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End-crosslinking of controlled telechelic poly
(N-isopropylacrylamide) toward a homogeneous gel
network with photo-induced self-healing

Shohei Ida, Ryohei Kimura, Satoshi Tanimoto and Yoshitsugu Hirokawa

Telechelic poly(N-isopropylacrylamide) (PNIPAAm) was designed to prepare homogeneous and self-healable gels by end-

crosslinking. The PNIPAAm with carboxyl groups at both polymer ends and trithiocarbonate (TTC) in the main chain was

obtained by reversible addition-fragmentation chain transfer (RAFT) polymerization of NIPAAm with a symmetric TTC compound

(CTA-1) as a RAFT agent. The obtained polymers of a series of molecular weights were well-defined within a narrow molecular

weight distribution (Mw/Mn ~ 1.1). Then, the end groups of the resultant PNIPAAms were quantitatively transformed into

activated esters as reactive sites for gelation. These designed PNIPAAms were employed for an end-crosslinking reaction with

trifunctional amine crosslinker, and it was found that gelation condition was closely related to the molecular weight and the

concentration of the telechelic prepolymers. Furthermore, the obtained gel showed the characteristic ultraviolet-induced self-

healing owing to the chain exchange reaction of TTC groups.
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INTRODUCTION

Polymer gels are one of the most versatile materials due to their
characteristic structures consisting of a three-dimensional polymer
network and fluid. Especially after the discovery of their volume-phase
transition,1 polymer gels have been explosively developed as stimuli-
responsive materials, and some of them are already being examined
for practical applications in sensors, actuators, drug delivery and
biomedical systems.2–4

To give various characteristic properties to polymer gels, vinyl
polymers, which will potentially be able to have a wide variety of
substituents, are attractive candidates as precursors of polymer gels.
Vinyl polymer gels are generally prepared by free-radical copolymer-
ization of vinyl monomers with small amounts of divinyl compound
as a crosslinker. Although this synthetic method is simple and
applicable to a wide variety of vinyl monomers, the molecular weight
between crosslinking points cannot be essentially controlled and the
three-dimensional polymer network generally has inhomogeneities.5

The resultant inhomogeneity in the gel network often leads to crucial
mechanical damage in gel properties due to stress concentration. This
weak mechanical property has been one of the main obstacles to
practical application of polymer gels.
The weakness of polymer gels is due in part to network inhomo-

geneity. To produce a homogeneous network, it would be important
to design the crosslinking structure and the polymer chains between
crosslinking points, both of which are fundamental components of
polymer gels. One of the most promising ways to produce a
homogeneous network is by end-crosslinking the bifunctional

mono-dispersed polymer, which is synthesized by living polymeri-
zation.6 For example, Sakai et al.7 successfully prepared homogeneous
‘tetra-PEG gel’ by cross-reaction between two kinds of end-
functionalized four-armed poly(ethylene glycol) (PEG) star polymers
synthesized by living anionic ring-opening polymerization. This gel
was revealed to have a nearly ideal network and resultant high
mechanical strength. However, it was difficult to introduce functional
groups into this system because of the structural limitations of the
monomer. On the other hand, vinyl monomers are rather attractive
for the functionalization of polymer gels due to the structural variety
of their side chains, and the synthesis of homogeneous vinyl polymer
gels has been attracting much attention.8–12

In addition, self-healing is important in improving the mechanical
properties of polymer gels, especially from the viewpoint of dura-
bility.13–15 Matyjaszewski et al.16,17 reported that the polymer network
containing trithiocarbonate (TTC) groups showed stimuli-responsive
self-healing induced by radical initiator or ultraviolet (UV) light. Such
TTC units can be incorporated into polymer chains via reversible
addition-fragmentation chain transfer (RAFT) polymerization using a
TTC compound as a chain transfer agent (CTA). RAFT polymeriza-
tion can afford the living system that controls the molecular weight of
the polymer with defined end groups.18–20 Such features would be
suitable for the design of telechelic polymer, the precursor for the
construction of network structure by the end-crosslinking method.
Therefore, end-crosslinking of the telechelic polymers prepared
by TTC-mediated RAFT polymerization is anticipated to give a
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homogeneous network, combining self-healing with excellent mechan-
ical properties and durability.
In this paper, we designed the end-crosslinking of controlled

