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研究成果の概要（和文）：自己修復材料は生体のもつ修復能力を人工合成材料に付与する試みであり，製品の寿
命，安定性，信頼性向上が期待できる新しい材料である。本研究ではゴム弾性を示し良好な成形加工性を有する
熱可塑性エラストマーに修復機能を付与するジスルフィド結合を導入して刺激応答性自己修復熱可塑性エラスト
マーを合成し，その機能を評価した。合成試料を意図的に破断した後密着させてから紫外光を照射すると密着部
分が修復し，破断伸びが90%以上回復した。修復はジスルフィド結合の動的組み替えとラジカル発生による架橋
反応により達成された。本研究は熱可塑性エラストマーに自己修復性を付与する新しい方法論として波及効果が
期待される。

研究成果の概要（英文）：Self-healing is one of the most attractive functions of living bodies and 
endowing industrial materials with a self-healing function increases their durability, safety, and 
reliability. In this study, hard-soft multiblock copolymers containing disulfide bonds were 
synthesized as novel thermoplastic elastomers having self-healing ability. The healing ability of 
the polymer films were evaluated by tensile tests and microscopic observations. Over 90% of the 
elongation at break of damaged samples was recovered by UV irradiation at the damaged cite. The 
healing ability was strongly dependent on the disulfide content in the multiblock copolymers. Both 
disulfide exchange and crosslinking reactions occurred during the healing process. This study gives 
a new concept to design the self-healing thermoplastic elastomers.

研究分野： 高分子化学

キーワード： 自己修復性材料　熱可塑性エラストマー　ジスルフィド結合　マルチブロック共重合体
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１．研究開始当初の背景 
	 熱可塑性エラストマーは近年のリサイク
ル性への要求や低炭素社会を推進するため，
あらためて注目されている材料である。ソ
フトセグメントとハードセグメントがミク
ロ相分離構造をもつことが特徴で，ポリス
チレン系などのトリブロック共重合体型と
ポリウレタン系などのマルチブロック共重
合体型がある。自動車用部品や日用品など
幅広い分野で柔らかい触感を示す樹脂とし
て利用されている。	
	 自己修復性高分子は自然界の自己修復能
力を人工合成材料にも付与する新しい機能
材料である。特に，おだやかな加熱や光な
どの外部刺激により修復する材料は室温付
近で安定であり，かつ，繰り返し修復によ
り長期間使用可能な実用的材料として大き
な可能性を秘めている。 
 
２．研究の目的 
セグメントマルチブロック共重合体型熱可
塑性エラストマーのソフトセグメントに動
的共有結合であるジスルフィド結合を導入
して刺激応答性自己修復熱可塑性エラスト
マーを合成することが目的である。これを
達成するため，①末端にチオール基をもつ
ソフトセグメント，ハードセグメントの合
成，②これら混合物の酸化によるジスルフ
ィド結合を有するマルチブロック共重合体
を合成，③熱可塑性エラストマーとしての
特性評価，④自己修復性評価を計画する。
特にソフトセグメントの分子構造・組成と
自己修復性の関連性について検討する。 
 
３．研究の方法 
	 両末端をチオール化したソフトセグメン
トとハードセグメントの酸化カップリング
によりジスルフィド結合をもつポリスルホ
ンーポリチオエーテルマルチブロック共重
合体を合成した。	
	

	
	 ジチオールの酸化によりジスルフィド結
合を多量に含むチオール末端ソフトセグメ
ントを合成し，チオール末端ポリスルホンオ
リゴマーとの酸化カップリングによりポリ
スルホンーポリジスルフィドマルチブロッ
ク共重合体を合成した。	
	
	

	
生成重合体の構造，分子量は NMR 測定，GPC
測定により行った。薄膜の表面特性は AFM 測
定にて，熱特性は DSC,TGA 測定により評価し
た。短冊状試験片をキャスト法により作成し，
引張り試験により力学特性を評価した。同じ
形状の試験片の中央で破断し，破断部位に紫
外光(365	nm)を照射することで修復を試み，
破断伸びの回復率から修復特性を評価した。	
	
４．研究成果	
	 ポリスルホンーポリチオエーテルマルチ
ブロック共重合体	
	 共重合体の組成は1H	NMR測定により評価し，

組成比とほぼ同じ共重合体が得られている

ことを確認した。共重合体の GPC 測定では共

重合前のオリゴマーより明らかにピークが

Fig.	 1	 1H	 NMR	 spectrum	 of	 poly(ether	

sulfone)-poly(alkylthioether)	multiblock	copolymer.	

	

Fig.	 2	 GPC	 curves	 of	 thiol-terminated	 poly(ether	

sulfone)	 oligomer	 and	 poly(ether	

sulfone)-poly(alkylthioether)	multiblock	copolymer.	

Japan). Tensile tests for the healed test pieces were immedi-
ately carried out after irradiation.

