polymers are shown in Figure 2-10, revealing that the precursor P for
synthesizing P-Ba-P (or P-B-P) was completely removed by purification and that polymers with
relatively low PDIs were synthesized (Figure 2-10a).
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Figure 2-10. SEC spectra for P, P-Ba-P, and P-B-P (left side), and B and Ba (right side)

Molecular characteristics and codes.

Molecular characteristics of B, Ba, P-B-P and P-Ba-P

are summarized in Table 2-3. Since the entanglement molecular weight (Me) of poly(butyl
acrylate) is approximately 30,000 g/mol,3 the molecular weights of B, Ba, and the middle blocks
in P-B-P and P-Ba-P are all lower than Me of poly(butyl acrylate), meaning entanglements are
rarely generated. It should be also noted that the molecular weights of the middle blocks (Mmiddle)
in the triblock copolymers, and those of two homopolymers, B and Ba, are nearly the same.
Table 2-3. Codes and molecular characteristics of polymers
N Pa

NBa

Naa

fab

Mmiddlec

Mtotalc

PDId

B

-

194

-

-

-

25,000

1.05

Ba

-

195

30

0.13

-

27,000

1.10

P-B-P

48

196

-

25,000

30,000

1.22

P-Ba-P

48

178

30

25,000

30,000

1.17

Sample code

0.15

a

Average number of monomeric units of 4-vinylpyridine (NP), butyl acrylate (NB), and acrylamide (Na) in a

polymer chain determined by 1H-NMR. bMole fraction of acrylamide units in a random copolymer chain,
which was calculated from Na/(NB+Na).

c

Number average molecular weight of the middle block (Mmiddle) and

the triblock copolymer (Mtotal), which was calculated from the number of monomeric units and the mass of
each monomeric unit. dPolydispersity indices measured by SEC.
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In addition, various P-Ba-P polymers with different fa were prepared to investigate the
effects of fa on the elongation properties. They are coded as P-Ba-P-X, where X represents fa. The
molecular characteristics of various P-Ba-P synthesized are summarized in Table 2-4.

a

Table 2-4. Molecular characteristics of three P-Ba-P
NBa
Naa
fab
Mmiddlec
Mwholed

PDIe

Sample code

NP

P-Ba-P-15

48

178

30

15

25,000

30,000

1.17

P-Ba-P-8

48

236

21

8

32,000

37,000

1.10

P-Ba-P-4

48

210

10

4

28,000

33,000

1.22

a

Average number of monomeric units of 4-vinylpyridine (NP), butyl acrylate (NB), and acrylamide (Na) in a

polymer chain determined by 1H-NMR. bMole fraction of acrylamide units in the middle block, which was
calculated from Na/(NB+Na).

c

Number average molecular weight of the middle block (Mmiddle) and the

triblock copolymer (Mtotal), which was calculated from the number of molecular units and the mass of each
monomeric unit. dPolydispersity index measured by SEC.

Randomness of butyl acrylate and acrylamide.
Note that copolymerization of butyl acrylate and acrylamide should proceed in a nearly
random sequence, considering their reactivity ratio, where the reactivity ratio of acrylamide to
butyl acrylate and that of butyl acrylate to acrylamide are 0.72 and 1.26,4,5 respectively. The
randomness was also evaluated by performing DSC measurements for various poly(butyl
acrylate)-co-polyacrylamide with changing the fraction of acrylamide units (fa). These are coded
as Ba-X, where X represents fa. The characteristics of random polymers synthesized are
summarized in Table 2-5. A single endothermic peak originating from the Tg was observed (see
Figure 2-11), and the peak was gradually shifted to a higher temperature with an increase in fa.
This suggests that the copolymerization of butyl acrylate and acrylamide via RAFT
polymerization proceeds in a random way.
30

Table 2-5. Molecular characteristics of various poly(butyl acrylate)-co-polyacrylamide
Sample code

Mn a

NBb

Na b

fac

PDId

Tge (°C)

B

25,000

194

-

0

1.05

-50

Ba-7

27,000

204

16

7

1.10

-39

Ba-15

27,000

195

30

15

1.11

-26

Ba-22

24,000

166

37

22

1.13

-6

a

The number average molecular weight determined by 1H-NMR. b,cThe average number of monomeric units of

butyl acrylate (NB) and acrylamide (Na) determined by 1H-NMR. cMole fraction of acrylamide units in a
polymer chain. dPolydispersity indices determined by SEC. eThe glass transition temperature determined by
DSC measurements.

Figure 2-11. DSC thermograms of various poly(butyl acrylate)-co-polyacrylamide with different fa, where that
of B is also shown.

2-2-3. Preparation of bulk films.

Preparation of bulk films used in the 4th chapter was

carried out as follows. P-Ba-P or P-B-P was dissolved in a mixed solvent of pyridine / water (9 /
1 by volume), which was poured into a Teflon-made mold (W × 25 mm, D × 10 mm, H × 10
mm). The solvent was evaporated slowly during solvent casting at 40 °C for 3 days and dried in
31

vacuo at 40 °C for one day. The mass of the polymers used was fixed at 250 mg to prepare films
with the same thickness.
Preparation of blends used in the 5th chapter was carried out as follows. First, P-Ba-P (or
P-B-P) and zinc (II) chloride ZnCl2 were dissolved in a mixed solvent of pyridine / water (9 / 1
by volume) separately. The use of the solvent mixture was to prevent rapid aggregation between
P-Ba-P (or P-B-P) and ZnCl2. Then, both solutions were mixed in a Teflon-made mold, and the
solvent was evaporated slowly in the same way as explained above. P-Ba-P (or P-B-P) and ZnCl2
was mixed with the mole ratio of ZnCl2 / pyridine units = 0.5. Since ZnCl2 possesses two
available coordination sites,6 the mole ratio between available coordination sites and ligands
attains the stoichiometric equivalence at the mole ratio. The total mass of the polymers and
ZnCl2 was fixed at 250 mg to prepare the films with the same thickness. Blends of P-Ba-P (or
P-B-P) and ZnCl2 were coded as P-Ba-P/ZnCl2 (or P-B-P/ZnCl2).

2-3. Experimental conditions for structure determination and rheological properties.
FT-IR measurements.

In the 3rd chapter, Fourier-transform infrared spectroscopy (FT-IR)

measurements will be performed for AI-8k-Y series to identify the interaction between
PEA-(COOH)2 and PEI with FT-IR 6100 (Jasco, Japan). Each measurement was conducted at
room temperature under the reduced pressure.
In the 4th and 5th chapter, FT-IR measurements will be performed to identify the
hydrogen

bonds

between

acrylamide

units

and

metal-ligand

coordination

between

4-vinylpyridine units and ZnCl2. The instrument was an IR Prestige-21 spectrometer combined
with an AIM 8800 attachment (SHIMADZU) for microscopic sample positioning.

DSC measurements.

In the 4th and 5th chapter, differential scanning calorimetry (DSC)
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measurements will be performed to investigate the Tgs. The instrument was a Q2000 calorimeter
(TA Instruments). The temperature range was from -60 °C to 200 °C, and the temperature
increase rate was 10 °C/min.

SAXS measurements.

Small angle X-ray scattering (SAXS) measurements were

conducted to obtain the morphological information at a nanometer scale. The instrument was
Rigaku Nano Viewer, where an X-ray generator was operated at the voltage of 45 kV and the
current of 60 mA. The wavelength of the incident X-rays and the camera length were 0.154 nm
and 735 mm, respectively. For the polymers and the blends in the chapter 3, samples were held
between polyimide films, which were exposed to the incident beam for 2 h at 10 °C. For the
polymers and the blends in the chapter 4 and 5, the bulk films of samples were directly exposed
to the incident beam for 2 h at room temperature. Imaging plates were used as detectors.

TEM observations.

The TEM observations were conducted for P-Ba-P, P-Ba-P/ZnCl2 and

P-B-P/ZnCl2 to investigate the assembly states at a nanometer scale. The instrument was JEM
1400 (JEOL) at an accelerating voltage of 120 kV. Ultrathin films with a 50 nm thickness were
prepared with a microtome (Reica ultracut FUS) in a wet condition. The films were stained with
I2 vapor to observe TEM images with clearer contrast.

Rheology.

Rheological measurements were performed for the samples to investigate the

dynamic properties of the supramolecular networks (in chapter 3). Oscillatory shear
measurements were conducted on an ARES-G2 rheometer (TA Instruments) with 25 mm parallel
plates in a N2 atmosphere. Dynamic temperature ramp tests were performed from 40 °C to 0 °C
at a ramp rate of 1 °C/min with a strain of 0.5% (or 1%) and a frequency of 0.3 rad/s. The tests
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are equivalent to the measurement of stress in nearly 3 seconds after application of shear strain of
0.5% (or 1%) at each temperature. Dynamic frequency sweeps were acquired at ten degree
intervals from 70 °C to 0 °C. Dynamic strain sweeps were also performed to estimate the linear
viscoelastic regime in advance, and all above dynamic tests were conducted in the linear regime.
Creep-recovery tests were performed for AI-8k-1, AI-14k-0.6, and AI-26k-0.35 with the same
experimental set up as explained above, where the tests were conducted by applying a constant
shear stress of 4000 Pa for 300 sec. After removal of the stress, sample recovery was measured
for an additional period of 3000 sec.
Rheological measurements for the triblock copolymers and the blends were performed
with an uniaxial rheometer RSA-G2 (TA Instruments) by using strip-shaped samples (in chapter
4 and 5). The measurements for B and Ba were performed with a shear rheometer of ARES-G2
(TA Instruments) with 25 mm parallel plates. The dynamic temperature ramp tests with the
uniaxial rheometer were conducted from -60 °C to 130 °C (or till a temperature of sample
deformation) for the triblock copolymers and the blends with a heating rate of 3 °C/min under
0.1% strain at a frequency of 1 Hz. The tests with shear rheometer were also conducted from
-40 °C to 0 °C for B and from -10 °C to 40 °C for Ba with a heating rate of 3 °C/min under 1%
strain at a frequency of 1 rad/sec. Dynamic frequency sweep tests for the triblock copolymers
were carried out at ten degree intervals from -50 °C to 130 °C (or till a temperature of sample
deformation) in the frequency range from 100 to 0.3 Hz. The tests were also conducted from
-30 °C to 30 °C for B and from 0 °C to 60 °C for Ba in the frequency range from 100 to 0.1
rad/sec. All dynamic tests were performed in a linear regime in a N2 gas atmosphere. It should be
noted that the degradation by heating of the polymers synthesized via RAFT polymerization can
be negligible in an inert gas atmosphere under 130 °C.7
The mechanism to obtain the information of storage modulus (G’ or E’) and the loss
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modulus (G” or E”) in rheological measurements and an important concept for the analysis of
rheological data, that is, the time-temperature superposition principle will be explained in the
later section as well as the longest relaxation time, rubbery plateau, plateau modulus, and flow
activation energy.

Tensile tests.

Tensile tests for the triblock copolymers and the blends were performed with an

ARES-G2 rheometer (TA Instruments) by using dogbone-shaped samples prepared by a cutting
die (detailed sample shape is shown in Figure 2-12). The tests were carried out with an
elongation rate of 10 mm/min at room temperature (in chapter 4 and 5).

Figure 2-12. Sample shape of a dogbone sample for tensile tests.


2-4. Linear Viscoelasticity
Viscoelasticity is one of the most distinctive properties of polymers. Polymers represent
solid-like behavior and liquid-like behavior depending on the time (or frequency), which is
associated with the relaxation of polymer chains. The stress relaxation is also observed in
supramolecular soft materials composed of non-covalent bonded cross-links, where the
relaxation originates from the dissociation (and re-association) of the non-covalent bonded
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cross-links. Therefore, investigation of the viscoelasticity of supramolecular networks is
important to understand their macroscopic physical properties.

2-4-1. Storage modulus and loss modulus.
Maxwell model.
Basically, the storage modulus G’ and the loss modulus G” indicate the elastic and
viscous aspects of the materials, respectively. Here in this section, the mechanism to detect G’
and G” in rheological measurements is explained.
Firstly, the stress relaxation on the basis of the simple Maxwell model, which is
composed of a Hooken spring with spring constant G and a Newtonian dash pot with viscosity 
(illustrated in Figure 2-13), is described below.

Figure 2-13. Illustration of the Maxwell element.

In the spring element, the relationship between stress  and strain  is written by eq
(2-1).
σ  Gγ

(2-1)
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The relationship in the dashpot is written by eq (2-2),
σ  ηγ

(2-2)

When the stresss is applied to the model at t = 0, the stress is preferentially transmitted to the
spring, where the deformation of the spring is not very drastic because it is connected with the
viscous dashpot. After the deformation of the spring reached some level, the stress can be also
transmitted to the dashpot element. The total deformation, 0, should be composed of two
elements, i.e., the strain from the spring (spring) and dashpot (dashpot), and hence 0 is described
by eq (2-3).