telechelic poly(N-isopropylacrylamide) (PNIPAAm) synthesized by
TTC-mediated RAFT polymerization for the construction of a
homogeneous network with self-healing, as shown in Scheme 1.
Importantly, TTC units should be in the middle of the network chains
for effective self-healing. Therefore, we utilized a symmetric TTC
compound with two functional groups because it can give controlled
telechelic polymers with the TTC unit in the middle of the polymer

chain. After gelation by end-crosslinking, TTC groups would be
positioned in the middle of network polymer chains between cross-
linking points, and these TTC groups are supposed to confer a self-
healing property to the designed polymer gels.
The detailed strategy is shown in Scheme 2. First, the controlled

telechelic PNIPAAm was synthesized by RAFT polymerization with
symmetric CTA, bis(2-propionic acid) trithiocarbonate (CTA-1;
Scheme 2). NIPAAm was selected as a monomer because PNIPAAm
gel shows thermoresponsive volume change at ~ 33 °C,21,22 and
PNIPAAm gel is promising in various applications, such as
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Scheme 1 Design of network structure by end-crosslinking of controlled telechelic polymers synthesized by symmetric TTC-mediated RAFT polymerization.

S

S S
HO

O

OH

O

HN
O

NIPAAm CTA-1

+
RAFT
Polymerization

S

S S
HO

O

OH

OOHN
n

NHO
n

N
OH

OO

NHS

S

S S
O

O

O

OOHN
n

NHO
n NN

O

O

O

O

N

NH2

NH2H2N
TAEA

S

S S
O

H
N

OOHN
n

NHO
n N

NH

HN

1

2

Scheme 2 Synthetic scheme of end-crosslinked PNIPAAm network.
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thermoresponsive sensors and actuators, in which improving mechan-
ical strength and durability is necessary. Then, the obtained telechelic
PNIPAAm was crosslinked by utilizing activated ester chemistry that is
capable of effective reaction with primary amines under mild
conditions.23–25 We evaluated the effect of the molecular weight and
feed concentration of the telechelic polymers on gelation behavior to
establish the optimal condition for the synthesis of end-crosslinked
PNIPAAm gels with TTC groups in the middle of network chains. In
addition, we verified the UV-stimulated self-healing ability of the
obtained gel by the function of TTC groups.

EXPERIMENTAL PROCEDURE

Materials
NIPAAm (Wako, Osaka, Japan; 98.0%) was recrystallized from toluene/
n-hexane. CTA-1 was prepared according to the literature.26 2,20-Azobis
(isobutyronitrile) (AIBN; Wako; 98%), tetralin (1,2,3,4-tetrahydronaphthalene;
1H nuclear magnetic resonance (NMR) internal standard for NIPAAm; Aldrich,
St Louis, MO, USA; 99%), N-hydroxysuccinimide (NHS; Wako; 498%), N,N
′-dicyclohexylcarbodiimide (DCC; Tokyo Kasei, Tokyo, Japan; 498.0%),
4-dimethylaminopyridine (DMAP; Wako; 499.0%) and tris(2-aminoethyl)
amine (TAEA; Wako; 97.0%) were used as received.

RAFT polymerization of NIPAAm
RAFT polymerization of NIPAAm was carried out in a glass flask with a three-
way stopcock under dry nitrogen. A typical example of RAFT polymerization
procedures employed here is as follows. CTA-1 (185 mg; 7.27× 10–4 mol),
NIPAAm (4.08 g; 3.60×10–2 mol), 1,4-dioxane (16.2 ml) and tetralin (0.97 ml)
were introduced into a 50 ml round-bottomed flask to make the NIPAAm
solution. AIBN solution (11.8 mg (7.18×10–5 mol) in 1.80 ml of 1,4-dioxane)
was added to this NIPAAm solution at room temperature and nitrogen was
bubbled through the solution for 10 min. The flask was then placed in an oil
bath regulated at 60 °C, and the polymerization was conducted for 9 h. The
polymerization was terminated by cooling the flask containing the reaction
mixture from 60 °C down to –78 °C. Monomer conversion was determined
from the residual monomer concentration measured by 1H NMR in reference to
an internal standard, tetralin. The crude PNIPAAm was purified by reprecipita-
tion into diethyl ether. The obtained PNIPAAm was 3.29 g (yield: 77%).