Measurements
The 1H and 13C NMR spectra were recorded using a JNM-
ECA 500 NMR spectrometer (Jeol, Tokyo, Japan). The inher-
ent viscosity of the multiblock copolymer was measured in
THF at 30 8C at a concentration of 0.1 g dL21. GPC measure-
ments of PTE were carried out using a Shodex RI-71S RI
detector (Showa Denko K. K., Tokyo, Japan) and two Shodex
LF804 polystyrene–divinylbenzene columns (Showa Denko
K. K., Tokyo, Japan) with chloroform as the eluent. GPC
measurements of PES oligomers and multiblock copolymers
were carried out using a Jasco 875-UV UV detector (268 nm)
(Jasco, Tokyo, Japan) and two Tosoh TSKgel GMH HR-M poly-
styrene–divinylbenzene columns (Tosoh, Tokyo, Japan) with
N,N-dimethylformamide (DMF) containing lithium bromide
(0.01 mol L21) as the eluent. The molecular weights of the
resulting oligomers and multiblock copolymers were calcu-
lated based on polystyrene standards. The differential scan-
ning calorimetry (DSC) measurements were carried out
using a DSC7000X (Hitachi High-Tech Science, Tokyo, Japan).
The heating rate was set at 10 8C min21. The sample was
heated from room temperature to 200 8C and quenched to
290 8C. The second heating, up to 200 8C, was carried out
to determine the glass transition temperature. Thermogravi-
metric analysis (TGA) measurements were carried out using
an STA7300 (Hitachi High-Tech Science, Tokyo, Japan) at a
heating rate of 10 8C min21. Dynamic mechanical analysis
(DMA) measurements were carried out using a DMA7100
(Hitachi High-Tech Science, Tokyo, Japan). The sample was
heated from 2100 to 200 8C at a rate of 2 8C min21. Tapping
mode atomic force microscopy (AFM) observations were car-
ried out using a Nano Navi S-image SPM system (SII Nano-
Technology, Tokyo, Japan) and SI-DF20 cantilever (Epolead
Service Tokyo, Japan). Tensile tests were performed using an
EZ Test EZ-LX 50N tensile tester (Shimadzu, Kyoto, Japan)
with a crosshead speed of 20 mm min21. Five test pieces
were measured to determine the mechanical and healing
properties.

RESULTS AND DISCUSSION

Synthesis of the Multiblock Copolymers
Scheme 1 shows the synthesis of the thiol-terminated hard and
soft oligomers. The PES-SH oligomer was synthesized as a hard

segment. The PES-OH oligomer was synthesized using bis(4-
fluorophenyl) sulfone (1.0 equiv) and 2,2-bis(4-hydroxyphenyl)-
hexafluoropropane (1.3 equiv). PES-OH was reacted with
5-bromo-1-pentene via Williamson ether synthesis to form the
PES-Vinyl oligomer. New peaks at 5.85, 5.08–5.00, 3.99, 2.24,
and 1.89 ppm, attributed to the pentenyl group, were observed
in the 1H NMR spectrum. Terminal aromatic protons at 7.24 and
6.84 ppm in PES-OH completely disappeared and shifted to 7.28
and 6.88 ppm. The thiol–ene reaction of PES-Vinyl and thioace-
tic acid resulted in the formation of the PES-AcS oligomer.27 The
peaks attributed to the vinyl groups at 5.85 and 5.08–5.00 ppm
in PES-Vinyl completely disappeared in the 1H NMR spectrum of
PES-AcS. The a addition reaction of thioacetic acid was greatly
favored over the b addition reaction, as shown in the Supporting
Information. Finally, PES-SH was synthesized by reducing the
thioester with hydrazine.28 Complete disappearance of the
methyl protons of the thioester terminals, observed at 2.33 ppm
in the 1H NMR spectrum of PES-AcS, supported quantitative
conversion to PES-SH. The Mn of PES-SH was 4800 g mol21,
which was calculated by the integration ratio of methylene pro-
tons connected with thiols (2.56 ppm) and the aromatic protons
(average of the peaks at 7.94–7.90 and 7.43–7.38 ppm) in the
1H NMR spectrum of PES-SH. PTE oligomers, as the soft seg-
ments, were synthesized by the thiolyne addition reaction of
1-hexyne and 3,6-dioxa-1,8-octanedithiol in the presence of
2,2-dimethoxy-2-phenylacetophenone as a photo-initiator.29 An
excess amount of the dithiol was fed to form thiol-terminated
oligomers. The molecular weights of PTEs, determined by
inverse-gated decoupling 13C NMR measurements, were about
2000 and 4800 g mol21, which were dependent on the feed
ratio of the dithiol and hexyne.

PES-b–PTE multiblock copolymers were synthesized by
oxidative coupling polymerization of the thiol-terminated
oligomers: PES-SH and PTE (scheme 2). The feed ratio of
each oligomer (PES-SH/PTE) was set to be 30/70 (wt/wt).
MBC-1 and MBC-2 were synthesized from PES-SH and PTE
(Mn5 2000) or PTE (Mn5 4800), respectively. The structure
of the product was confirmed by 1H NMR and 13C NMR
measurements. As shown in Figure 1 (MBC-1), all peaks
were assigned to the proposed structure: signals a–f were
derived from the PES aromatic units, and signals l–v were
derived from the PTE units. According to the integration
ratio of peaks a and l, the weight composition ratio was
PES/PTE5 30.3/69.7 (wt/wt), which was consistent with

SCHEME 1 Synthesis of thiol-terminated oligomers.
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the feed ratio. Figure 2 shows the 13C NMR spectrum of
MBC-1. New signals at d 5 38.3 and 69.7 appeared, which
were assigned to the a- and b-position of the disulfide bond.
Moreover, the signals at d 5 24.3 and 72.9, derived from the
a- and b-position carbons, respectively, of the thiols in PTE
disappeared in the spectrum of the resulting multiblock
copolymer. Since both PES-SH and PTE have aliphatic thiol
terminals, the oxidative coupling can occur between PES-SH
and PES-SH, PES-SH and PTE, and PTE and PTE. Since the
feed ratio of PES-SH and PTE was 30/70 (wt/wt), the cou-
pling between PTE and PTE should be statistically favored.
Figure 3 shows GPC curves of PES-b-PTE MBC (MBC-1) and
PES-SH. The curve for MBC-1 was unimodal and shifted
toward high molecular weight region. Table 1 summarizes
the results of the synthesis of multiblock copolymers. GPC
and viscosity data indicated the formation of high-molecular-
weight multiblock copolymers.

Owing to the different PTE segment lengths, MBC-1 con-
tained more disulfide bonds than MBC-2.