γ 0  γ spring  γ dashpot

(2-3)

The strain is constant for t > 0, and so force the deformation rate d0/dt can be written as eq
(2-4).

dγ 0
d σ (t ) σ (t )
 0  γ spring  γdashpot 

dt
dt G
η

(2-4)

Since the relaxation time  is defined as  = /G, eq (2-4) can be transformed to eq (2-5),

1
σ  σ  0
τ

(2-5)

Dynamic response.
The most common experimental approach to detect G’ and G” is applying sinusoidally
time-varying strain, i.e., (t) = 0sint. The advantage of this procedure is that both viscous
character (G’) and elastic character (G”) can be extracted in the same measurements.
The response of the Maxwell element against the stress can be written by,

γ0

d
1
1
sin ωt  γ 0 ω cos ωt  σ  σ
dt
G
η

1
σ  σ  Gγ 0 ω cos ωt
τ

(2-6)

(2-7)
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Eq (2-7) is the transformed from (2-6).
To solve the first-order differential equation for (t), the following equation (2-8) is set.

σ (t )  A sin ωt  B cos ωt  A0 sin(ωt  φ)

(2-8)

By substituting the eq (2-8) into (2-7), one can obtain eq (2-9),

Aω cos ωt  Bω sin ωt 

1
1
A sin ωt  B cos ωt  Gγ 0 ω cos ωt
τ
τ

(2-9)

By focusing on the sine and cosine part individually in eq (2-9), two equations (2-10) and (2-11)
can be obtained to give A and B.

 Bω 

Aω 

1
A  0 from the sine part
τ

(2-10)

1
B  Gγ 0 ω from the cosine part
τ

(2-11)

Then, A and B are found to be,

A  Gγ 0

ω2 τ 2
ωτ
, B  Gγ 0
2 2
1 ω τ
1  ω2 τ 2

Therefore, the whole equation can be written as

σ (t )
ωτ
ω2 τ 2
G
sin ωt  G
cos ωt  G ' sin ωt  G" cos ωt
2 2
γ0
1 ω τ
1  ω2 τ 2

(2-12)

, where one notices A and B can be replaced with G’ and G”, and those are defined as

G'  Gγ 0

ω2 τ 2
ωτ
, G"  Gγ 0
.
2 2
1 ω τ
1  ω2τ 2

From the above derivation, it is found that G’ has no phase-shift from the stress of sint, while G”
has phase-shift by 90º from the stress. When G’ >> G”, the material is solid-like (or gel-like),
and when G” >> G’, the materials is liquid-like.

2-4-2 Time-Temperature Superposition.
For melt polymers or polymer solutions, some rheological data attained at an arbitrary
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temperature can be treated as the data attained at a reference temperature Tref by applying the
“time-temperature superposition (TTS).” Note that there is a strict limitation for the application
of TTS; the TTS can be available only in the condition that the origin of the relaxation is the
same within the temperature range for the superposition. For example, TTS cannot be applied to
the polymer showing phase transition, such as crystalline polymers, since the motion of polymer
chains against temperatures is completely different before and after the transition.
Figure 2-14 describes the operation of TTS for a linear polystyrene with Mw ~ 40,000
(synthesized by anionic polymerization) as an example to create a master curve. The rheological
measurements with dynamic frequency sweep modes were conducted at the temperature range
from 120 °C to 180 °C. Each spectrum obtained at different temperatures was shifted to create a
smooth curve with Tref = 160 °C, i.e., the spectrum at 160 °C was used as a standard spectrum
without any frequency shifts. The frequency shift required to create the master curve is called
“shift factor aT.” Note that aT has a relational equation with 1 and  as written by eq (2-13)
under the condition that temperature dependency of the polymer density is negligible.8

aT 

τ 1 (T )
η(T )

τ 1 (Tref ) η(Tref )

(2-13)
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Figure 2-14. The operation of time-temperature superposition. The master curve (left side) was created by
shifting the raw spectra (right) with a standard spectrum obtained at 160 °C (i.e. Tref = 160 °C).

2-4-3. The longest relaxation time and Rubbery plateau
The longest relaxation time, 1, is one of the most important rheological parameter,
which represents the time required for the relaxation of a material against the applied stress. The
value of 1 can be evaluated by G’ and G’ data obtained by frequency sweep tests. The value of

1 is estimated by the crossover frequency (cross) of extended lines of G’ and G” in the terminal
region with G’ ~ 2 and G” ~ , where the 1 has a relationship with cross as 1 = 1/cross.
Figure 2-15 compares the master curves of various linear poly(styrene) (PS) with different
molecular weights created at the same Tref of 160 °C, where the Xk in the sample codes represent
the molecular weight with a unit of kg/mol. The crossover frequency of G’ and G” is shifted to a
lower frequency with an increase in the molecular weight (see yellow circles in Figure 2-15),
meaning that 1 increases with an increase in the molecular weight. Experimentally or
theoretically, 1 is known to has a relationship with M as 1 ~ M3.4 for linear polymer chains.
Note that distinctive plateau region, which is called “rubbery plateau” is seen in
PS-250k, while that is not clear in PS-40k. The appearance of the rubbery plateau indicates
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existence of distinctive network structure originating from the intermolecular entanglement.
The modulus of rubbery plateau, so called plateau modulus GP, is associated with the
molecular weight between cross-links (Mx) and the cross-link density (e) as described in eq
(2-14),7

G P  kT

ν e ρRT

V
MX

(2-14)

, where k, T, V, , R represent the Boltzmann's constant, an absolute temperature, the volume, the
density, and the gas constant, respectively. For melt polymers, the value of GP is not governed
by the molecular weight, since the molecular weight between entanglements, that is,
entanglement molecular weight (Me), is uniquely determined by the kind of polymers. On the
other hand, for gels and elastomers, the cross-link density can be influenced by various
parameters, such as concentration of cross-linkers or the number of functional groups; therefore,
the value of GP is often used to determine the cross-link density and the average molecular
weight between cross-links.

Figure 2-15. Comparison of master curves of various linear polystyrene (PS). The polymers are coded as
PS-Xk, where Xk represents Mw with a unit of kg/mol. The color of the codes corresponds to the spectrum
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with the same color. The yellow circles represent the crossover point of G’ and G”.

2-4-4. Flow activation energy
Although the value of 1 should be used to evaluate the stableness of supramolecular
networks, the discussion based on 1 only should not be absolute. It is because the value of 1 has
the reference temperature dependence. To evaluate the stableness, estimation of the flow
activation energy Ea, which does not depend on the reference temperature, could be more
reliable.
The Ea value can be estimated by the relationship between aT for creating master curves
and the inverse temperature. The blue curve in Figure 2-16 represents typical behavior of aT with
a logarithmic scale as a function of inverse temperatures. It is known that the relationship
between aT and inverse temperature follows Arrhenius-type equation (2-15) at temperatures
sufficiently higher than the glass transition temperature (T > Tg+50 °C).7
aT  exp(

Ea
)
RT

(2-15)

Ea
RT

(2-16)

ln aT  A 

The eq (2-16) is the logarithmic form of (2-15), where A is a constant. The slope of the black
straight line in Figure 2-16 represents the Ea / R, which gives Ea. The Ea value could be regarded
as the energy required for the material flow, and thus, Ea could be associated with the stableness
of supramolecular networks.
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Figure 2-16. Typical aT variation against inverse temperature (blue curve), where black straight line at T >>
Tg+50 °C can be used to estimate Ea.
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Chapter 3

Preparation and Viscoelastic Properties of Supramolecular Soft Materials
with Transient Polymer Network via Hydrogen bonding

Abstract: Preparation of supramolecular soft materials according to a simple molecular design in
a bulk state was demonstrated by blending carboxy-terminated telechlic poly(ethyl acrylate)
(PEA-(COOH)2) and polyethyleneimine (PEI) with multiple amines. Supramolecular polymer
networks were evidently formed via ionic hydrogen bonds between carboxylic acids on
PEA-(COOH)2 and amines on PEI. Both the effects of molecular weight of PEA-(COOH)2
(MPEA) and the blend ratios on the viscoelastic properties were investigated by rheological
measurements. The highest temperature of a storage modulus - loss modulus crossover and the
highest flow activation energy were both attained at a certain stoichiometric carboxylic acids /
amines ratio, irrelevant to MPEA, suggesting that the ratio plays the key factor on the formation of
supramolecular polymer networks. In addition, it has been found the plateau modulus was
inversely proportional to MPEA at the optimized blend ratio, probably because PEA-(COOH)2
served as a network strand in the supramolecular network.
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Introduction

Polymer gels reveal unique material properties,1-3 such as flexibility and

swellability, and hence they have been widely used in our daily lives as contact lenses, artificial
muscles, vibration-proof materials, and other applications. Such polymer gels together with
elastomers or rubbers with flexible nature are typical examples of “soft materials.” The
flexibility of soft materials is attributed to the characteristic molecular structures, that is, 3D
network structures from cross-linked polymers.4
Supramolecular soft materials with transient polymer networks, including polymers,5-7
gels,8-11 rubbers or elastomers,12-14 have been extensively studied in recent years, where the term
“transient” implies that the networks are formed by the reversible non-covalent bonded
cross-links with finite lifetimes.15 Unlike the conventional gels with “permanent” networks
formed by covalent bonded cross-links, the materials with transient polymer networks present
reversible nature against stimuli such as thermo-16,17 and pH-responsiveness,18,19 due to
dissociation and re-association of the non-covalent bonded cross-links.
In addition, studies on the viscoelasticity of such supramolecular soft materials composed
of associated polymers have also been explored to understand macroscopic physical
properties.20-22 The distinctive viscoelastic properties of them are derived from dynamic nature of
the non-covalent bonded cross-links. Although a lot of research groups have reported their
preparation, few reports have demonstrated the importance of stoichiometric valance of the
functional groups on the physical properties. Therefore, fundamental studies on supramolecular
soft materials are required to extend their potential for the applications. To investigate the
viscoelastic properties in detail, the rheological measurements covering a wide temperature range
is necessary. Noro et al. have reported the gelation mechanism of supramolecular polymer gels
containing an ionic liquid as a solvent, where the useful nature of an ionic liquid with
non-volatility

and

high

thermal

stability

enabled

quantitative

investigation

of
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thermoresponsibility up to a high temperature (~180°C).23-26 On the other hand, the design of
gel-like materials free from solvents are also preferable because solvent evaporation effects on
the dynamic properties during measurements need not be taking into account. This condition was
also achieved by preparing the materials composed of melt polymers with Tgs lower than room
temperature as reported by Feldman et al,27 where there are no solvent effects on the interaction
strength of the noncovalent bonded cross-links in such bulk system.
On the basis of this background, supramolecular soft materials were prepared by blending
two liquid polymers, that is, poly(ethyl acrylate) with two carboxylic acids on its chain ends
(PEA-(COOH)2) and polyethyleneimine (PEI) possessing multiple amines, where they can be
formed via ionic hydrogen bonds between carboxylic acids and amines (Figure 3-1).28,29 In the
present system, there are no needs to care the solvent evaporation during physical property
investigation at high temperatures. The use of telechelic-type polymer should be effective to
prepare the soft materials with controllable distance between cross-links. In addition, PEA and
PEI show quite deferent solubility nature, that is, PEA is hydrophobic and PEI is hydrophilic.
This could work to form self-assembled networks even with component polymers with small
molecular weights only if attractive interactions between functional groups are large enough to
prevent macrophase separation. In this work, three kinds of PEA-(COOH)2 with different
molecular weights were synthesized via reversible addition-fragmentation chain transfer (RAFT)
polymerization and PEA-(COOH)2 / PEI blends were prepared at various blend ratios. Small
angle X-ray scattering (SAXS) and rheological measurements were conducted for these blends to
investigate the effects of mole ratio between functional groups on the physical properties.
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Figure 3-1. Chemical structures of (a) PEA-(COOH)2 and (b) PEI. (c) Schematic illustration of a
supramolecular network, where red chains represent PEA-(COOH)2 as network strands and blue clusters
express the assemblies of PEI molecules as cross-linkers. See reference #28, Figure 1.