End-functionalization of PNIPAAm with activated ester
PNIPAAm (Mn= 6100 (by 1H NMR), Mw/Mn= 1.11 (by size-exclusion
chromatography (SEC)); 2.01 g; 6.59× 10–4 mol of end-carboxylic acid group),
NHS (183 mg; 1.59× 10–3 mol), DCC (341 mg; 1.65× 10–3 mol) and DMAP
(8.3 mg; 6.8× 10–5 mol) were dissolved in CH2Cl2 (15.9 ml), and the solution
was stirred at room temperature under dry nitrogen for 24 h. The white
precipitate was filtrated off, and the filtrate was washed with water. Then, the
filtrate was concentrated by evaporation of the solvent and poured into diethyl
ether to precipitate the NHS ester-functionalized telechelic PNIPAAm. The
resultant PNIPAAm (1.58 g, yield: 79%) was filtered off and dried in vacuo.

End-crosslinking of PNIPAAm
Gel synthesis via end-crosslinking of telechelic PNIPAAm was conducted using
three PNIPAAm prepolymers with different molecular weights under various
concentration conditions. In all gelation reactions here, the concentration of the
end-NHS ester group of PNIPAAm and that of amino groups of TAEA were

equimolar. A typical example of end-crosslinking is as follows. The telechelic
PNIPAAm having NHS ester end groups (Mn= 6300 (by 1H NMR),
Mw/Mn= 1.11 (by SEC); 0.36 g; 1.2 × 10–4 mol of end-NHS ester group)
was dissolved in dimethylformamide (DMF, 1.0 ml) and then to this solution
TAEA (5.6 mg; 1.2 × 10–4 mol of amino groups) solution in DMF (0.10 ml) was
added. The solution was held at room temperature for 24 h. The gelation was
confirmed by checking the lack of fluidity (reaction vessel tilting method).

Self-healing experiment
Two pieces of the crosslinked PNIPAAm gel were kept in contact with each
other in a vial sealed with nitrogen. The contacted gel sample in the vial was
exposed to UV light (365 nm by UVP B-100AP with 100 W mercury lamp) at
room temperature for 30 min.

Measurement
Mn and Mw/Mn of the polymers were determined by SEC at 40 °C using DMF
containing 10 mM LiBr as eluent and two polystyrene gel columns (PLgel 3 μm
MIXED-E and PLgel 20 μm MIXED-C) that were connected to a Shimadzu
(Kyoto, Japan) LC-10AD precision pump, a Shimadzu RID-10 A refractive
index detector, and a Shimadzu SPD-10A UV–visible detector set at 250 nm.
The columns were calibrated against six standard polystyrene samples
(Tosoh, Tokyo, Japan; Mw= 2000–900,000; Mw/Mno1.10). 1H NMR spectra
were recorded on a JEOL (Tokyo, Japan) JNM-LA400 spectrometer, operating
at 399.65 MHz.

RESULTS AND DISCUSSION

Synthesis of controlled telechelic PNIPAAm
RAFT polymerization of NIPAAm with a bifunctional RAFT agent
(CTA-1) was conducted at 60 °C in 1,4-dioxane. The polymerization
results are shown in Table 1. The polymerization proceeded smoothly,
and the monomer conversion reached 84% at 10 h (Entry 1a).
Figure 1 shows the 1H NMR spectrum of the obtained polymer
(1a). The small peak at 4.5 p.p.m. (a′) could be attributed to the