Properties of the Multiblock Copolymers
It is well-known that block copolymers composed of differ-
ent properties (hard–soft and hydrophilic–hydrophobic)
show microphase-separated morphologies. A thin film of the
multiblock copolymer was prepared, and the surface mor-
phology was investigated by AFM. The phase image of the
AFM measurement is shown in Figure 4. The image clearly
shows light and dark regions, which were composed of PTE
and PES segments, respectively. The hard segment domain
(PES domain) can contribute to the self-reinforcement of the
material, and the soft segment domain (PTE domain) can
contribute to the soft and elastic properties of the multiblock
copolymers.

DSC measurements of the multiblock copolymer were carried
out, as shown in Figure 5. The glass transition temperature
(Tg) of MBC-1 was found to be 254 8C, which is close to the
Tg of PTE (266 8C). This fact suggests that the PTE segments
formed microphase-separated domains in the multiblock
copolymer. No Tg derived from the hard segment was

SCHEME 2 Synthesis of poly(ether sulfone)–poly(alkylthioether) multiblock copolymers.

FIGURE 1 1H NMR spectrum of the multiblock copolymer (MBC-1).
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The healing test on cut samples was performed as follows.
The rectangular test pieces were cut into two pieces at their
midpoints, and the cross sections were immediately placed
in contact with each other. The cut and contacted samples
were irradiated with UV light in the same manner as
notched samples. Tensile tests on the healed test specimens
were performed immediately after irradiation.

Measurements
Both 1H and 13C NMR spectra were recorded on a JNM ECA
500 NMR spectrometer (Jeol, Tokyo, Japan). The inherent vis-
cosity of the multiblock copolymer was measured in THF at
30 8C at a concentration of 0.5 g dL21. Gel permeation chro-
matography (GPC) was performed using a Shodex RI-71S RI
detector (Showa Denko K. K., Tokyo, Japan) and two Shodex
LF804 polystyrene–divinylbenzene columns (Showa Denko
K. K., Tokyo, Japan) with chloroform as the eluent. The
molecular weights of the resulting polymers were calculated
using polystyrene standards. Differential scanning calorime-
try (DSC) was performed using a DSC7000X instrument
(Hitachi High-Tech Science, Tokyo, Japan). The heating rate
was 10 8C min21. The sample was heated from room
temperature to 200 8C and quenched to 290 8C. A second
heating, up to 200 8C, was performed to determine the glass
transition temperature (Tg). The Tg was determined at the
temperature of maximum slope of the transition. Tapping
mode atomic force microscopy (AFM) was performed using a
Nano Navi S-image SPM system (Hitachi High-Tech Science,
Tokyo, Japan) and an SI-DF20 cantilever (Hitachi High-Tech
Science, Tokyo, Japan). The UV intensity was measured using
a UVR-T1 UV power meter (Topcon Technohouse Co., Tokyo,
Japan). Tensile tests were performed with an EZ Test EZ-LX
50N tensile tester (Shimadzu, Kyoto, Japan) with a crosshead
speed of 20 mm min21. Five test pieces were analyzed to
determine the mechanical and healing properties.

RESULTS AND DISCUSSION

Synthesis of the Multiblock Copolymers
Thiol-terminated polysulfone oligomer (PES-SH) was synthesized
according to a previously described procedure.31 Its Mn was
6,500 g mol21, which was calculated from the integration ratio of
methylene protons connected to thiols (2.56 ppm) to aromatic
protons (average of the peaks at 7.94–7.90 and 7.43–7.38 ppm)
in the 1H NMR spectrum of PES-SH (Fig. S1, Supporting Informa-
tion). The thiol-terminated soft segment oligomer (PDODT-PHDT-
SH) was synthesized by oxidative coupling of DODT and HDT in
the presence of triethylamine as a catalyst and subsequent
reduction with dithiothreitol (Scheme 1). Its molecular weight,

determined from the integration ratio of terminal and repeating
carbons in inverse-gated decoupling 13C NMR, was about
3,600 g mol21.

PES-(PDODT-PHDT) multiblock copolymers were synthesized
by oxidative coupling polymerization of PES-SH and PDODT-
PHDT-SH (Scheme 2). The feed ratio of the oligomers was
10/90 (wt/wt). The product structure was confirmed by 1H
and 13C NMR spectroscopy. As shown in Figure 1, all peaks
were assigned to the proposed structure: signals a–f were
derived from the PES aromatic units, and signals g–l from
the PDODT-PHDT units. The integration ratio of peaks a, g,
and j indicated that the weight composition ratio was PES/
PDODT/PHDT5 8.80/47.3/43.9 (wt/wt/wt), which was
consistent with the feed ratio. The 13C NMR spectrum of the
resulting multiblock copolymer (Fig. 2) indicated disappear-
ance of the a-, b-, and c-carbons of the thiols in PES-SH
(24.9, 33.7, and 24.5 ppm) and the a-carbons of the thiols in
PDODT-PHDT-SH (24.3, and 24.5 ppm). As both PES-SH and
PDODT-PHDT-SH have aliphatic thiol terminals, oxidative
coupling can occur between PES-SH and PES-SH, PES-SH and
PDODT-PHDT-SH, and PDODT-PHDT-SH and PDODT-PHDT-SH.
As the feed ratio of PES-SH to PDODT-PHDT-SH was 10/90
(wt/wt), coupling between PDODT-PHDT and PDODT-PHDT
should be statistically favored. Figure 3 shows GPC curves of
the PES-(PDODT-PHDT) multiblock copolymer and PDODT-
PHDT-SH. The curve for the multiblock copolymer was
clearly shifted toward the high-molecular-weight region. The
Mw and Mw/Mn of the multiblock copolymer were 82,000 g
mol21 and 2.7, respectively. The inherent viscosity, measured
at 30 8C at a concentration of 0.5 g dL21, was 0.67 dL g21.
The GPC and viscosity data indicated the formation of a
high-molecular-weight multiblock copolymer.