Characteristics and codes of component polymers.
Table 3-1. Molecular characteristics of parent polymers
Sample code

Mn a

PDIb

nfuncc

PEA-(COOH)2-8k

8000

1.13

2

PEA-(COOH)2-14k

14000

1.16

2

PEA-(COOH)2-26k

26000

1.15

2

PEI

1200

1.11d

28e

a

Number average molecular weight determined by 1H-NMR. bPolydispersity index measured by SEC.

c

Average number of functional groups per chain (carboxylic acids or amines). dPDI for PEI was calculated

from the sample information obtained from Aldrich (Mn~1200, Mw~1300). enfunc of PEI was estimated by
simply dividing the number average molecular weight (1200 g/mol) by that of a monomer unit of
(-CH2-CH2-NH-, 43 g/mol). See synthesis procedures in the chapter 2.
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Characteristics and codes of blends.
Table 3-2. Characteristics of blend samples
code

wPEA-(COOH)2 : wPEI a

nCOOH: namine b

Tcrossc/ °C

Ead/ (kJ/mol)

AI-8k-0.4

10 : 0.4

1 : 3.9

13

122

AI-8k-0.6

10 : 0.6

1 : 5.8

15

125

AI-8k-0.8

10 : 0.8

1 : 7.7

17

133

AI-8k-1

10 : 1.0

1 : 9.7

21

134

AI-8k-1.2

10 : 1.2

1 : 12

11

128

AI-14k-0.3

10 : 0.3

1 : 4.8

10

110

AI-14k-0.4

10 : 0.4

1: 6.4

14

117

AI-14k-0.5

10 : 0.5

1 : 8.0

18

126

AI-14k-0.6

10 : 0.6

1 : 9.5

19

129

AI-14k-0.7

10 : 0.7

1: 11

17

125

AI-26k-0.1

10 : 0.1

1: 3.0

1

90

AI-26k-0.2

10 : 0.2

1 : 6.0

10

105

AI-26k-0.3

10 : 0.3

1 : 8.9

15

112

AI-26k-0.35

10 : 0.35

1 : 10.4

17

117

AI-26k-0.4

10 : 0.4

1 : 12.0

17

115

a

Weight ratio of PEA-(COOH)2:PEI.

b

Mole ratio of carboxylic acids on PEA-(COOH)2 to amines on PEI,

where namine includes primary and tertiary amines as well as secondary amine. cTemperature at tan= 1 (i.e.,
G’-G” crossover), which was determined by the data in Figure 3-4. dFlow activation energy estimated from the
slope of plots of lnaT versus inverse temperature in Figure 3-14. See the blend preparation method in the
chapter 2.
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Results
Blend experiment.

Before investigating the physical properties, various blends at different

blend weight ratio were prepared by using PEA-(COOH)2-8k. Figure 3-2a represents the
macroscopic appearance of the blend samples, where the blend weight ratio of
PEA-(COOH)2-8k : PEI were 10 : 0.5, 0.75, 1, 2, and 3, respectively. Note that these blend
samples are different from those summarized in Table 3-2. The viscosity increased with an
increase of PEI content, and the transparent sample without fluidity was obtained at 10 : 1.
Further increase in PEI content generated the samples with turbidity, suggesting the occurrence
of macrophase separation. In contrast, macrophase separation was observed in the blends of PEA
(with no functional groups on the chain ends, see Table 2-1) as a control sample and PEI even at
small content of PEI (Figure 3-2c) unlike PEA-(COOH)2-8k : PEI = 10 : 1 (Figure 3-2b),
meaning that the segregation power between PEA chains and PEI chains is inherently large. This
result also indicates that the attractive interaction between carboxylic acids on PEA-(COOH)2
and amines on PEI enables the formation of homogeneous blends.

Figure 3-2. (a) Macroscopic appearance of blend samples of PEA-(COOH)2-8k and PEI. Images obtained by
optical microscopic observations. (b) PEA-(COOH)2-8k : PEI = 10 : 1. (c) PEA-nonCOOH / PEI blends with
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weight ratios of 10 : Z (Z = 0.3, 0.5, 1). The images are displayed in order of the Z value from left to right.
Scale bars represent 100 μm in all images. The Optical microscopic observations were performed by using
OLYMPUS BX51 (Olympus co.) at room temperature under nitrogen atmosphere. Sample preparation for
observations was carried out as follows. First, the blend was dissolved in a mixed solvent of THF / MeOH (5 :
5 by volume). Then, 10 μm of the solution was dropped to a cover glass and the solvent was evaporated under
the atomospheric pressure. The solvent wasfurther evaporated by drying in vacuo before measurements. See
reference #28, Figure S19.

FT-IR measurements.

Figure 3-3 compares FT-IR spectra of blends with those of

component polymers, i.e., neat PEA-(COOH)2-8k and PEI. An absorption peak originating from
carboxylate anions (O=C-O-) gradually appeared at 1657 cm-1 with an increase in Y,30 while
another absorption peak also appeared at 1550 cm-1 with an increase in Y, which corresponds to
N-H bending vibration of ammonium cations.30 These absorptions at 1657 cm-1 and 1550 cm-1
were not observed in neat PEA-(COOH)2-8k and PEI. These results suggest that ionic hydrogen
bonds were formed between carboxylic acids and amines by blending PEA-(COOH)2-8k and PEI,
which can serve as transient cross-links in forming supramolecular polymer networks. Note that
peak intensity of the carboxylate anions reached maximum at around Y = 1, where nCOOH : namine
= 1 : 10 (see Table 3-2). In another words, excess amounts of amines to carboxylic acids are
required for ionization of the maximum molar amount of the carboxylic acids.
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Figure 3-3. FT-IR spectra of neat PEA-(COOH)2-8k, PEI and AI-8k-Y blend series. Values in the spectra
represent Y. See reference #28, Figure 2.

Dynamic temperature ramp tests.

Figures 3-4a through 3-4c express tan (= loss

modulus G” / storage modulus G’) spectra obtained by dynamic temperature ramp tests (please
also see the raw spectra of G’ and G” as a function of temperature in Figures 3-5 through 3-7). In
AI-8k series (Figure 3-4a), the liquid-like state with tan≥ 1 was observed at higher
temperatures, while the solid-like (gel-like) state with tan≤ 1 was recognized at lower
temperatures. The gradual transition between the liquid-like state and the solid-like one can be
attributed to the dissociation or re-association of ionic hydrogen bonded cross-links between
carboxylic acids on PEA-(COOH)2 and amines on PEI. In this research, the temperature at tan=
1, i.e., G’ = G”, was assigned as Tcross, which was used to evaluate the supramolecular network
formation.23,24,26 Tcross values for AI-8k series were plotted as a function of Y in Figure 3-4d. Tcross
increased with an increase in Y at Y ≤ 1, whereas it decreased at Y ≥ 1, indicating that the
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maximum Tcross was attained at Y = 1 in AI-8k series. Tan spectra of AI-14k and AI-26k were
also represented in Figure 3-4b and 3-4c, where similar behavior to AI-8k-Y was observed. Tcross
values of AI-14k-Y and AI-26k-Y were plotted against Y in Figure 3-4e and Figure 3-4f,
respectively, and they are also summarized in Table 3-2. Note that thermoreversibility was
confirmed by repeating the cooling and heating tests for AI-14k-0.6 as shown in Figure 3-8. The
increase in Tcross toward the maximum with an increase in Y could be attributed to formation of
effective cross-linking between PEA-(COOH)2 and PEI,24 while the decrease in Tcross beyond the
maximum is probably due to lower cross-linking functionality on PEI molecules, originating
from the presence of unused functional groups.24 Schematic explanation is given in Figure 3-9.

Figure 3-4. Tan spectra as a function of temperatures: (a) AI-8k-Y, where Y = 0.4(○), 0.6(□), 0.8(△),
1.0(●), and 1.2(■); (b) AI-14k-Y, where Y = 0.3(○), 0.4(□), 0.5(ᇞ), 0.6(●), and 0.7(■); (c) AI-26k-Y,
where Y= 0.1(○), 0.2(□), 0.3(ᇞ) 0.35(●),and 0.4(■). Curves connecting data points are as guides for eyes,
while blue dotted line represent tan = 1. Tcross of AI-8k-Y, AI-14k-Y, AI-26k-Y are also plotted as a function
of Y in (d), (e), and (f), respectively. See reference #28, Figure 3.
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Figure 3-5. Storage moduli (G’, ○), loss moduli (G”,□), and loss tangent (tan, ○) of AI-8k-Yagainst
temperatures. Red arrows represent  relaxation of the blends. See reference #28, Figure S8.
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Figure 3-6. Storage moduli (G’, ○), loss moduli (G”,□), and loss tangent (tan, ○) of AI-14k-Yagainst
temperatures. Red arrows represent  relaxation of the blends. See reference #28, Figure S9.
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Figure 3-7. Storage moduli (G’, ○), loss moduli (G”,□), and loss tangent (tan, ○) of AI-26k-Yagainst
temperatures. Red arrows represent  relaxation of the blends. See reference #28, Figure S10.
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Figure 3-8. Storage modulus (G’, blue) and loss modulus (G”, red) of AI-14k-0.6 as a function of temperature
on 1st cooling, 1st heating, 2nd cooling, and 2nd heating. Arrows represent Tcross. See reference #28, Figure
S11.

Figure 3-9. Schematic illustrations of a PEI cluster (a) at an optimized ratio (b) beyond the optimized ratio. A
red chain, a blue chain, and a blue sphere represent PEA-(COOH)2, PEI, and a PEI cluster, respectively.
Dashed lines in the PEI cluster of (b) represent that each PEI chain does not work as an effective cross-linking
to connect each network strand. See reference #28, Figure S12.
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Dynamic frequency sweep tests.

Since non-covalent bonded cross-links of supramolecular

networks have finite lifetime, the networks also collapse after dissociation of the non-covalent
bonded cross-links under strain. This means that supramolecular materials have time-dependency,
and thus they are in viscoelastic liquid states. Note that typical behavior for viscoelastic liquid
was observed in creep-recovery tests, where the strain was remaining after removal of applied
stress (Figure 3-10). To understand the relaxation behavior depending on time, dynamic
frequency sweeps were conducted for all samples at ten degree intervals from 70 °C to 0 °C. The
master curves were constructed on the basis of time-temperature superposition (TTS) principle
with the reference temperature (Tref) of 0 °C. TTS worked well within the measured temperature
range, meaning that the relaxation was governed by the same origin within the temperature range
adopted.27 The master curves of G’ and G” for each blend series were shown in Figure 3-11a to
3-11f, where aT denotes a shift factor (aT = (T) / (Tref)), the ratio of relaxation time () at an
arbitrary temperature to that at a reference temperature.
In AI-8k-Y series, the plateau region was extended to lower frequencies with an increase
in Y at Y ≤ 1, while a narrower plateau was observed in Y = 1.2 than in Y = 1. Since the longest
relaxation time (1) should be proportional to the width of plateau region,31 the above result
suggests that 1 of supramolecular network depends on the blend ratio, and the maximum 1 was
attained in Y = 1 for AI-8k-Y series. Similarly, the widest plateau was observed in Y = 0.6 and Y
= 0.35 for AI-14k-Y and AI-26k-Y series, respectively, suggesting the maximum 1s were
attained at these blend ratio.
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Figure

3-10.

Creep-recovery

curves

for

AI-8k-1

(blue),

AI-14k-0.6

(blue),

and

AI-26k-0.35

(green).Creep-recovery behavior was investigated by applying a constant shear stress of 4000 Pa for 300 sec.
After removal of the stress, sample recovery was measured for an additional period of 3000 sec. Remaining
strain after 3000 sec was 0.11%, 0.35%, and 0.84% for AI-8k-1, AI-14k-0.6, and AI-26k-0.5, respectively. See
reference #28, Figure S13.
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Figure 3-11. G’ (a to c) and G” (d to f) master curves of AI-8k-Y, AI-14k-Y, and AI-26k-Y series with the
reference temperature Tref = 0 °C. The numerical values with various colors denote Y, corresponding to the
data with the same color. See reference #28, Figure 4 and Figure S17.
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Zero shear viscosity.

It should also be noted that characteristic Newtonian liquid behavior

(G”~ ) was observed in the terminal region of the master curves in Figure 3-12. In Figures
3-12a through 3-12c, dynamic shear viscosity (’) against frequencies at a Tref of 0 °C are shown,
where ’ was calculated from the G” divided by aT. The ’ showed constant value at low
frequencies in all samples, and it corresponds to the zero shear viscosity (0). The 0 values were
plotted as a function of Y in Figures 3-12d through 3-12f. The maximum 0 was attained at Y = 1
for AI-8k-Y, Y = 0.6 for AI-14k-Y, and Y = 0.35 for AI-26k-Y, suggesting that the largest
aggregates via ionic hydrogen bonding could be formed at these blend ratios.
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Figure 3-12. Dynamic shear viscosity as a function of aT: (a) AI-8k-Y; (b) AI-14k-Y; (c) AI-26k-Y. The
numerical values in graphs denote Y. Estimated zero shear viscosities at 0 °C of AI-8k-Y, AI-14k-Y, AI-26k-Y
are also plotted in (d), (e), and (f), respectively, as a function of Y. See reference #28, Figure 6.
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SAXS measurements.

To investigate the self-assembled state at a nanometer scale, SAXS

measurements were performed. Figure 3-13 compares the SAXS profiles of neat PEI and three
blend series. The vertical axis expresses the intensities with a logarithmic scale, while the
horizontal axis does the scattering vector q ( = 4(sin)/), where  and 2denote the
wavelength of X-rays and the scattering angle, respectively. There were no definite scattering
peaks in the profiles of neat PEI and all three PEA-(COOH)2 homopolymers. In contrast, a broad
peak, which must be a correlation hole peak, appeared after blending, and the peak became
evident with an increase in Y. An appearance of the peak could be attributed to the electron
density fluctuation between PEA-(COOH)2 and PEI with the length scale of several nanometers,
and these self-assembled manners might be correlated with the formation of supramolecular
polymer networks. Blend experiments at earlier stage already revealed that PEA chains and PEI
chains reveal originally strong segregation (see Figure 3-2), and hence PEI could form
self-assembled cross-linked clusters in the networks due to the strong segregation against PEA
chains. Note that the q value at the peak top (q*) was shifted to a lower q region with an increase
in Y in the SAXS profile of each blend series. This is suggesting an increase in the correlation
length of the electron fluctuation, which is probably because the cross-linked clusters of PEI
were expanded gradually by incorporating the PEI added (schematic explanation is shown in
Figure 3-9).
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Figure 3-13. Scattering profiles of (a) PEI, (b) AI-8k-Y, (c) AI-14k-Y, and (d) AI-26k-Y obtained by SAXS
measurements at 10 °C. See reference #28, Figure 7 and Figure S18.