Table 1 RAFT polymerization of NIPAAm with CTA-1a

Entry [CTA-1]0 (mM) Time (h) Conversion (%) Mn, calcd Mn, NMR Mn, SEC Mw/Mn, SEC

1a 40 10 84 5000 6100 18 700 1.11

1b 80 9 83 2600 2800 10 900 1.09

1c 133 22 92 1800 2200 8500 1.06

Abbreviations: AIBN, 2,20-Azobis(isobutyronitrile); calcd, calculated; NIPAAm, N-isopropylacrylamide; NMR, nuclear magnetic resonance; SEC, size-exclusion chromatography.
a[NIPAAm]0=2.0 M, [AIBN]0=4.0 mM at 60 °C in 1,4-dioxane.
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Figure 1 1H NMR spectrum of PNIPAAm with carboxy-end groups (1a).
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methyne proton of the NIPAAm unit adjacent to a TTC group. From
the intensity ratio between this peak and the peak attributed to the
methyne proton (d) of the isopropyl group in the monomer unit at
4.0 p.p.m., the degree of polymerization (DPn) and the Mn of 1a were
estimated (DPn= 51, Mn, NMR= 6100). This molecular weight was
fairly close to the value (Mn, calcd.= 5000) calculated from the feed
ratio between the monomer and the RAFT agent in taking account of
conversion. In addition, the SEC curve of the obtained polymer
showed a narrow molecular weight distribution (Mw/Mn= 1.11;
Figure 2a). Although the Mn, SEC of the obtained PNIPAAm was
much higher than the calculated value (Mn, SEC= 18,700, Mn, calcd.=
5000), this may be due to the difference in the coil volume between
PNIPAAm and polystyrene (standard sample for SEC).27 These NMR
and SEC results indicated that precision synthesis of PNIPAAm was
successfully achieved with CTA-1. Similarly, well-controlled PNI-
PAAms with different molecular weights were prepared by varying
the feed ratio between NIPAAm and CTA-1 (Entry 1b and 1c).
Then, the carboxy-end groups of the obtained PNIPAAm were

functionalized by esterification with NHS, one of the typical activated
esters. The results are summarized in Table 2. The reaction was
performed with a 2.5-fold excess amount of NHS to the carboxy-end
groups, and DCC/DMAP was used as the condensation agent at room
temperature in CH2Cl2. Figure 3 shows the NMR spectrum of the
product, 2a, obtained by the esterification of 1a. The signal attributed
to methylene protons of end-NHS moieties (f) was observed at
2.8–2.9 p.p.m. The intensity ratio between the methylene peak and
methyne peak adjacent to TTC (a′) was 7.9:2.0, which was close to the
calculated ratio at the quantitative reaction of NHS and PNIPAAm
(8.0:2.0). Furthermore, Mn, NMR was almost unchanged by end-
functionalization (before: Mn, NMR= 6100, after: Mn, NMR= 6300).
The SEC curve of 2a also kept unimodal and sharp with almost the

same molecular weight (Figure 2b). These facts suggested that side-
reactions no longer occurred throughout the esterification, and NHS
was considered to be quantitatively introduced into the carboxyl-ends
of PNIPAAm. Such end-functionalization was applied to polymers
with different molecular weights (entry 2b and 2c). Thus, the
telechelic PNIPAAms with activated ester end groups were successfully
synthesized, and the activated ester end groups of the telechelic
PNIPAAms are available for crosslinking to produce the three-
dimensional network.

PNIPAAm gel synthesis by end-crosslinking
Gel synthesis was attempted by end-crosslinking of the telechelic
PNIPAAms having NHS ester end groups. Activated esters such as
NHS ester are known as useful functional groups to form covalent
amide bonds with primary amines.23–25 When the multiple primary
amines were applied to the telechelic PNIPAAm system, gelation was
expected to occur (Scheme 2). In this work, a trifunctional primary
amine compound, TAEA, was employed as a crosslinking agent.
When TAEA was reacted with the end-functionalized PNIPAAm 2a
(DPn= 52; Mn, NMR= 6300) at room temperature in DMF under the
equimolar condition of end-NHS ester groups of 2a to primary
amines of TAEA (NHS ester group of 2a)= (amine group of
TAEA)= 100 mM), the reaction solution gradually increased its
viscosity within a few hours, and finally reached the gel state after
24 h (Figure 4).

Effects of polymer concentration and molecular weight on gelation
behavior
Effects of the concentration and the molecular weight of PNIPAAm
end-functionalized with NHS ester groups on gelation behavior by the
end-crosslinking reactions were further studied. We employed tele-
chelic PNIPAAms with a variety of molecular weights for the reaction
with TAEA under a series of feed concentration conditions.
The employed PNIPAAms are listed in Table 2. All reactions were
performed at room temperature in DMF solvent under the condition
of an equimolar ratio between the NHS ester groups of the telechelic
PNIPAAm and the primary amine groups of TAEA, and the fluidity of
the reaction solution was observed. Figure 5 shows the gelation
behavior in relation to the molecular weight and feed concentration of

Figure 2 SEC curves of (a) 1a synthesized by RAFT polymerization of
NIPAAm and (b) 2a obtained by NHS-functionalization of 1a. See Tables 1
and 2 for the reaction conditions.