A PES-PDODT multiblock copolymer was also synthesized and
the effect of UV irradiation on this was investigated (Scheme
S1 and Figure S2, Supporting Information). A decrease in
molecular weight and an increase in the molecular weight dis-
tribution of the PES-PDODT multiblock copolymer were
observed after UV irradiation for 1 min. It is reported that oxi-
dation of DODT results in predominantly cyclized products.32

SCHEME 1 Synthesis of thiol-terminated co-oligomers.

SCHEME 2 Synthesis of PES-(PDODT-PHDT) multiblock

copolymers.

ARTICLE WWW.POLYMERCHEMISTRY.ORG
JOURNAL OF

POLYMER SCIENCE

1360 JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2018, 56, 1358–1365

The healing test on cut samples was performed as follows.
The rectangular test pieces were cut into two pieces at their
midpoints, and the cross sections were immediately placed
in contact with each other. The cut and contacted samples
were irradiated with UV light in the same manner as
notched samples. Tensile tests on the healed test specimens
were performed immediately after irradiation.

Measurements
Both 1H and 13C NMR spectra were recorded on a JNM ECA
500 NMR spectrometer (Jeol, Tokyo, Japan). The inherent vis-
cosity of the multiblock copolymer was measured in THF at
30 8C at a concentration of 0.5 g dL21. Gel permeation chro-
matography (GPC) was performed using a Shodex RI-71S RI
detector (Showa Denko K. K., Tokyo, Japan) and two Shodex
LF804 polystyrene–divinylbenzene columns (Showa Denko
K. K., Tokyo, Japan) with chloroform as the eluent. The
molecular weights of the resulting polymers were calculated
using polystyrene standards. Differential scanning calorime-
try (DSC) was performed using a DSC7000X instrument
(Hitachi High-Tech Science, Tokyo, Japan). The heating rate
was 10 8C min21. The sample was heated from room
temperature to 200 8C and quenched to 290 8C. A second
heating, up to 200 8C, was performed to determine the glass
transition temperature (Tg). The Tg was determined at the
temperature of maximum slope of the transition. Tapping
mode atomic force microscopy (AFM) was performed using a
Nano Navi S-image SPM system (Hitachi High-Tech Science,
Tokyo, Japan) and an SI-DF20 cantilever (Hitachi High-Tech
Science, Tokyo, Japan). The UV intensity was measured using
a UVR-T1 UV power meter (Topcon Technohouse Co., Tokyo,
Japan). Tensile tests were performed with an EZ Test EZ-LX
50N tensile tester (Shimadzu, Kyoto, Japan) with a crosshead
speed of 20 mm min21. Five test pieces were analyzed to
determine the mechanical and healing properties.

RESULTS AND DISCUSSION

Synthesis of the Multiblock Copolymers
Thiol-terminated polysulfone oligomer (PES-SH) was synthesized
according to a previously described procedure.31 Its Mn was
6,500 g mol21, which was calculated from the integration ratio of
methylene protons connected to thiols (2.56 ppm) to aromatic
protons (average of the peaks at 7.94–7.90 and 7.43–7.38 ppm)
in the 1H NMR spectrum of PES-SH (Fig. S1, Supporting Informa-
tion). The thiol-terminated soft segment oligomer (PDODT-PHDT-
SH) was synthesized by oxidative coupling of DODT and HDT in
the presence of triethylamine as a catalyst and subsequent
reduction with dithiothreitol (Scheme 1). Its molecular weight,

determined from the integration ratio of terminal and repeating
carbons in inverse-gated decoupling 13C NMR, was about
3,600 g mol21.

PES-(PDODT-PHDT) multiblock copolymers were synthesized
by oxidative coupling polymerization of PES-SH and PDODT-
PHDT-SH (Scheme 2). The feed ratio of the oligomers was
10/90 (wt/wt). The product structure was confirmed by 1H
and 13C NMR spectroscopy. As shown in Figure 1, all peaks
were assigned to the proposed structure: signals a–f were
derived from the PES aromatic units, and signals g–l from
the PDODT-PHDT units. The integration ratio of peaks a, g,
and j indicated that the weight composition ratio was PES/
PDODT/PHDT5 8.80/47.3/43.9 (wt/wt/wt), which was
consistent with the feed ratio. The 13C NMR spectrum of the
resulting multiblock copolymer (Fig. 2) indicated disappear-
ance of the a-, b-, and c-carbons of the thiols in PES-SH
(24.9, 33.7, and 24.5 ppm) and the a-carbons of the thiols in
PDODT-PHDT-SH (24.3, and 24.5 ppm). As both PES-SH and
PDODT-PHDT-SH have aliphatic thiol terminals, oxidative
coupling can occur between PES-SH and PES-SH, PES-SH and
PDODT-PHDT-SH, and PDODT-PHDT-SH and PDODT-PHDT-SH.
As the feed ratio of PES-SH to PDODT-PHDT-SH was 10/90
(wt/wt), coupling between PDODT-PHDT and PDODT-PHDT
should be statistically favored. Figure 3 shows GPC curves of
the PES-(PDODT-PHDT) multiblock copolymer and PDODT-
PHDT-SH. The curve for the multiblock copolymer was
clearly shifted toward the high-molecular-weight region. The
Mw and Mw/Mn of the multiblock copolymer were 82,000 g
mol21 and 2.7, respectively. The inherent viscosity, measured
at 30 8C at a concentration of 0.5 g dL21, was 0.67 dL g21.
The GPC and viscosity data indicated the formation of a
high-molecular-weight multiblock copolymer.