Discussion
Stoichiometric Balance of Functional Groups on Formation of Optimized Supramolecular
Networks.

In the previous section concerning the dynamic temperature ramp tests, it was

found that Tcross revealed the blend ratio dependence (Figure 3-4). The reversible transition
between solid state and liquid one across Tcross can be correlated with the dissociation and
re-association of ionic hydrogen bonded cross-links, which must be a thermally activated process.
In addition, the flow activation energy (Ea) could be used as an indicator to assess stableness of
supramolecular networks since the Ea represents the energy required for their relaxation, which is
induced by the disassembly of the cross-links. The Ea can be estimated from aT for constructing
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master curves. It is known that the relation follow the Arrehenius-type equation as shown in eq
(3-1) at a sufficiently higher temperature region than Tg of the component,32,33

E 
aT  exp a 
 RT 

(3-1)

, where Ea, R, and T denote a flow activation energy, a gas constant, and an absolute temperature,
respectively. Note that Tgs of samples were estimated on the basis of  relaxations observed in
their tan spectra, which were all lower than 0 °C (see Figure 3-5 to 3-7). Then, Eas were
evaluated from the slopes of the plots at a significantly higher temperature range than the Tgs of
all samples, i.e., 40 °C ≤ T ≤ 70 °C (Figure 3-14). The Ea values obtained are summarized in
Table 3-2, and they are also plotted as a function of Y for each blend series in Figure 3-15. The
highest Ea was attained at Y = 1 for AI-8k-Y, Y = 0.6 for AI-14k-Y, and Y = 0.35 for AI-26k-Y,
respectively, where the most stable supramolecular networks must be formed.

Figure 3-14. lnaT versus inverse temperature between 70 °C and 40 °C to estimate the flow activation energy
Ea: (a) AI-8k-Y; (b) AI-14k-Y; (c) AI-26Y. The numerical values in graphs denote Y. See reference #28, Figure
S20.
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Figure 3-15. Flow Activation energy Ea of blends as a function of the blend weight ratio: (a) AI-8k-Y series;
(b) AI-14k-Y series; (c) AI-26k-Y series. See reference #28, Figure 8.

To discuss the optimization of supramolecular network formation more deeply in terms
of stoichiometry of functional groups, Tcross and Ea were plotted against mole ratio of amines on
PEI to carboxylic acids on PEA-(COOH)2 (amine / COOH) in the same figure (Figure 3-16).
Tcross and Ea were changed depending on amine / COOH in the similar manner, however it is
important to stress here that the maximum Tcross and Ea were attained at a certain amine / COOH
(~ 10), irrelevant to molecular weight of PEA-(COOH)2 (MPEA). This result suggests that a key
factor to optimize supramolecular networks is stoichiometric balance of functional groups for
supramolecular cross-linking. Note that the best network was attained at high excess amount of
amines. One probable reason is the steric hinderance; it was assumed that clusters formed by
self-assembly of PEI serve as cross-linkers within the network in the previous section, where
only a part of amines near the surface of clusters can be associated with the carboxylic acids. In
the other words, the amines locating at the inner part of the clusters cannot form ionic hydrogen
bonding with carboxylic acids on PEA-(COOH)2. This might be the reason for the requirement
of excessive molar amount of amine to form the optimized supramolecular networks.
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Figure 3-16. Plots of (a) Tcross and (b) Ea as a function of the mole ratio of the amine to the carboxylic acid
(amine / COOH). Red circles, blue squares, and green triangles represent AI-8k-Y, AI-14k-Y, and AI-26k-Y,
respectively. See reference #28, Figure 9.

Effects of the Molecular Weight of PEA-(COOH)2 on Modulus of the Supramolecular Soft
Materials at the Optimized Blend Ratio

According to the classical rubber theory of

affine network model, the plateau modulus (GX) is known to be inverse proportional to the
molecular weight between cross-links (Mx), as shown in eq (3-2).34,35

GX 

ρRT
1
~
(3-2)
MX
Mx
In the present molecular design, Mx could be dependent on MPEA since PEA-(COOH)2

serves as a network strand owing to the telechelic-type chemical structure. The GX values
obtained by dynamic temperature ramp tests were 1.2 MPa for AI-8k-1.0, 0.64 MPa for
AI-14k-0.6, and 0.36 MPa for AI-26k-0.35, respectively, where they were estimated at the
temperature with the minimal tan value in the plateau region. The GX values are plotted against
inverse MPEA in Figure 3-17a, where the simple proportionality, i.e., G X  1

M PEA

, was

observed. This result indicates that the length of network strands was systematically changed
depending on MPEA, which could be attributed to the relatively homogeneous network formation
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induced by ionic hydrogen bonding between the functional groups.
In addition, GX can also be related with the average mesh size (x) as shown in eq
(2-3).36,37

GX ~

1
(2-3)
ξ x3

The correlation length  , which is actually associated with x in the present system, can be
estimated from q* value, at which SAXS profiles give peak top (= 2/q*).38 The estimated 
were 5.0 nm for AI-8k-1.0, 5.8 nm for AI-14k-0.6, and 6.9 nm for AI-26k-0.35, respectively,
indicating that increases with an increase in MPEA, and this result is quite reasonable if the
radius of gyration Rg of PEA molecules (Rg ~ n1/2 ~ M1/2) is talking into account. GXs were
plotted against inverse 3, where the proportionality was also attained (Figure 3-17b), meaning
that the mesh size in the present supramolecular network was mainly controlled by MPEA. This
analysis on the GX – MPEA relationship suggests that the stiffness can be tuned by the molecular
weight of telechelic-type network strands, indicating the strong advantage of the use of
supramolecular associations in creating materials with relatively homogeneous networks.

Figure 3-17. Plateau modulus GX at the optimized blend ratioas a function of (a) 1/M

PEA

and (b) Green

dashed lines are drawn for a guide of eyes. See reference #28, Figure 10.
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Chapter Summary
In this chapter, supramolecular soft materials were prepared by blending
carboxy-terminated telechelic PEA-(COOH)2 and PEI with multiple amines. Three kinds of
PEA-(COOH)2 having different molecular weights were synthesized and blended with PEI at
various blend ratios to investigate the effects of the molecular weight and the blend ratio on the
physical properties. It was confirmed by FT-IR measurements that ionic hydrogen bonds were
formed between carboxylic acids on PEA-(COOH)2 and amines on PEI. According to dynamic
temperature ramp tests, reversible solid – liquid transition was observed, where Tcross at which G’
= G” was varied depending on the blend ratio. In addition, the flow activation energy Ea was also
estimated assuming Arrhenius-type relational expression; ln aT 

Ea
. The plots of Tcross and Ea
RT

against amine / COOH revealed that the highest Tcross and Ea were attained at amine / COOH
ratio of around 10, irrelevant to MPEA. These results indicate that stoichiometry between the
functional groups must be a key factor to optimize supramolecular networks. At the optimized
blend ratio, GX was found to be inversely proportional to MPEA due to the systematic change of
average mesh size depending on MPEA, suggesting the formation of relatively homogeneous
supramolecular network.

69

References
1

Sakai, T.; Matsunaga, T.; Yamamoto, Y.; Ito, C.; Yoshida, R.; Suzuki, S.; Sasaki, N.; Shibayama, M.; Chung,

U.-i. Macromolecules 2008, 41, 5379-5384.
2

Okumura, Y.; Ito, K. Adv. Mater. 2001, 13, 485-487.

3

Gong, J. P.; Katsuyama, Y.; Kurokawa, T.; Osada, Y. Adv. Mater. 2003, 15, 1155-1158.

4

Flory, P. J. J. Am. Chem. Soc. 1941, 63, 3083-3090.

5

Hirschberg, J.; Beijer, F. H.; van Aert, H. A.; Magusin, P.; Sijbesma, R. P.; Meijer, E. W. Macromolecules

1999, 32, 2696-2705.
6

Burnworth, M.; Tang, L.; Kumpfer, J. R.; Duncan, A. J.; Beyer, F. L.; Fiore, G. L.; Rowan, S. J.; Weder, C.

Nature 2011, 472, 334-337.
7

Weng, W.; Li, Z.; Jamieson, A. M.; Rowan, S. J. Soft Matter 2009, 5, 4647-4657.

8

Dong, S.; Luo, Y.; Yan, X.; Zheng, B.; Ding, X.; Yu, Y.; Ma, Z.; Zhao, Q.; Huang, F. Angew. Chem., Int. Ed.

2011, 50, 1905-1909.
9

Suzuki, T.; Shinkai, S.; Sada, K. Adv. Mater. 2006, 18, 1043-1046.

10

Yan, X.; Xu, D.; Chen, J.; Zhang, M.; Hu, B.; Yu, Y.; Huang, F. Polym. Chem. 2013, 4, 3312-3322.

11

Rossow, T.; Seiffert, S. Polym. Chem. 2014, 5, 3018-3029.

12

P. Cordier, F. Tournilhac, C. Soulie-Ziakovic and L. Leibler, Nature 2008, 451, 977-980.

13

Chino, K.; Ashiura, M. Macromolecules 2001, 34, 9201-9204.

14

Woodward, P. J.; Merino, D. H.; Greenland, B. W.; Hamley, I. W.; Light, Z.; Slark, A. T.; Hayes, W.

Macromolecules 2010, 43, 2512-2517.
15

Yount, W. C.; Loveless, D. M.; Craig, S. L. J. Am. Chem. Soc. 2005, 127, 14488-14496.

16

Weng, W.; Beck, J. B.; Jamieson, A. M.; Rowan, S. J. J. Am. Chem. Soc. 2006, 128, 11663-11672.

17

Wojtecki, R. J.; Meador, M. A.; Rowan, S. J. Nature Mater. 2011, 10, 14-27.

18

Nair, K. P.; Breedveld, V.; Weck, M. Macromolecules 2011, 44, 3346-3357.

19

Ge, Z. S.; Hu, J. M.; Huang, F. H.; Liu, S. Y. Angew. Chem., Int. Ed. 2009, 48, 1798-1802.

20

Lewis, C. L.; Stewart, K.; Anthamatten, M. Macromolecules 2014, 47, 729-740.

21

Xu, D.; Craig, S. L. Macromolecules 2011, 44, 5465-5472.

22

Ali Aboudzadeh, M.; Eugenia Munoz, M.; Santamaria, A.; Jose Fernandez-Berridi, M.; Irusta, L.;

Mecerreyes, D. Macromolecules 2012, 45, 7599-7606.
23

Noro, A.; Matsushita, Y.; Lodge, T. P. Macromolecules 2008,41, 5839-5844.

24

Noro, A.; Matsushita, Y.; Lodge, T. P. Macromolecules 2009,42, 5802-5810.

25

Matsushima, S.; Hayashi, M.; Yamagishi, H.; Noro, A.; Matsushita, Y. Nihon Reoloji Gakk. 2014, 42,

135-141.
26
27

Noro, A.; Matsushima, S.; He, X.; Hayashi, M.; Matsushita, Y. Macromolecules 2013, 46, 8304-8310.
Feldman, K. E.; Kade, M. J.; Meijer, E. W.; Hawker, C. J.; Kramer, E. J. Macromolecules 2009, 42,

9072-9081.
70

28

Hayashi, M.; Noro, A.; Matsushita, Y. J. Polym. Sci., Part B: Polym. Phys. 2014, 52, 755-764.

29

Noro, A. ; Hayashi, M.; Ohshika, A.; Matsushita, Y. Soft Matter 2011, 7, 1167-1670

30

Noro, A.; Ishihara, K.; Matsushita, Y. Macromolecules 2011, 44, 6241-6244.

31

Onogi, S.; Masuda, T.;Madua, T.; Kitagawa.K. Macromolecules 1970, 3, 109-116.

32

Li, J.; Lewis, C. L.; Chen, D. L.; Anthamatten, M. Macromolecules 2011, 44, 5336-5343.

33

Schneider, A. H.; Cantow, J. H.; Brekner, J. M. Polym. Bull. 1984, 11, 383-390.

34

Kuhn, W. Kolloid-Zeitschrift 1936, 76, 258-271.

35

Haraguchi, K.; Takehisa, T.; Fan, S. Macromolecules 2002, 35, 10162-10171.