Table 2 PNIPAAm end-functionalized with NHSa

Entry (Prepolymer) Mn, NMR Mn, SEC Mw/Mn, SEC

2a (1a) 6300 21 500 1.11

2b (1b) 3100 11 900 1.09

2cb (1c) 2300 10 000 1.05

Abbreviations: AIBN, 2,20-Azobis(isobutyronitrile); calcd, calculated; DCC, N,N′-dicyclohexyl-
carbodiimide; DMAP, 4-dimethylaminopyridine; NHS, N-hydroxysuccinimide; NMR, Nuclear
magnetic resonance; PNIPAAm, poly(N-isopropylacrylamide); SEC, size-exclusion
chromatography.
a[PNIPAAm]0=20 mM, [NHS]0=100 mM, [DCC]0=100 mM, [DMAP]0=2.0 mM at room
temperature in CH2Cl2.
b[PNIPAAm]0=10 mM, [NHS]0=50 mM, [DCC]0=50 mM, [DMAP]0=1.0 mM.
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Figure 3 1H NMR spectrum of 2a, prepared from 1a by end-
functionalization with NHS.

End-crosslinking synthesis for self-healable gel
S Ida et al

240

Polymer Journal



the telechelic PNIPAAms. For the highest molecular weight polymer
(2a; Mn= 6300) among the PNIPAAms, fluidity was lost only at the
highest concentration ([PNIPAAm]= 50 mM). With the intermediate
molecular weight of the PNIPAAm (2b; Mn= 3100), the minimum
polymer concentration for gelation was found to be 50 mM,
which was the same as for the PNIPAAm with the highest molecular
weight (2a). With the lowest molecular weight of the PNIPAAm
(2c; Mn= 2300), the minimum polymer concentration for gelation
increased to 100 mM. These gelation behaviors were strongly related

to a reaction mechanism affected by the concentration and the
molecular weight of the polymers.
At the gelation point, the polymers should be connected by the end-

crosslinking reaction, resulting in prevalent system-wide crosslinks.
Therefore, it was reasonable that the minimum concentration for
gelation increased when the shorter prepolymer was examined. The
minimum concentration for gelation was the same when using the
polymer with the highest (2a) or intermediate (2b) molecular weight.
This suggested that a minimum concentration was required even for
the high-molecular weight polymer in this system. We speculated that
it was due to steric hindrance around the reactive sites for crosslinking.
In the case of the reaction system consisting of telechelic polymers and
three-branched crosslinker, high conversion of the reactive sites was
required. In particular, all three reactive sites of some crosslinker
molecules in the system should be consumed by branching and
network formation. After two of the three amino groups of the
crosslinker were consumed, the longer polymer chains caused greater
steric hindrance than the shorter chains to the intact amino group,
thereby prohibiting the branching reaction. In addition, amino groups
could decompose TTC groups at each network chain during a
crosslinking reaction.28 This aminolysis reaction might interrupt
gelation by cleaving the network chains, but this reaction was
secondary to the crosslinking reaction, as confirmed by the fact that
gelation occurred and the obtained gels kept showing yellow color
derived from the presence of TTC groups. Hence, a minimum
concentration was supposedly required to reach the gelation point
even with high-molecular weight prepolymers such as 2a.

Swelling experiment of end-crosslinked PNIPAAm gels
The obtained gels (prepared in ca. 1 ml DMF) were immersed in a
large amount of water (50 ml) to check the network formation.
Consequently, the gel prepared from PNIPAAm with the highest
molecular weight (2a) swelled while keeping its original shape
(Figure 6), and the gels synthesized from PNIPAAm with lower
molecular weight (2b and 2c) were found to dissolve in water. These
results could be explained by the crosslinking efficiency related to the
network formation process, which proceeds through a step-growth
reaction mechanism. This mechanism produced a small network, that
is, a microgel, in the early stage of the reaction, and then the small
networks were crosslinked one after another to give a higher molecular
weight network, that is, a macrogel. Here, the linking reaction between
small networks was supposed to be strongly affected by the freedom of
the polymer chains at the surface of the small networks, which reacted

Figure 4 Photograph of gel by end-crosslinking of the telechelic PNIPAAm
(2a) with TAEA. A full color version of this figure is available at Polymer
Journal online.