A PES-PDODT multiblock copolymer was also synthesized and
the effect of UV irradiation on this was investigated (Scheme
S1 and Figure S2, Supporting Information). A decrease in
molecular weight and an increase in the molecular weight dis-
tribution of the PES-PDODT multiblock copolymer were
observed after UV irradiation for 1 min. It is reported that oxi-
dation of DODT results in predominantly cyclized products.32
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observed, although PES-SH showed a glass transition at
179 8C. The low content (ca. 30 wt%) of the hard segments
made it difficult to observe the Tg of the hard segments.
Moreover, thermally induced disulfide exchange reactions
at high temperature probably affected the unclear glass
transition of the hard segments. Figure 6 shows the results
for the DMA measurement of MBC-1. A sharp decline in stor-
age modulus (E0), maximums of loss modulus (E00), and tan d
were observed around 250 8C. This transition was caused
by the glass transition of the soft segments (PTE). The E0 of
MBC-1 was about 3 MPa at room temperature and gradually
decreased with temperature. The E0 became about 0.4 MPa at
120 8C, and then, the sample broke, stopping the measurement.

Therefore, MBC-1 was thermally stable to keep its original
shape up to about 100 8C.

Healing Test
Tensile properties and healing tests were carried out using
tensile tests of the rectangular test pieces. As the healing
test, the midpoints of the rectangular test pieces were cut
into two pieces, and the cross sections were immediately
placed in contact with each other. UV light (365 nm, 849
mW/cm2) was irradiated to the fractured area for a certain
period. Tensile tests of the test pieces were immediately carried
out after the irradiation.

Typical stress–strain curves of MBC-1 samples are shown in
Figure 7. The uncut sample, marked as “Original” in Figure 7,
showed the elongation at break over 700%, which is typical
for thermoplastic elastomers composed of hard and soft seg-
ments. The test piece cut and UV irradiated for 1 h, marked
as “UV irrad. 1h” showed 310% of the elongation at break.
This elongation was about 43% recovery of the elongation in
comparison with the uncut samples. It should be pointed out
that the test pieces were sticky, and the temperature of the
test pieces rose to 35 8C from UV irradiation. Therefore, the
tensile tests for the cut and contact pieces at 35 8C without
UV irradiation, marked as “Contact 1h” in Figure 7, were also
carried out to evaluate the healing efficiency induced by UV
irradiation. The elongation at break for the contact pieces was
225%, which corresponded to 31% in comparison with the
uncut samples. The value of 11%, obtained by subtracting the
recovery of the samples with and without UV irradiation, was
the healing efficiency induced by UV irradiation.

The effect of the UV irradiation time on the recovery and heal-
ing efficiency is shown in Figure 8. When the UV irradiation

FIGURE 2 13C NMR spectrum of MBC-1.

FIGURE 3 GPC curves of MBC-1 and PES-SH.
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the feed ratio. Figure 2 shows the 13C NMR spectrum of
MBC-1. New signals at d 5 38.3 and 69.7 appeared, which
were assigned to the a- and b-position of the disulfide bond.
Moreover, the signals at d 5 24.3 and 72.9, derived from the
a- and b-position carbons, respectively, of the thiols in PTE
disappeared in the spectrum of the resulting multiblock
copolymer. Since both PES-SH and PTE have aliphatic thiol
terminals, the oxidative coupling can occur between PES-SH
and PES-SH, PES-SH and PTE, and PTE and PTE. Since the
feed ratio of PES-SH and PTE was 30/70 (wt/wt), the cou-
pling between PTE and PTE should be statistically favored.
Figure 3 shows GPC curves of PES-b-PTE MBC (MBC-1) and
PES-SH. The curve for MBC-1 was unimodal and shifted
toward high molecular weight region. Table 1 summarizes
the results of the synthesis of multiblock copolymers. GPC
and viscosity data indicated the formation of high-molecular-
weight multiblock copolymers.

Owing to the different PTE segment lengths, MBC-1 con-
tained more disulfide bonds than MBC-2.

Properties of the Multiblock Copolymers
It is well-known that block copolymers composed of differ-
ent properties (hard–soft and hydrophilic–hydrophobic)
show microphase-separated morphologies. A thin film of the
multiblock copolymer was prepared, and the surface mor-
phology was investigated by AFM. The phase image of the
AFM measurement is shown in Figure 4. The image clearly
shows light and dark regions, which were composed of PTE
and PES segments, respectively. The hard segment domain
(PES domain) can contribute to the self-reinforcement of the
material, and the soft segment domain (PTE domain) can
contribute to the soft and elastic properties of the multiblock
copolymers.

DSC measurements of the multiblock copolymer were carried
out, as shown in Figure 5. The glass transition temperature
(Tg) of MBC-1 was found to be 254 8C, which is close to the
Tg of PTE (266 8C). This fact suggests that the PTE segments
formed microphase-separated domains in the multiblock
copolymer. No Tg derived from the hard segment was

SCHEME 2 Synthesis of poly(ether sulfone)–poly(alkylthioether) multiblock copolymers.

FIGURE 1 1H NMR spectrum of the multiblock copolymer (MBC-1).
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高分子量側にシフトしており，単峰性である
ことが確認された。ポリスチレン換算重量平
均分子量は 11 万〜19 万であり，高分子量の
共重合体の生成が確認された。	
	 生成重合体のミクロ相分離について，AFM
測定と DSC 測定により評価した。AFM 測定に
おける位相像では明暗のコントラストが得
られており，柔らかい部分（明るい部分:ソ
フトセグメント）と硬い部分（暗い部分：ハ
ードセグメント）が相分離していることを確
認した。DSC 測定ではソフトセグメント単独
のガラス転移温度に近い-54℃に共重合体の
ガラス転移温度が観察され，相分離構造の形
成が示唆された。	
	

Fig.	 3	 AFM	 phase	 image	 of	 poly(ether	

sulfone)-poly(alkylthioether)	multiblock	copolymer.	

Fig.	4	DSC	curves	of	thiol-terminated	soft	segment	and	

poly(ether	 sulfone)-poly(alkylthioether)	 multiblock	

copolymer.	
	