36

van de Manakker, F.; Vermonden, T.; el Morabit, N.; van Nostrum, C. F.; Hennink, W. E. Langmuir 2008, 24,

12559-12567.
37

Zhang, Y.; Yang, Z. M.; Yuan, F.; Gu, H. W.; Gao, P.; Xu, B. J. Am. Chem. Soc. 2004, 126, 15028-15029.

38

Cortese, J.; Soulie-Ziakovic, C.; Cloitre, M.; Tence-Girault, S.; Leibler, L. J. Am. Chem. Soc. 2011, 133,

19672-19675.






71

Chapter 4

Preparation and Mechanical Property Enhancement of ABA-triblock Copolymer-based
Elastomers by Incorporating Transient Cross-links into the Soft Middle Block

Abstract:

In this chapter, a new strategy was proposed to enhance mechanical properties of

ABA triblock copolymer-based elastomers by incorporating hydrogen bonds into the soft middle
block.

An

ABA

triblock-type

copolymer,

poly(4-vinylpyridine)-b-[(poly(butyl

acrylate)-co-polyacrylamide]-b-poly(4-vinylpyridine) (P-Ba-P), was designed and synthesized
via RAFT polymerization. In this molecular design, the glassy poly(4-vinylpyridine) end blocks
form pseudo cross-link domains due to segregation and phase separation from the soft middle
block, whereas self-complementary hydrogen bonds must be formed between acrylamide units
on the soft middle block, serving as transient and weak cross-links. According to tensile tests, the
Young’s modulus, elongation at break, maximum stress, and toughness were 1.9 MPa, 200%, 2.6
MPa, and 2.8 MJ/m3, respectively, and all values obtained were significantly larger than a control
sample, poly(4-vinylpyridine)-b-(poly(butyl acrylate)-b-poly(4-vinylpyridine) (P-B-P). Among
them, it should be stressed on the fact that the toughness of P-Ba-P (2.8 MJ/m3) was
approximately 140 times larger than that of P-B-P (0.02 MJ/m3). The enhancement in mechanical
properties in P-Ba-P is attributed to the dynamic nature of hydrogen bonds between acrylamide
groups on the middle block, which works to prevent local stress concentration in the network
during elongation.
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Introduction

Elastomers are representative soft materials, showing unique mechanical

properties,1-3 such as stretchability and damping property, which are attributed to the 3D network
structures composed of cross-linked polymers. In conventional elastomers, such as rubbers, the
cross-linkings are realized via covalent bonds with semi-permanent life time.4,5 Thus, in general,
elastomers present difficulty in material processing and lack of recyclability.
To overcome these problems, thermoplastic elastomers (TPEs) have been widely used in
our

daily

lives.6-8

In

typical

TPEs,

polystyrene-b-polybutadiene-b-polystyrene

ABA-type
(SBS)

and

block

copolymers,

such

as

polystyrene-b-polyisoprene-b-

polystyrene (SIS),9-11 are used as the components, where a glassy polymer with a Tg higher than
room temperature and a melt polymer with a Tg lower than room temperature are adopted as the
A and B blocks, respectively. Since TPEs can melt at higher temperatures than Tg of the glassy A
end block, there are several advantages in good processability or recyclability unlike
conventional elastomers which contain cross-linking via covalent bonds. Moreover, as for TPEs
from block copolymers, the glassy A block are segregated from the B middle block, resulting in
forming pseudo cross-link domains, where the B block serve as matrix strand bridging the A
block domains in the network.
Recently, studies on soft materials including ABA triblock copolymers have been paid
attention, mainly because the bridge-type conformation of B chains can directly enhance the
macroscopic physical properties of the materials.12-14 Although there are a lot of efforts on the
physical property control of soft materials by decorating or modifying A end blocks,15-18 there are
few reports attaining mechanical property control by modifying the soft B middle block instead.
If transient and weak cross-links are incorporated into the soft middle blocks without losing the
softness, such cross-links would improve the stiffness due to an increase in the cross-link density.
Furthermore, the transient cross-links can be repeatedly dissociated and re-associated during
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application of stress, which can prevent local stress concentration in the network. In another
words, incorporating transient cross-links19 into the soft middle block is expected to enhance the
mechanical properties of elastomers.
In this chapter, a new molecular design was proposed to eanhnce mechanical properties
of an ABA triblock copolymer by incorporating transient cross-links into the soft B middle
block.20 An ABA triblock copolymer with a random sequence in the B middle block, that is,
poly(4-vinylpyridine)-b-[poly(butyl

acrylate)-co-polyacrylamide]-b-poly(4-vinylpyridine)

(P-Ba-P, Figure 4-1), was designed and synthesized via reversible addition-fragmentation chain
transfer (RAFT) polymerization. Poly(4-vinylpyridine) end blocks with a Tg higher than room
temperature (> 100 °C) forms pseudo cross-link domains due to the segregation and phase
separation from the soft middle block. According to this design, the middle block with a low Tg
can serve as strands in the network, where self-complementary hydrogen bonds between the
acrylamide units21,22 behave as transient cross-links. For control experiments, a random
copolymer, poly(butyl acrylate)-co-polyacrylamide (Ba), and another triblock copolymer,
poly(4-vinylpyridine)-b-poly(butyl acrylate)-b-poly(4-vinylpyridine) (P-B-P), were also prepared.
Physical properties of these materials were investigated by dynamic mechanical measurements
and tensile tests together with morphological investigations.

74

Figure 4-1. Simplified chemical structure of P-Ba-P (left top) and schematic illustration of P-Ba-P chain (left
bottom) and network structure. The P block assemblies are illustrated as blue spheres in the schematic
representation of the network structure (right), where the Ba middle block and acrylamide units are drawn as
pink lines and pink “L-type” blocks, respectively. See reference #20, Figure 1.

Characteristics and their codes of polymers synthesized.
Table 4-1. Molecular characteristics of polymers
N Pa

NBa

Naa

fab

Mmiddlec

Mtotalc

PDId

Tg/°C

B

-

194

-

-

-

25,000

1.05

-50e

Ba

-

195

30

0.13

-

27,000

1.10

-26e

P-B-P

48

196

-

25,000

30,000

1.22

-45e, 115f

P-Ba-P

48

178

30

25,000

30,000

1.17

-23e, 106f

Sample code

0.15

a

Average number of monomeric units of 4-vinylpyridine (NP), butyl acrylate (NB), and acrylamide (Na) in a

polymer chain determined by 1H-NMR. bMole fraction of acrylamide units in a random copolymer chain,
which was calculated from Na/(NB+Na).

c

Number average molecular weight of the middle block (Mmiddle) and

the triblock copolymer (Mtotal), which was calculated from the number of monomeric units and the mass of
each monomeric unit. dPolydispersity indices measured by SEC. eGlass transition temperatures determined by
DSC. fGlass transition temperatures determined by rheological measurements.
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RESULTS
Sample appearance.

Figure 4-2 presents appearances of the samples. B and Ba were

viscous materials at room temperature,23 while P-B-P and P-Ba-P were self-standing and elastic
ones, where the yellow color of samples originates from the RAFT agent residue in the polymers.
These results are clearly showing that glassy end blocks play an important role to generate
elasticity of these materials.

Figure 4-2. Photos of macroscopic appearance of (a) B, (b) Ba, (c) P-B-P, and (d) P-Ba-P. See reference #20,
Figure 2.

Molecular characterization of polymers.

Firstly, FT-IR measurements were performed to

confirm the hydrogen bonds between acrylamide units (Figure 4-3a). In the spectra of Ba and
P-Ba-P at the wavenumber range from 3300 cm-1 to 3600 cm-1, two absorption peaks were
observed at 3350 cm-1 (dashed line) and at 3450 cm-1 (dotted line), and these were assigned to
hydrogen bonded N-H and free N-H stretching vibration modes, respectively.24,25 Therefore, it
was found that not all but a part of acrylamide units were in the associated state. In addition, the
interaction between P block and acrylamide was evaluated by the spectra at the wave number
region around 1000 cm-1 (Figure 4-3b). According to the literature,26,27 the absorption associated
with hydrogen bonded pyridine rings should appear at approximately 1005 cm-1, however, there
76

are no distinctive peaks at this wave number, and only an absorption peak for free pyridine rings
was observed at 993 cm-1 instead. These facts indicate that hydrogen bonds were not formed
between P and acrylamide.

Figure 4-3. (a) FT-IR spectra of Ba and P-Ba-P within a wave number range from 3300 to 3600 cm-1, where a
dashed line at 3350 cm-1 and a dotted line at 3450 cm-1 correspond to the absorption bands of hydrogen bonded
N-H and free N-H stretching vibration modes, respectively. (b) FT-IR spectra of P-B-P and P-Ba-P within a
wave number range from 970 to 1010 cm-1, where a dotted and a dashed line represent the wave numbers
corresponding to the absorption bands of free and hydrogen bonded pyridine rings, respectively. See reference
#20, Figure 3.

DSC measurements were conducted to investigate the Tg of the polymers, and the DSC
thermograms are shown in Figure 4-4a. One endothermic peak each was observed in the
thermograms of B and Ba at -50 °C and -26 °C, respectively, which can be assigned to their Tgs.
The Tg of Ba was significantly higher than that of B, which is due to the incorporation of
acrylamide units. Similarly, one endothermic peak each was also observed in the thermograms at
-45 °C for P-B-P and at -23 °C for P-Ba-P, which were assigned to their Tgs. Since the observed
Tgs in P-B-P and P-Ba-P were close enough to the Tgs of B and Ba, respectively, the Tgs observed
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in P-B-P and P-Ba-P thermograms are attributed to the segmental motion of each middle block.
The Tg values are summarized in Table 4-1. On the other hand, the Tgs of P blocks were observed
neither in P-B-P nor P-Ba-P. This is probably because the fraction of P end block (~ 10%) in each
chain is too small to detect endothermic heat from glass transition of P.26 Therefore, the Tg of P
block was estimated using  relaxation observed in the tan spectrum of dynamic temperature
ramp tests. In the tan spectra of P-B-P and P-Ba-P (Figure 4-4b), two  relaxations were
evidently observed in both P-B-P and P-Ba-P, where  relaxations at lower and higher
temperatures are conceived to be originated from segmental motion of each middle block and P
end block, respectively; thus, the higher temperatures at around 100 °C were assigned to the Tg
of P block (Table 4-1).

Figure 4-4. (a) DSC thermograms for the polymers, where the arrows indicate Tgs. (b) Tan spectra obtained
by dynamic temperature ramp tests for P-B-P (open symbols) and P-Ba-P (filled symbols), where the solid and
dashed arrows indicate  relaxations originating from each middle block and P end block, respectively. See
reference #20, Figure 3 and Figure S10.
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Figure 4-5a compares the scattering profiles obtained by SAXS measurements. The
vertical axis represents the intensities with a logarithmic scale, while the horizontal axis is the
scattering vector q (= 4(sin)/), where 2and are the scattering angle and the wavelength
of X-rays, respectively. Distinctive scattering peaks were not observed in B and Ba, meaning that
there were no electron density fluctuations at a nanometer scale in these two polymers. This also
suggests that acrylamide units in Ba do not form large aggregates, indicating that they are
randomly distributed throughout the chain. In contrast to these results, scattering peaks were
observed in P-Ba-P and P-B-P. This indicates nanophase separated structure, where spherical
structures could presumably be formed according to the volume fraction of the P block.28
Unfortunately, structure specification was not clear for P-Ba-P by TEM observation (see Figure
4-5b), while the TEM observations were not conducted for P-B-P because it was too soft to
prepare ultrathin sections by microtoming. It should be noted that scattering intensities in the
P-B-P profile were larger than those in the P-Ba-P profile, which is partially because the electron
density difference between the middle block and the end block became small by incorporating
acrylamide units into the middle block of P-Ba-P. Note that higher order peaks were observed in
P-B-P unlike in P-Ba-P, reflecting the difference in segregation strength between components. To
evaluate the segregation strength difference, blends of P/B and P/Ba were prepared (Figure 4-6).
It was found by the simple blend experiments that macrophase separation was easier to occur in
P/B than in P/Ba, meaning that the segregation strength between P and B is stronger than that
between P and Ba. These results imply that incorporation of acrylamide units into the middle
block causes lowering of the effective interaction parameter (effective).
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Figure 4-5. (a) Small-angle X-ray scattering profiles for the four polymers. Arrows with numbers in P-B-P
profiles represent relative q positions at peaks. (b) A TEM image of P-Ba-P. The darker area and the brighter
area can be assigned to the P block assemblies and the middle block matrix, respectively. The scale bar
represents 50 nm. See reference #20, Figure 3 and Figure S11.

Figure 4-6. Macroscopic appearance of the blends of P/B (top), and the blends of P/Ba (bottom), where the
numbers represent the P weight concentration in the blends. Red circles show the sample position
(transparent). The blends were prepared by drop casting procedures on glass plates and they were annealed at
120 °C for 24 hours. See reference #20, Figure S12.

80

Viscoelastic properties.