Figure 5 Gelation behavior diagram in relation to Mn and feed concen-
tration of telechelic PNIPAAm. Reaction condition: (NHS ester in
PNIPAAm)= (amine in TAEA) at room temperature in DMF for 24 h.

Figure 6 Appearance of the PNIPAAm gels (a) before and (b) after immersion in water: The gel was prepared from 2a ([PNIPAAm]=50 mM) in DMF at room
temperature. A full color version of this figure is available at Polymer Journal online.
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with the amino groups of other networks. The prepolymer with high-
molecular weight (2a) had higher mobility in the interfacial polymer
chain, allowing the crosslinking reaction to proceed more efficiently,
in contrast to the prepolymer with lower molecular weight. Therefore,
the networks could expand to cover the whole system, and the
obtained gel could swell in water without dissolving. In contrast,
the linking between microgels was insufficient with the shorter chain
(2b and 2c), probably because of relatively large steric hindrance of
the polymer chain at the surface of the microgel. Thus, this end-
crosslinking system involved inefficiency in the crosslinking reaction,
which gave inhomogeneities in the network such as loop formation
and network defects. However, end-crosslinking of controlled tele-
chelic prepolymers afforded unimodal network chains between each
incorporated crosslinker with determined molecular weight, and this
approach would contribute to the design of the homogeneous vinyl
polymer network.

Self-healing property
TTC units derived from RAFT agents could re-initiate the radical
reactions by external stimuli such as UV light, even in gels.16,17 Radical
reaction mediated by TTC could be induced by UV light since TTC
compounds are known as photoinitiators of RAFT polymerization.29,30

Then, we demonstrated UV-induced self-healing of the obtained gel
carrying TTC in the middle of the network chains between cross-
linking points.

We employed the gels prepared from 2a and 2b (the preparation
condition: [PNIPAAm]= 50 mM for 2a and 100 mM for 2b in
DMF at room temperature). Two pieces of the gels prepared by
end-crosslinking of the telechelic PNIPAAm were set in contact with
each other. The gels did not change at all without any stimuli, and the
two pieces were apart when the gels were pulled. On the other hand,
UV irradiation (λ= 365 nm) to the gels over 30 min induced the
fusion of two pieces into one (Figure 7a). When this fused gel was cut
into two pieces and subjected to UV irradiation, the fusion was
observed again. This UV-stimulated self-healing could be repeated at
least three times.
This self-healing phenomenon is probably due to the radical-

induced chain exchange reaction at the interface of the two pieces
(Figure 7b). By UV irradiation, a polymer radical was produced from
the TTC moiety at one piece of the gel, and this polymer radical
attacked the TTC present at another piece of the gel to induce a
chain exchange. After this chain exchange reaction was repeated, the
contact surfaces of the two pieces were glued by covalent bonds. The
employed gels might have unreacted activated ester groups and amine
groups in the network, especially in the gel prepared from 2b, because
of insufficient crosslinking. These unreacted groups could participate
in fusing, but gel pieces did not show self-healing without UV
irradiation. It is also suggested that TTC groups in the network
contributed to the self-healing property. Thus, it was found that the
gels prepared by end-crosslinking of telechelic PNIPAAms carrying
TTC exhibited the UV-induced self-healing.

CONCLUSIONS

We successfully synthesized PNIPAAm gels with self-healing by end-
crosslinking of controlled telechelic prepolymers with a TTC group.
The telechelic prepolymers functionalized with activated esters were
prepared by RAFT polymerization of NIPAAm with a symmetric TTC
compound (CTA-1), followed by esterification of carboxy-ends.
Gelation behavior by end-crosslinking was strongly affected by the
molecular weight and concentration of the telechelic polymer. The
obtained gel exhibited UV-induced self-healing due to the presence of
TTC in the middle of the network chains. The crosslinking efficiency
still requires improvement, but our design produces a homogeneous
network with self-healing. We believe that a homogeneous network
with self-healing will contribute to the development of highly
functional gel materials with high strength as well as good durability.
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