	 生成重合体の薄膜を作成し，引張り試験に
より力学特性を評価したところ，ハードーソ
フトマルチブロック共重合体に典型的な大
きな伸びを示した。サンプルを中央で破断・
密着させ，紫外光(365	nm,	849	mW/cm2)を１
時間照射したところ破断伸びがわずかに回
復した。	

Fig.	 5	 Stress-strain	 curves	 of	 poly(ether	

sulfone)-poly(alkylthioether)	multiblock	copolymer.	

照射時間を変えて修復挙動について検討し
た。５時間照射すると破断伸びが 93%回復し
た。一方，試験片自体が密着性を持っている
ため，紫外光を照射しなくても 51%回復する
ことがわかった。結果として紫外光照射によ
り回復した修復効率は約 40%と見積もられた。	

Fig.	6	Effect	of	UV	irradiation	time	on	recoverty	and	

healing	efficiency.	
	
	 修復実験において紫外光照射部が溶媒に
溶けなくなることが観察された。吸収スペク
トルにおいてもジスルフィド由来の吸収強
度が減少していることから，この共重合体に
おける修復は主にジスルフィド結合から発
生したチイルラジカルが水素を引き抜きこ
とによる架橋反応が主な因子となっている
ことが示唆された。	
	
	 ジスルフィド結合濃度を高くし，より低い
照射エネルギーで修復可能な共重合体を合
成するため，ジチオールの酸化によるポリジ
スルフィドをソフトセグメントとしたマル
チブロック共重合体を合成した。	
	 共重合体組成は 1H	NMR 測定により決定し，
ほぼ仕込み比と同じ組成の共重合体の生成
が確認された。13C	NMR 測定ではソフトセグメ
ントとハードセグメントに含まれるチオー
ル末端近傍の炭素由来ピークが消失してい
ることを確認した。	

Fig.	7	13C	NMR	spectrum	of	poly(ether	sulfone)-poly(alkyl	

disulfide)	multiblock	copolymer.	
	
	 GPC 測定による重量平均分子量は約８万，
対数粘度 0.67	dL/g の共重合体であり，十分
高分子量の共重合体が合成できたことを確

time was extended to 3 h, the elongation at break was apparently
improved to about 500%, which corresponded to 70% recovery.
The recovery of the contacted sample without UV irradiation also
increased to 40%. Therefore, the healing efficiency is calculated

to be 30%. When the UV irradiation time was extended to 5 h,
the recovery further improved to about 93%. Its elongation at
break was 670%, which was close to the elongation at break of
the uncut sample (720%). The recovery of the contacted sample
without UV irradiation also increased to 42%. Therefore, the
healing efficiency was calculated to be 51%.

Healing tests of MBC-2, synthesized from PES-SH and a
larger PTE (Mn5 4800), were also carried out, and the heal-
ing data for MBC-1 and MBC-2 are summarized in Table 2.

TABLE 1 Synthesis of the Multiblock Copolymers

Sample

Composition Ratioa

Hard/Soft [wt%] Mw
b [g/mol] Mw/Mnb ginh

c [dL/g] Tg [8C] PTE Mnd

MBC-1 30.3/69.7 194,000 2.3 0.67 254 2,000

MBC-2 29.3/70.7 110,000 2.4 0.80 253 4,800

a Calculated by 1H NMR measurements.
b Determined by GPC measurements in DMF containing 0.01 M LiBr cali-
brated against polystyrene standards.

c Measured at 30 8C, at a concentration of 0.5 g dL21 in THF.
d Calculated by inverse-gated decoupling 13C NMR measurements.

FIGURE 4 AFM phase image of MBC-1. [Color figure can be

viewed at wileyonlinelibrary.com]

FIGURE 5 DSC curves of PTE and MBC-1.

FIGURE 6 DMA curves of MBC-1.

FIGURE 7 Stress–strain curves of MBC-1 (treated for 1 h).
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time was extended to 3 h, the elongation at break was apparently
improved to about 500%, which corresponded to 70% recovery.
The recovery of the contacted sample without UV irradiation also
increased to 40%. Therefore, the healing efficiency is calculated

to be 30%. When the UV irradiation time was extended to 5 h,
the recovery further improved to about 93%. Its elongation at
break was 670%, which was close to the elongation at break of
the uncut sample (720%). The recovery of the contacted sample
without UV irradiation also increased to 42%. Therefore, the
healing efficiency was calculated to be 51%.

Healing tests of MBC-2, synthesized from PES-SH and a
larger PTE (Mn5 4800), were also carried out, and the heal-
ing data for MBC-1 and MBC-2 are summarized in Table 2.

TABLE 1 Synthesis of the Multiblock Copolymers

Sample

Composition Ratioa

Hard/Soft [wt%] Mw
b [g/mol] Mw/Mnb ginh

c [dL/g] Tg [8C] PTE Mnd

MBC-1 30.3/69.7 194,000 2.3 0.67 254 2,000

MBC-2 29.3/70.7 110,000 2.4 0.80 253 4,800

a Calculated by 1H NMR measurements.
b Determined by GPC measurements in DMF containing 0.01 M LiBr cali-
brated against polystyrene standards.

c Measured at 30 8C, at a concentration of 0.5 g dL21 in THF.
d Calculated by inverse-gated decoupling 13C NMR measurements.

FIGURE 4 AFM phase image of MBC-1. [Color figure can be

viewed at wileyonlinelibrary.com]

FIGURE 5 DSC curves of PTE and MBC-1.

FIGURE 6 DMA curves of MBC-1.

FIGURE 7 Stress–strain curves of MBC-1 (treated for 1 h).
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Since MBC-2 contained larger PTE segments, MBC-2 had
fewer disulfide bonds than MBC-1. Both the recovery and
the healing efficiency at the same irradiation time decreased
in the case of MBC-2. This decrease suggests that the disul-
fide bonds in the multiblock copolymers play an important
role in recovery of the elongation at break. As described in
the Introduction section, disulfide bonds are known as
dynamic covalent bonds. In this study, disulfide bonds can
be cleaved by UV irradiation to form thiyl radicals. There are
two possible chemical reactions for the generated thiyl radi-
cals. One is the disulfide exchange reaction with other disul-
fides, and the other is hydrogen abstraction to form thiols
and carbon-centered free radicals. These free radicals can
cause crosslinking reactions. Both the disulfide exchange and
crosslinking reactions can contribute to the recovery of the
elongation at break for the healing tests.