The viscoelastic properties dependent on temperatures of B and

Ba are firstly compared in Figure 4-7a. In the spectrum of B, the storage moduli G’ are larger
than the loss moduli G” covering the whole measurement temperature rage. Although G’ are
slightly larger than G” at lower temperatures than 10 °C in the spectrum of Ba, distinctive
rubbery plateau is not observed. Both B and Ba are in the flow region with G” >> G’ at higher
temperatures than -20 °C and 20 °C, respectively. Secondly, the dynamic temperature ramp
spectra for P-B-P and P-Ba-P are shown in Figure 4-7b. P-B-P and P-Ba-P were in the glassy
state with E’ > 109 Pa at the temperature range from -60 °C to -40 °C and from -60 °C to -20 °C,
respectively. At higher temperatures, the glass – rubber transitions can be observed, where the
transitions are due to each middle block. Note that the temperature range for the transition of
P-Ba-P (-20 °C ~ 20 °C) is broader than that of P-B-P (-40 °C ~ -20 °C), which could be
attributed to hydrogen bonds on the middle block. In contrast to B and Ba, the rubbery regions
are observed at the temperature range from -20 °C to 90 °C for P-B-P and from 20 °C to 90 °C
for P-Ba-P. E’ of P-B-P in the rubbery region remained almost constant while E’ of P-Ba-P
decreased with an increase in temperatures. According to FT-IR measurements for P-Ba-P with
changing temperature, the fraction of hydrogen bonded acrylamide units decreased with an
increase in temperatures (Figure 4-8). Therefore, the decrease in E’ of P-Ba-P in the rubbery
region should be due to dissociation of hydrogen bonded cross-links on the middle block with an
increase in temperatures, causing a decrease in the cross-link density. The plateau moduli (EP)
were estimated at the temperatures with the minimal tan values in the rubbery region, and EP
values determined were 0.6 MPa for P-B-P and 1.6 MPa for P-Ba-P. Since EP is known to
proportional to the average cross-link density (EP ~ kBT),29-31 where kB and T is the
Boltzmann constant and the absolute temperature, respectively, these results indicate that P-Ba-P
possesses a higher cross-link density. This is owing to the formation of hydrogen bonds on the
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middle block of P-Ba-P (more detailed discussion will be given in the discussion section). The E’
kept dropping in P-B-P and P-Ba-P at around 100 °C, where the disassembly of pseudo
cross-link domains composed of P block might proceed because the temperature was close to the
Tg of P block. It should be noted that the drop in E’ was more gradual for P-B-P than for P-Ba-P.

Figure 4-7. Rheological curves of storage moduli (G’ or E’) and loss moduli (G” or E”) acquired by dynamic
temperature ramp tests for B and Ba (a), and for P-B-P and P-Ba-P (b). See reference #20, Figure 4.

Figure 4-8. (a) FT-IR spectra of P-Ba-P at various temperatures within a wave number range from 3300 to
3600 cm-1, where a dashed line at 3350 cm-1 and a dotted line at 3450 cm-1 correspond to the absorption bands
of hydrogen bonded N-H and free N-H stretching vibration modes, respectively. (b) The plots of relative ratio
of N-H stretching vibration mode absorbance for hydrogen bonded amide groups to that for free amide groups
as a function of temperatures. See reference #20, Figure S13.
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The viscoelastic properties dependent on frequencies were also investigated. Figure 4-9a
represents the master curves of B and Ba following the time-temperature (TTS) principle with
the reference temperature (Tref) of 30 °C. TTS worked well for both B and Ba, indicating that
the origin of the relaxation is the same within the temperature range adopted. It is obvious that
Ba possesses a slower relaxation than B, which is due to incorporation of acrylamide units. Note
that the typical power laws at the terminal region, G’ ~ 2 and G” ~ , were observed in the low
frequency regions of B and Ba,.
Since the molecular weight of the present homopolymer B is lower than the entanglement
molecular weight of poly(butyl acrylate),32 the relaxation behavior can be described by the Rouse
model as written in eq (4-1) and (4-2) for G’ and G”, respectively,33
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, where , R, and M represent the polymer density, the gas constant, and the molecular weight.
The term p in eq (4-1) and (4-2) represents the relaxation time of the pth mode which has the
relationship with the Rouse relaxation time, R as R = pp2. Fitting curves following the Rouse
model is represented in Figure 4-9a, where the R (0.0004 secwas estimated from the
crossover frequency (cross) of the extended lines of G’ and G” in the terminal region, i.e., R =
1/cross.
In the similar manner, the relaxation for Ba was treated by the Rouse-like model for
associated polymers, i.e., the sticky Rouse model,34-37 because the molecular weight of Ba is also
lower than Me of poly(butyl acrylate) and the acrylamide hydrogen bonds can serve as active
stickers in the chain. Fitting curves were created according to eq (4-3) and (4-4),37,38
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, where s and ns represent the network strand density, and the number of active stickers per
chain, respectively. The fitting curves with R = 0.2 sec (dashed line in Figure 4-9a), which was
estimated by R = 1/cross, described well the experimental Ba spectra at ns = 8. From this result,
the average number of active hydrogen bonds was found to be around 8 in a chain, which is
nearly 30% of acrylamide units in Ba (Na ~ 30). In addition, the effective bond life time (b) can
be estimated by the related expression between R and ns (R = b(ns)2),37,39 and the obtained b
was 3 msec.
Furthermore, the effects of hydrogen bonds on the flow activation energy (Ea) were also
investigated. The relationship between aT and inverse temperatures is known to follow the
Arrehenius-type equation as in eq (4-5) at significantly higher temperatures than Tg of the
polymers.40,41

E 
aT  exp a 
 RT 

ln aT  A 

Ea 1

R T

(4-5)

(4-6)

The eq (4-6) is simply the logarithmic form of eq (4-5), where A is a constant. As shown in
Figure 4-9b, linear relationships between lnaT and 1/T can be attained at a higher temperature
range, i.e. 0.0033 < 1/T < 0.0037 for B and 0.003 < 1/T < 0.0033 for Ba. Note that the
temperature range for the linear relationship is much higher than the Tgs of B (-45 °C) or Ba
(-23 °C). Slopes of the straight lines in Figure 4-9b correspond to Ea/R in eq (4-6), which then
gives the Ea. The estimated Ea of Ba (110 kJ/mol) is higher than B (77 kJ/mol), suggesting that
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the incorporation of hydrogen bonds retarded the flow of Ba chains.

Figure 4-9. (a) Master curves of B and Ba with the reference temperature of 30 °C. The dashed lines represent
the fitting curves with the Rouse model for B and the sticky Rouse model for Ba, respectively. (b) Plots of lnaT
as a function of the inverse temperatures, where the straight lines were used to estimate Ea. See reference #20,
Figure 5 and Figure S14.

Dynamic frequency sweep tests were also conducted for P-B-P and P-Ba-P. Figure 4-10
compares the E’ spectra at 60 °C, 90 °C, and 100 °C, where the temperatures correspond to the
rubbery plateau region (60 °C) and rubbery flow region (90 °C and 100 °C), respectively. In the
spectra at 60 °C, E’ of P-Ba-P were always larger than those of P-B-P in the whole frequency
range due to higher cross-link density originating from the hydrogen bonds on the Ba middle
block. Similar to the dynamic temperature ramp spectra, E’ of P-B-P remained constant while
those of P-Ba-P were decreasing with a lowering of frequencies, where the decrease in E’ of
P-Ba-P could be due to the decrease of network density caused by dissociation in acrylamide
hydrogen bonds with a lowering of frequencies. On the other hand, E’ of P-B-P were larger than
those of P-Ba-P in lower frequencies than 2.5 Hz at 90 °C, and E’ of P-B-P was larger than that
of P-Ba-P in the whole frequencies at 100 °C. These results are similar to those observed in
dynamic temperature ramp spectra at the corresponding temperatures (Figure 4-7b).
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Figure 4-10. The frequency dependence of E’ for P-B-P and P-Ba-P at (a) 60 °C, (b) 90 °C, and (c) 100 °C,
where the open and filled symbols represent E’ spectra of P-B-P and P-Ba-P, respectively. See reference #20,
Figure 5 and Figure S17.

Tensile properties.

Elongation characteristics were investigated by tensile tests, and the

stress-strain (S-S) curves are shown in Figure 4-11. Table 4-2 summarizes the elongation
properties, including the elongation at break b, maximum tensile stress max, Young’s modulus
EY, and mechanical toughness S, where EY and S were estimated from the slopes of S-S curves
within a 10% strain and the area covered under S-S curves, respectively. Obviously from Figure
4-11 and Table 4-2, P-Ba-P shows much longer b and larger max than P-B-P, while EY is nearly
the same as EP estimated by dynamic viscoelastic measurements. The most notable feature here
is the toughness; S of P-Ba-P (2.8 MJ/m3) is approximately 140 times larger than that of P-B-P
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(0.02 MJ/m3). It should be stressed that difference in chemical structure between P-Ba-P and
P-B-P is not so large, that is, merely 15% acrylamide units is incorporated into the middle block
of P-Ba-P. Therefore, it can be simply assumed that the mechanical property enhancement
attained in P-Ba-P could be attributed to the formation of acrylamide hydrogen bonds on the
middle block, where the hydrogen bonds can repeat dissociation and re-association at a short
time scale under stress application. The dynamic behavior of hydrogen bonds on the middle
block could work to prevent local stress concentration, and hence energy dissipation could be
induced by rupturing the hydrogen bonds, which can provide the mechanical property
enhancement in P-Ba-P. It is also important to mention that the dissociation and re-association
occurs at a length scale (~ the length between acrylamide units ~ several nm) shorter than the
typical length scale for activating the break/failure of materials (~ length scale between
cross-link domains ~ several ten nm).10 The effects of the fractions of acrylamide unit in the
middle block on the elongation properties was also investigated as shown in Figure 4-12. More
detailed discussion will be given in the discussion section.

Figure 4-11. Stress-strain curves of P-Ba-P and P-B-P obtained by tensile tests. See reference #20, Figure 6.
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Table 4-2. Mechanical characteristics of the triblock copolymers and blends
Sample

EPa (MPa)

bb (%)

maxc (MPa)

Se (MJ/m3)

EYd (MPa)

P-B-P

0.62

25

0.11

0.60

0.020

P-Ba-P

1.6

201

2.6

1.9

2.8

a

Rubbery plateau modulus determined at the temperature with a minimum tan value.

c

b

Elongation at break.

d

The maximum tensile stress. Young’s modulus estimated from the slope of S-S curves within a 10% strain.

e

Mechanical toughness estimated from the area under S-S curves.

Figure 4-12. S-S curves obtained by tensile tests for various P-Ba-P with different acrylamide unit fraction
(fa), where the S-S- curve for P-B-P is also shown for comparison. The number of X in P-Ba-P-X represents fa.
Detailed molecular characteristics for various P-Ba-P polymers are summarized in Table 2-4. The tests were
performed with an elongation rate of 10 mm/min. See reference #20, Figure S19.

Discussion
Plateau modulus of the ABA triblock copolymer-based elastomers.
The plateau moduli (EP) estimated by the rheological measurements were 0.62 MPa for
P-B-P and 1.6 MPa for P-Ba-P (see Table 4-2). These values can be conceived to include the
contribution from glassy P blocks. For typical ABA triblock copolymer-based elastomers
containing spherical, glassy A domains, the modulus is enhanced by the glassy domains as fillers
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in the elastic matrix and the contribution to the modulus from the filler is known to be expressed
by eq (4-7),14,42

E  Eelas F filler with F filler  1  2.5v g  14.1v g 2

(4-7)

, where Eelas denotes the modulus of the elastic matrix and Ffiller represents the filler-enhancement
factor actually associated with the volume fraction of the fillers (vg).
For P-B-P, the volume fraction of P block is approximately 0.2, i.e., vg ~ 0.2, which gives Ffiller 
2, and hence Eelas of P-B-P is estimated to be approximately 0.3 by using the EP (0.62 MPa). This
Eelas value is to be compared with the theoretical rubbery modulus Erub estimated from the
classical rubber theory,33

E rub 

ρ
(3RT )
M

(4-8)

, where M represents the molecular weight between cross-links.