After the UV irradiation of MBC-1 for 1 and 3 h, the test
pieces were broken into two pieces at the cut position. On the
other hand, the test pieces after UV irradiation for 5 h were

broken at a different position from the cut/adhered position.
Moreover, the irradiated area, which was originally yellow,
became almost colorless after the UV irradiation. Figure 9
shows the UV spectra of the uncut test piece before and after
UV irradiation. The shoulder peak at 360 nm was observed
for the sample before UV irradiation, which was attributed to
the absorption derived from disulfide bonds. This absorption
disappeared after UV irradiation, which implied that most of
the disulfide bonds in the test pieces were consumed by the
UV irradiation. One possible reason for the disulfide consump-
tion is the crosslinking reaction caused by thiyl radicals
generated from UV irradiation. In fact, a solubility change was
also observed after the UV irradiation. Although the original
sample was soluble in 1,4-dioxane, the sample irradiated for 3
and 5 h became insoluble.

The UV data and the solubility decrease suggest that the
main factor for the healing in this study is the crosslinking

FIGURE 8 Effect of UV irradiation time on recovery and healing

efficiency.

TABLE 2 Healing Properties of the Multiblock Copolymer

Copolymer Condition

Tensile

Strength [MPa]

Elongation

at Break [%]

Young’s

Modulus [MPa]

Recoverya

[%]

Healing

Efficiencyb [%]

MBC-1 Original 0.871 (6 0.058) 722 (6 65) 1.86 (6 0.37) - -

1 h Contact 0.454 (6 0.054) 225 (6 31) 1.78 (6 0.40) 31.2 -

UV irrad. 0.448 (6 0.038) 310 (6 20) 1.41 (6 0.28) 42.9 11.7

5 h Contact 0.468 (6 0.045) 300 (6 33) 1.48 (6 0.43) 41.6 -

UV irrad. 0.947 (6 0.101) 669 (6 24) 1.63 (6 0.43) 92.7 51.1

Original 2.95 (6 0.35) 717 (6 80) 3.42 (6 0.32) - -

MBC-2 1 h Contact 0.892 (6 0.136) 130 (6 26) 3.42 (6 0.15) 18.1 -

UV irrad. 0.866 (6 0.114) 146 (6 31) 3.02 (6 0.32) 20.3 2.24

5 h Contact 0.946 (6 0.153) 153 (6 36) 3.12 (6 0.38) 21.3 -

UV irrad. 1.64 (6 0.12) 350 (6 56) 3.23 (6 0.32) 48.8 27.5

a Calculated by dividing the elongation at break of “Contact” or “UV
irrad.” by “Original.”

b Calculated by subtracting “Recovery” of “Contact” from “Recovery”
of “UV irrad.”

FIGURE 9 UV–vis absorption spectra of MBC-1.
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time was extended to 3 h, the elongation at break was apparently
improved to about 500%, which corresponded to 70% recovery.
The recovery of the contacted sample without UV irradiation also
increased to 40%. Therefore, the healing efficiency is calculated

to be 30%. When the UV irradiation time was extended to 5 h,
the recovery further improved to about 93%. Its elongation at
break was 670%, which was close to the elongation at break of
the uncut sample (720%). The recovery of the contacted sample
without UV irradiation also increased to 42%. Therefore, the
healing efficiency was calculated to be 51%.

Healing tests of MBC-2, synthesized from PES-SH and a
larger PTE (Mn5 4800), were also carried out, and the heal-
ing data for MBC-1 and MBC-2 are summarized in Table 2.

TABLE 1 Synthesis of the Multiblock Copolymers

Sample

Composition Ratioa

Hard/Soft [wt%] Mw
b [g/mol] Mw/Mnb ginh

c [dL/g] Tg [8C] PTE Mnd

MBC-1 30.3/69.7 194,000 2.3 0.67 254 2,000

MBC-2 29.3/70.7 110,000 2.4 0.80 253 4,800

a Calculated by 1H NMR measurements.
b Determined by GPC measurements in DMF containing 0.01 M LiBr cali-
brated against polystyrene standards.

c Measured at 30 8C, at a concentration of 0.5 g dL21 in THF.
d Calculated by inverse-gated decoupling 13C NMR measurements.

FIGURE 4 AFM phase image of MBC-1. [Color figure can be

viewed at wileyonlinelibrary.com]

FIGURE 5 DSC curves of PTE and MBC-1.

FIGURE 6 DMA curves of MBC-1.

FIGURE 7 Stress–strain curves of MBC-1 (treated for 1 h).
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We assume that this tendency influenced the change in molec-
ular weight, and a mixture of isolated cycles composed of
PDODT segments and the multiblock copolymer was formed
by UV irradiation. Therefore, the copolymer consisting of
DODT and HDTwas used as the soft segment in this study.

Properties of the Multiblock Copolymers
A film of the multiblock copolymer was cast, and its surface
morphology was investigated by AFM. Figure 4 shows a phase
image of the multiblock copolymer film. Bright regions and
deep dark spots in Figure 4 represents soft (PDODT-PHDT)

FIGURE 1 1H NMR spectrum of the multiblock copolymer.