For ABA triblock

copolymer-based elastomers having no entanglement in the matrix phase, M is replaced with the
molecular weight of the middle B block. By using  ~ 1.09 g/cm3, M ~ 25,000 g/mol, and T ~
323 K, Erub of P-B-P was estimated to be ~ 0.35 MPa, which is close to the Eelas ( 0.3 MPa).
Since P-Ba-P has a similar vg (~ 0.2) to P-B-P, Ffiller for P-Ba-P is also determined to be,
Ffiller  2. Therefore, Eelas of P-Ba-P was estimated to be 0.8 MPa from the EP value (1.6 MPa),
while the Erub estimated by eq (4-8) is 0.35 MPa. It should be noted here that Eelas is obviously
larger than Erub for P-Ba-P. This difference suggests that some of acrylamide hydrogen bonds in
P-Ba-P serve as cross-links and contributed to Eelas, where the Eelas / Erub ratio can be a measure
of the increase in the cross-link density by incorporating hydrogen bonds. Since Eelas / Erub was
estimated to be 2 for P-Ba-P, approximately one hydrogen bond per Ba middle block appears to
serve as an extra cross-link to enhance Eelas, considering the modulus is proportional to the
inverse of molecular weight between cross-links (E ~ 1 / Mx).
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Dynamics of the ABA triblock copolymer bearing hydrogen bonds on the middle block

Figure 4-13b shows the master curve of P-B-P (filled red circles) created following TTS
principle with the reference temperature Tref = 30 °C, where the raw data were acquired at the
temperature range from -30 °C to 30 °C. Within this temperature range, the B middle block is in
the melt state and the P end block is in the glassy state according to the Tg values summarized in
Table 4-1. Since the relaxation originating from segmental motion of P block can be negligible at
well below Tg of P block (~ 100 °C), the relaxation of P-B-P observed in Figure 4-13b is
predominantly attributed to the relaxation of B middle block. In fact, the superposition with tan
spectra of P-B-P held well (Figure 4-13a), indicating that the relaxation is governed by the single
mechanism.
For this case, it can be expected that the E’ data of P-B-P is also contributed from the
E’P-B-P,eq, which is mainly determined by the molecular weight of B middle block and the volume
fraction, and the Rouse relaxation modulus of B block (E’B,Rouse). The value of E’P-B-P,eq was
determined at the lower frequency in Figure 4-13b and represented as a dashed black line.
E’B,Rouse can be estimated from the G’ data of B homopolymer having the same molecular weight.
The G’ data of B homopolmer was multiplied by a factor of 3, which is associated with the
conversion from the shear condition to the tensile condition (E = 3G),33 and further multiplied by
the filler-enhancement factor 2 (Ffiller ~ 2) examined in the previous section to estimate E’B,Rouse
for the summation. The data of E’B,Rouse is plotted as a function of f (= /2) in Figure 4-13b
(unfilled black circles). The sum spectrum of E’P-B-P,eq and E’B,Rouse represented by unfilled green
circles is pretty close to the E’ data of P-B-P (filled red circles), suggesting the validity of the
simple expectation.
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Figure 4-13. (a) Tan master curves of P-B-P and P-Ba-P with the reference temperature Tref = 30 °C. The raw
data for the superposition were acquired at the temperature range from -30 °C to 30 °C for P-B-P and 0 °C to
40 °C for P-Ba-P. (b) Comparison of the E’ data of P-B-P (filled red circles) with the sum spectrum (unfilled
green circles) of E’P-B-P,eq (dashed black line) and E’B,Rouse (unfilled black circles). The range of E’ smaller than
104 was omitted for clarity. See reference #20, Figure S25 and Figure 9.

In the similar manner, an attempt was made to compare the E’ data of P-Ba-P with a
sum of equilibrium E’ of P-Ba-P (E’P-Ba-P,eq) and sticky Rouse relaxation modulus of Ba middle
block (E’Ba,s-Rouse). For this comparison, the superposed spectrum of P-Ba-P cannot be used
because the superposition with TTS principle could not be applied to P-Ba-P data, which was
found by the deviation of tan master curve shown in Figure 4-13a. Therefore, the analyses for
P-Ba-P data was conducted with the raw spectra at each temperature.
Here, the analysis for P-Ba-P at 10 °C is presented as an example. By the similar way to
the treatment for the analyses for P-B-P data, G’ data of Ba homopolymer was multiplied by 6 to
estimate the storage Young’s modulus, E’P-Ba-P,s-Rouse, which is expected for the sticky Rouse
relaxation of the Ba middle block of P-Ba-P subjected to the filler effect (characterized by Ffiller 
2). Furthermore, the E’Ba,s-Rouse spectrum was extended to the higher frequency region with the
assumption that the sticky Rouse model expressed with eq (4-3) holds up to the actual frequency
region of the raw data of Ba, and the resulting fitting curve is shown as dashed orange curve. A
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sum of this expected sticky Rouse relaxation modulus of Ba (the dashed orange curve) and the
equilibrium modulus of P-Ba-P E’P-Ba-P,eq (1.6 MPa determined as the plateau modulus in Table
4-2; horizontal black dashed line) is shown as a solid black curve in Figure 4-14. Obviously, the
sum underestimated the E’ data of P-Ba-P (filled red circles), which is different from the
analytical results for P-B-P. Therefore, the present expectation for the sticky Rouse modulus,
E’Ba,s-Rouse without frequency shift does not describe the actual behavior of Ba middle block in
P-Ba-P.
For further examination of relaxation behavior of Ba middle block, it is formative to
examine the sticky Rouse modulus E’Ba,s-Rouse with a frequency shift, i.e., E’Ba,s-Rouse(f) =
3FfillerG’homo-Ba(f), where  represents the difference of relaxation rates of Ba homopolymer and
Ba middle block in P-Ba-P. By comparing E’Ba,s-Rouse spectrum with E’ data of P-Ba-P,  was
determined to be 13. E’Ba,s-Rouse(f) with  =13 and the sum of E’P-Ba-P,eq and E’Ba,s-Rouse(f) =
3FfillerG’homo-Ba(f) are shown as a dashed blue curve and a solid green curve, respectively,
where the sum is satisfactorily close to the E’ data of P-Ba-P (filled red circles). This result
suggests that the E’ data of P-Ba-P can be described as a simple sum of the equilibrium modulus
and the sticky Rouse modulus, the latter is accompanied with the retardation by the factor of  =
13 as compared to the Ba homopolymer. Figure 4-14a, 4-14c, and 4-14d also represents
comparisons of the E’ data of P-Ba-P with a sum of E’P-Ba-P,eq and E’Ba,s-Rouse(f) (=
3FfillerG’homo-Ba(f)) at 0 °C, 20 °C, and 30 °C, respectively. Note that the value of  for
describing the E’ data of P-Ba-P by the sum was 10 at 0 °C, 30 at 20 °C, and 60 at 30 °C; the
data are pointing out that necessary  was increased with an increase in temperatures.
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Figure 4-14. Comparison of the E’ data of P-Ba-P (filled red circles) with the sum (solid black curve) of the
equilibrium modulus E’P-Ba-P,eq (black dashed line) and the sticky Rouse modulus E’Ba,s-Rouse(f) (unfilled black
circles; fit with eq (4-3) as shown with the dashed orange curve by using corresponding R (see Figure 4-15),
the latter being evaluated from G’ data of B homopolymer without an extra shift in the frequency. Solid green
curve indicates the sum but with E’Ba,s-Rouse(f) (= 3FfillerG’homo-Ba(f)) shown as dashed blue curve. See reference
#20, Figure 10 and Figure S27.
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Figure 4-15. Comparison of the experimental spectra of Ba and the calculated spectra on the basis of the
sticky Rouse model at (a) 0 °C, (b) 10 °C, (c) 20 °C, and (d) 30 °C. G’ and G” were plotted with blue and red
symbols, respectively, while dashed lines represent the fitting curves estimated by eq (4-3) and (4-4). The
calculated spectra, instead of the experimental spectra, were used for the summation with E’P-Ba-P,eq. The
validity of τR values for fitting with eq (4-3) and (4-4) was confirmed as shown above, where τR was 0.2 sec at
30 °C, 1.5 sec at 20 °C, 11 sec at 10 °C, and 120 sec at 0 °C. See reference #20, Figure S26.

The retardation observed in the present analysis for P-Ba-P could have resulted from
several structural/molecular mechanisms, while no similar retardation was observed for the
analyses of P-B-P data. It should be again noted that the sticky Rouse relaxation model with
correlated dissociation/association of hydrogen bonds was successfully applied to the analysis of
Ba homopolymer without extra constrain at the chain ends (see Figure 4-9a). To the contrary,
however, for the Ba middle block with chain ends being rigidly anchored by domains of glassy P
blocks, an extra correlation of dissociation/association of the hydrogen bonds emerged, since
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many Ba middle block chains are bridging the P block domains and the hydrogen bonds on those
Ba block tend to be re-associated with the original partner more frequently than the hydrogen
bonds on the end-free Ba homopolymer. This could naturally result in the “retarded” sticky
Rouse relaxation for the Ba block compared to the Ba homopolymer without changing much in
the relaxation mode distribution. In addition, the increase in  with an increase in temperatures
can be explained by the assumption that the correlation of dissociation/association of the
hydrogen bonds is accelerated by temperatures, promoting the retardation.
Above analysis suggests that the hydrogen bonds serve as dynamic stickers on the
elastic strands of Ba in P-Ba-P. The dynamic behavior of the hydrogen bonds can be understood
not only in the linear viscoelastic regime but also in the non-linear elongational state under large
tensile stress. This must be the key issue for the mechanical property enhancement attained in
P-Ba-P.
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Chapter Summary

In this chapter, a new strategy was proposed and described to enhance the mechanical
properties of ABA triblock copolymer-based elastomers by incorporating hydrogen bonds into
the soft middle block. A triblock-type block copolymer, P-Ba-P, was synthesized via RAFT
polymerization. In a self-assembled state, the P end blocks formed glassy cross-link domains,
and transient cross-links of hydrogen bonds were formed between acrylamide units on the Ba
soft middle block. Comparison of plateau modulus between P-Ba-P and a control sample, P-B-P,
revealed that P-Ba-P attained approximately three times higher modulus than P-B-P due to an
increase in the cross-link density originating from the hydrogen bonds on the middle block.
According to tensile tests, P-Ba-P showed greater elongation properties. Among them, the
toughness of P-Ba-P (2.8 MJ/m3) was nearly 140 times larger than that of P-B-P (0.2 MJ/m3).
The origin of the mechanical property enhancement was also discussed in terms of viscoelastic
behaviors of the triblock copolymers, where it has been found that the hydrogen bonds on the
elastic strand of Ba in P-Ba-P serve as dynamic stickers. Such dynamic behavior of the hydrogen
bonds can also influence the chain extension behavior under elongation, which works to prevent
local stress concentration during elongation. This is the key issue for the mechanical property
enhancement attained in P-Ba-P.
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Chapter 5

Mechanical Properties and Morphological investigation of
Supramolecular Elastomers
Cross-linked via Metal-ligand Coordination and Hydrogen Bonding

Abstract:

In the previous chapter, the mechanical property enhancement of ABA triblock

copolymer-based elastomers by incorporating hydrogen bonds into the soft middle block was
introduced and argued. The polymer used there was poly(4-vinylpyridine)-b-[(poly(butyl
acrylate)-co-polyacrylamide]-b-poly(4-vinylpyridine)

(P-Ba-P).

In

this

chapter,

further

enhancement in mechanical properties of ABA triblock copolymer-based elastomers is reported,
where P chains in phase separated spherical domains were cross-linked via metal-ligand
coordination by blending metal salts, ZnCl2, to P-Ba-P, coupled with hydrogen bonding on the
middle block. The physical properties were investigated by morphological investigations and
mechanical property measurements. By comparing the tensile test results between P-Ba-P/ZnCl2
and neat P-Ba-P, it has been found that the material toughness was further increased by a factor
of 2 due to metal-ligand coordination formed in P domains selectively.
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Introduction

Incorporation of non-covalent bonded cross-links into soft materials to

enhance their properties have recently been paid attention.1-7 Such materials are regarded as
supramolecular soft material,3 including functional polymers,8,9 polymer gels,10,11 or rubbers,12-14
and they acquire stimuli-responsiveness owing to the weak association strength in the
cross-links.
There are several reports on the network materials with “high” strength by purposely
incorporating “weak” noncovalent bonding into the networks. Gong et al. have reported double
network hydrogels with extremely high mechanical strength, where the weaker network is
formed by ionic association between polyelectrolytes, whereas the stronger one with covalent
bonds is composed of flexible neutral polymers.15,16 In their system, preferential dissociation of
the weaker network under stress can dissipate the applied stress, so that the weaker interaction
plays a role of “sacrificial” bond.17,18 Kushner et al. have reported a biomimetic design of a
twofold cross-link composed of 2-ureido-4-[1H]-pyrimidone (Upy) and cyclic alkyl chains
bridged across the Upy structures, which attained the enhancement of tensile strength energy
dissipation capability by unfolding Upy association.19-21 In the most of the molecular designs
with multiple cross-links, however, covalent bonds were necessarily chosen as the stronger
cross-links, and hence there are only few reports on preparation of high toughness network
materials with the combination of multiple noncovalent bonds, though it is anticipated that there
are useful advantages of noncovalent bonded soft materials, such as stimuli-responsiveness or
self-healing ability.
Here in this chapter, a novel idea of creating supramolecular elastomers cross-linked via
dual non-covalent bondings, i.e., metal-ligand coordination and hydrogen bonding, is proposed
and executed for aiming to produce tough supramolecular network materials.22 A triblock-type
copolymer

poly(4-vinylpyridine)-b-[(poly(butylacrylate)-co-polyacrylamide]-b100

poly(4-vinylpyridine) (P-Ba-P) was used following the previous chapter, it being blended with
zinc chloride ZnCl2. In this molecular design, metal-to-ligand coordination is formed between a
nitrogen atom in the poly(4-vinylpyridine) end blocks and ZnCl2, whereas self-complementally
hydrogen bonding is simultaneously formed between two acrylamide units on the middle block.
The effects brought by simultaneous cross-linkings with hydrogen bonds and coordination bonds
on the physical properties were investigated by morphological observations and mechanical
measurements.
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Polymers and blends.

The polymer samples used in this work are the ones prepared in the

chapter 2 and used in the chapter 4, i.e., P-Ba-P and P-B-P, the latter being adopted as a control
sample (see the characteristics in Table 4-1). The blends P-Ba-P or P-B-P and ZnCl2 were coded
as P-Ba-P/ZnCl2 or P-B-P/ZnCl2, respectively (the method for blend preparation was described
in the chapter 2).

Results and Discussion
Sample appearance.

As a result of blending ZnCl2 to the triblock copolymers, transparent

and elastic films were obtained as shown in Figure 5-1a and 5-1b. On the other hand, the blend
of Ba and ZnCl2 was turbid and sticky (Figure 5-1c), indicating that any attractive interactions
were not generated between acrylamide or butyl acrylate moiety and ZnCl2. These results
strongly suggest that ZnCl2 preferentially forms coordination bonds with nitrogen atoms on P
block.

Figure 5-1. Macroscopic appearance of (a) P-Ba-P/ZnCl2, (b) P-B-P/ZnCl2, and (c) Ba/ZnCl2. See reference
#22, Figure S20 and Figure S21.

Molecular Characterization of the blends.
To confirm the coordination between 4-vinylpyridine group and ZnCl2, FT-IR
measurements were conducted. In the spectra of neat P-B-P and P-Ba-P (Figure 5-2a), only a
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peak corresponding to a C-N vibration mode of free pyridine ring was observed at 1597 cm-1.23
After blending ZnCl2, another peak originating from coordination bonded pyridine ring was
newly observed at 1618 cm-1 in P-B-P/ZnCl2 and P-Ba-P/ZnCl2, suggesting the coordination
bond formation in the P blocks.23 In addition, an absorption associated with hydrogen bonded
amide units was observed at 3350 cm-1 in P-Ba-P/ZnCl2 as well as in the neat P-Ba-P (Figure
5-2b).24,25 It should be also noted that the relative intensity ratio of absorption for hydrogen
bonded amide units to that for free amide units was much larger in P-Ba-P/ZnCl2 than in P-Ba-P,
indicating that the fraction of the associated acrylamide moiety is higher for the former. This
could be related to the morphological change by blending ZnCl2, which will be examined in later
section.

Figure 5-2. (a) FT-IR spectra of the neat polymers and the blends in a wave number range from 1560 to 1640
cm-1, where a dashed line at 1597 cm-1 and a dotted line at 1618 cm-1 represent C-N vibration modes of free
and coordination bonded pyridine groups, respectively. (b) FT-IR spectra of Ba and P-Ba-P within a wave
number range from 3300 to 3600 cm-1, where a dashed line at 3350 cm-1 and a dotted line at 3450 cm-1
correspond to the absorption bands of hydrogen bonded N-H and free N-H stretching vibration modes,
respectively. See reference #22, Figure 7.
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The Tg change after blending ZnCl2 was also evaluated. Figure 5-3a represents DSC
thermograms of P-B-P/ZnCl2 and P-Ba-P/ZnCl2, where the thermograms of neat P-B-P and
P-Ba-P are also shown for comparison. It was already found in the previous chapter that the
endothermic heat changes associated with the Tg of middle block were observed in P-B-P and
P-Ba-P, while Tg of P blocks were evaluated by  relaxations observed in tan spectra of
dynamic temperature ramp tests instead. The endothermic heat changes of P-B-P/ZnCl2 and
P-Ba-P/ZnCl2 were observed at the almost same temperatures as those of P-B-P and P-Ba-P,
respectively, indicating that blending ZnCl2 to the copolymers did not affect Tgs of the middle
blocks. To the contrary, however,  relaxations from P block chains in the blends were not
observed in their tan spectra unlike the neat triblock copolymers (Figure 5-3b). This can be
attributed to the increase in Tgs due to the constrained segmental motions of the P blocks by the
coordination.23,26 Thus it has been revealed by this investigation on Tgs that the coordination
bonds were selectively formed in the P end blocks.

Figure 5-3. (a) DSC thermograms of P-B-P/ZnCl2 and P-Ba-P/ZnCl2, where the themograms of neat triblock
copolymers are also shown for comparison. (b) Tan spectra of the neat triblock copolymers and the blends,
where the arrows represent  relaxation originating from P block of P-B-P and P-Ba-P, respectively. See
reference #22, Figure S10 and Figure S22.
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The change in degree of nanophase separation after blending ZnCl2 was investigated by
SAXS and TEM. Figure 5-4a represents SAXS profiles of the blends as well as the neat triblock
copolymers. It is apparent that the scattering intensities increased after blending, which is mainly
due to the increase in electron density difference between the middle block and the end block
induced by selective coordination of ZnCl2 into the P blocks. In addition, higher order peaks
were observed in P-Ba-P/ZnCl2 in contrast to neat P-Ba-P, reflecting the formation of
higher-contrast nanophase separation by blending ZnCl2. In fact, clearer nanophase-separated
structure with spherical domains composed of P blocks and ZnCl2 was observed in TEM
observations in P-Ba-P/ZnCl2 unlike P-Ba-P (Figure 5-4b). Improvement in contrast of
nanophase separation after blending ZnCl2 can possibly be attributed to the increase in effective
interaction parameter between the end block and the middle block by the selective incorporation
of ZnCl2 into the P end blocks.27,28

Figure 5-4. (a) SAXS profiles of P-Ba-P/ZnCl2 and P-B-P/ ZnCl2, where the profiles of neat triblock
copolymers are also shown for comparison. Arrows with numbers represent relative q positions at peaks. (b)
TEM images of P-Ba-P/ZnCl2 and P-B-P/ZnCl2. The darker area and the brighter area can be assigned to the
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assemblies of P/ZnCl2 and the middle block matrix, respectively. The scale bar represents 50 nm. See reference
#22, Figure 7 and Figure S11.

Effects of the coordination in the P domains on the mechanical properties.

The effects

of the coordination in the P domains on the viscoelastic properties were investigated by
rheological measurements. The E’ spectra for two blends, i.e., P-Ba-P/ZnCl2 and P-B-P/ZnCl2, as
a function of temperature are shown in Figure 5-5 with the spectra of neat triblock copolymers,
where the plateau moduli (EP) have found to be increased after blending ZnCl2, especially for
P-Ba-P. The EP values are summarized in Table 5-1. According to the morphological
investigations as shown in Figure 5-4, nanophase-separated structures with higher contrast and
orders were formed in the blends than in the neat polymers. Thus, the increase in plateau
modulus for blends can be attributed to the decrease of dangling chains.29,30 The moduli in the
plateau region of P-Ba-P/ZnCl2 and P-B-P/ZnCl2 were nearly kept constant, and the drops in E’
were not observed at high temperatures (~ 130 °C) unlike the cases of the neat triblock
copolymers. This is due to the increase in the Tg of P blocks by forming the selective
coordination as supported by tan spectra in Figure 5-3b, where  relaxations of P blocks were
not observed even at high temperatures.

Figure 5-5. The E’ spectra of P-Ba-P/ZnCl2 and P-B-P/ZnCl2 obtained by dynamic temperature ramp tests.
The spectra of P-Ba-P and P-B-P are also shown for comparison. See reference #22, Figure 8.
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Table 5-1. Mechanical Characteristics of the Triblock Copolymers and Blends
Sample

a

EPa (MPa)

bb (%)

maxc (MPa)

EYd (MPa)

Se (MJ/m3)

P-B-P

0.62

25

0.11

0.60

0.020

P-Ba-P

1.6

201

2.6

1.9

2.8

P-B-P/ZnCl2

0.91

60

0.41

0.94

0.15

P-Ba-P /ZnCl2

6.0

165

6.8

6.4

6.3

Rubbery plateau modulus determined at the temperature with a minimum tan value.

b

Elongation at break.

c

d

The maximum tensile stress. Young’s modulus estimated from the slope of S-S curves within a 10% strain.

e

Mechanical toughness estimated from the area under S-S curves.

Tensile tests were performed for the blends, and the stress-strain (S-S) curves are shown
in Figure 5-6 together with the results for neat P-B-P and P-Ba-P. The elongation properties are
also summarized in Table 5-1. The Young’s moduli (EY) for both blends were found to be
increased after blending ZnCl2, which may be due to the decrease in the fractions of dangling
chains as explained for the increase in EP. The elongation at break (b) of P-Ba-P/ZnCl2 (165%)
was smaller than that of P-Ba-P (201%). Two reasons can be conceived. 1) Larger stress was
applied to the blends than the neat copolymer at the same level of elongation due to the larger EY.
2) The ability of stress dissipation in the cross-link domains of P could be lowered by the rigid
cross-links because of the coordination in the P block domains. Nevertheless, blending ZnCl2 to
P-Ba-P provided further increase in toughness; S of P-Ba-P/ZnCl2 (6.3 MJ/m3) is more than
double compared to neat P-Ba-P (2.8 MJ/m3). By comparing S for P-B-P (0.2 MJ/m3) and for
P-Ba-P/ZnCl2, the increase in the toughness was found to be approximately by a factor of 300 by
incorporating hydrogen bonds coupled with forming coordination bond. This successful result is
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owing to the simultaneous use of metal-ligand coordination bonds and hydrogen bonds.

Figure 5-6. (a) Stress-Strain curves obtained by tensile tests for the blends, where the curves for the neat
polymers are also shown for comparison. (b) The S values estimated from the area under S-S curves. See
reference #22, Figure S23.
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Chapter Summary

In this chapter, further mechanical property enhancement of ABA triblock
copolymer-based elastomers having dual cross-linking via coordination and hydrogen bonds was
reported. After blending ZnCl2 to P-Ba-P, the coordination selectively occurred between pyridine
units and ZnCl2, while self-complementary hydrogen bonds were simultaneously formed
between acrylamide units on the middle block. According to the morphological investigation by
SAXS and TEM, high contrast nanophase-separated structure was formed after blending ZnCl2,
which caused the increase in plateau modulus as well as Young’s modulus. By the comparison of
tensile test results between neat P-Ba-P and P-Ba-P/ZnCl2, it was found that the materials
toughness was further increased by a factor of 2. This could be attributed to the metal-ligand
coordination formed in the P end blocks, which can cause the formation of nanophase-separated
structure with high contrast, probably induced by an increase in segregation strength between the
end block and the middle block.
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Chapter 6

Summary

In this thesis, two types of supramolecular soft materials, one with noncovalent bonded
cross-links on the chain ends of telechelic-type polymer, and the other with the middle block
possessing self-complementary hydrogen bonding moiety in an ABA triblock copolymer, were
designed and prepared. The effects of the noncovalent cross-links on their rheological and
mechanical properties were studied.

In the chapter 1, general introduction for soft materials, particularly for supramolecular
soft materials was given.
In the chapter 2, the synthetic procedures and the characterization of the component
polymers were described. In addition, the experimental conditions and the analytical methods for
the rheological measurements and others were explained.
In the chapter 3, the supramolecular soft materials were prepared by blending two liquid
polymers, that is, carboxy-terminated telechelic poly(ethyl acrylate) (PEA-(COOH)2) and
polyethyleneimine (PEI) with multiple amines. Ionic hydrogen bonds were formed between
carboxylic acids on PEA-(COOH)2 and amines on PEI by blending them, which generated the
supramolecular networks. The effects of the molecular weight of PEA-(COOH)2 and the blend
ratio on the viscoelastic properties were investigated by focusing on Tcross, the temperature at
which G’ and G” cross each other, and the flow activation energy (Ea). It has been found that the
stoichiometry between functional groups is a key issue to optimize the supramolecular networks.
Moreover, systematic change in the plateau modulus (GX) was achieved simply by changing the
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molecular weight of PEA-(COOH)2.
In the chapter 4, an ABA triblock copolymer based-elastomer with transient cross-links
of hydrogen bonds on the soft middle block, that is, poly(4-vinylpyridine)-b-[(poly(butyl
acrylate)-co-polyacrylamide]-b-poly(4-vinylpyridine) (P-Ba-P) was prepared. The mechanical
property enhancement induced by incorporation of the hydrogen bonds into the soft middle block
was demonstrated by dynamic mechanical measurements and tensile tests. In addition, the effects
of the middle block hydrogen bonds on the viscoelastic properties of the triblock copolymer were
discussed and explained using the idea of the sticky Rouse-type relaxation of the Ba middle
block.
In the chapter 5, supramolecular elastomers cross-linked via metal-ligand coordination
coupled with hydrogen bonds were prepared by blending ZnCl2 to P-Ba-P. Morphological
investigations by SAXS measurements and TEM observations revealed that clearer nanophase
separation was formed due to an increase in segregation strength between the middle block and
the end block after blending ZnCl2, which led to further enhancement of mechanical properties,
i.e., plateau modulus and the mechanical toughness, in comparison with those for neat P-Ba-P.
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