FIGURE 2 13C NMR spectrum of the multiblock copolymer.
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認した。AFM 測定，DSC 測定ではポリ（アル
キルチオエーテル）共重合体と同様にミクロ
相分離の確認とソフトセグメント由来のガ
ラス転移が観察された。	
	 短冊状試験片を作成し，紫外光照射(365	
nm,480mW/cm2)により修復試験を行った。膜厚
の半分程度のキズをつけた試料に紫外光を
照射したところ 10 分の照射でキズの深さが
88%修復され，紫外光照射により修復が進行
することが確認された。	

Fig.	 8	 Laser	 microscopic	 images	 of	 poly(ether	

sulfone)-poly(alkyl	disulfide)	multiblock	copolymer.	
	
中央で破断した試料に紫外光を照射して修
復挙動について検討した。破断伸びの回復は
93%であり，密着による修復を差し引いても
81%と高い修復効率を示した。この共重合体
はジスルフィド結合を多く含んでいること
が特徴である。照射時間を変えて破断試料の
破断伸び回復率について検討した。	

Fig.	9	Relationship	between	UV	irradiation	energy	and	

recovery	 of	 elongation	 at	 break	 of	 poly(ether	

sulfone)-poly(alkyl	disulfide)	multiblock	copolymer.	
	
照射エネルギーが 170	J/cm2以上で修復率は
90%以上となり，ポリ（アルキルチオエーテ
ル）を用いたマルチブロック共重合体で修復
に必要なエネルギー(15,300	J/cm2)より治か

に小さなエネルギーで修復可能であること
が確認された。また，この共重合体はジスル
フィド結合が多いため修復にジスルフィド
結合の動的交換が寄与していると考えられ
るが，実際には照射部の不溶化も起こってい
るため，架橋反応も同時に起こっていること
が明らかとなった。	
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and hard (PES) domains, respectively. The hard domain con-
tributes to self-reinforcement of the material, while the soft
domain contributes to the softness and elastic properties of
the multiblock copolymers, which are typically observed in
thermoplastic elastomers. DSC analysis of the multiblock
copolymer was performed, as shown in Figure 5. Its glass tran-
sition temperature (Tg) was 259 8C, which is close to that of
the PDODT-PHDT-copolymer. This suggests that the soft seg-
ments formed phase-separated domains in the multiblock
copolymer. No Tg derived from the hard segment was observed,
although PES-SH showed a glass transition at 179 8C. The low
content (ca. 10 wt%) of hard segments made it difficult to
observe the Tg of the hard domains. Moreover, this may
have been obscured by thermally induced disulfide exchange
reactions at high temperatures.

Healing Properties
Healing properties induced by UV irradiation were examined
by optical laser microscopy (Fig. 6). The rectangular test pieces
notched at their midpoints showed defects to a depth of 13.7
lm, which decreased to 1.7 lm after 10 min of UV irradiation
(365 nm, 480 mW cm22). UV irradiation is clearly an efficient
external stimulus for healing in this case. The healing proper-
ties were further evaluated by tensile testing of the rectangular
test pieces. Typical stress-strain curves are shown in Figures 7
and 8. The average tensile and healing properties are summa-
rized in Table 1. As mentioned above, the midpoints of the rect-
angular test pieces were notched and irradiated with UV light
(365 nm, 480 mW cm22) for 10 min. The original sample,
marked “Original” in Figure 7, showed an elongation at break
of over 400%. The notched and UV-irradiated sample, marked
“UV irrad.” showed an elongation at break of 409%. This repre-
sented about 94% recovery of the elongation in comparison
with the original samples. It should be noted that the tempera-
ture of the test pieces rose to 36 8C as a result of UV irradiation.
Therefore, tensile tests on unirradiated notched pieces at

FIGURE 3 GPC curves of PDODT-PHDT co-oligomer and PES-

(PDODT-PHDT) multiblock copolymer.

FIGURE 4 AFM phase image of the multiblock copolymer.

[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 DSC curves of PDODT-PHDT-SH and PES-(PDODT-

PHDT) multiblock copolymer.

FIGURE 6 Laser microscope images of PES-(PDODT-PHDT)

multiblock copolymer.
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exceeded 170 J cm22. This threshold energy is much lower
than that reported in our previous work (ca. 15,300 J cm22).
The high content of disulfide bonds in the multiblock copoly-
mer is responsible for the lower energy required for self-
healing.

As stated in the Introduction, disulfide bonds are known as
dynamic covalent bonds. Possible reaction pathways by UV
irradiation to the damaged cites are shown in Figure S3,
Supporting Information. Disulfide bonds in the multiblock
copolymer are cleaved by UV irradiation to form thiyl radi-
cals. In our previous study, the key to the self-healing of the
multiblock copolymer was the crosslinking reactions, rather
than disulfide exchange reactions, as the disulfide content in
the multiblock copolymer was low.21 As the disulfide content
in this study is high, both disulfide exchange and crosslink-
ing reactions contribute to the recovery of the elongation at
break in the healing tests. In fact, a change in solubility was
also observed after UV irradiation. Although the original
sample was soluble in 1,4-dioxane, the “UV irrad.” sample
was insoluble. Thus, it was suggested that both disulfide
exchange and crosslinking reactions occurred during the
healing process.

CONCLUSIONS

A multiblock copolymer composed of hard (PES) and soft
(DODT-HDT) segments was successfully synthesized by oxi-
dative coupling of thiol-terminated oligomers. Its structure
and molecular weight were characterized by NMR and GPC,
while AFM and DSC indicated a microphase-separated mor-
phology. Tensile tests on multiblock copolymer films showed
a large elongation at break, which is characteristic of
microphase-separated hard/soft multiblock copolymers. Over
90% of the elongation at break of damaged samples
(notched or cut) was recovered by UV irradiation. The elon-
gation recovery was proportional to the UV irradiation
energy, and a high recovery was achieved by relatively weak
irradiation (>170 J cm22). The high content of disulfide

bonds in the multiblock copolymer resulted in a lower self-
healing energy. This study clearly shows that a high concen-
tration of dynamic covalent bonds, specifically disulfide
bonds in this study, has a significant influence on the self-
healing ability.
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