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(54) POLYROTAXANES AND MATERIAL HAVING POLYROTAXANE, CROSSLINKED
POLYROTAXANES AND MATERIAL HAVING THE CROSSLINKED POLYROTAXANE, AND
PROCESSES FOR PRODUCING THESE

(57) A polyrotaxane which has enhanced solubility and is soluble in various solvents, 2) a polyrotaxane which is
reversibly responsive to an external stimulus, 3) a chemically crosslinked polyrotaxane which has a high Young’s modulus
and a high elongation and has a high transmittance, and/or 4) a chemically crosslinked polyrotaxane which is reversibly
responsive to an external stimulus; and/or a material containing any of these; and/or processes for producing these.
The polyrotaxanes each comprises: a pseudo-polyrotaxane having a structure constituted of cyclic molecules and a
linear molecule with which the holes of the cyclic molecules are pierced to form a clathrate; and a blocking group disposed
at each end of the pseudo-polyrotaxane so as to prevent the cyclic molecules from leaving. The cyclicmolecules have
a functional group represented by the following formula (I) and at least one functional group selected among functional
groups represented by the following formulae (II-1) to (II-6) .
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Description

Technical Field

[0001] The present invention relates to polyrotaxane and a material comprising the polyrotaxane, crosslinked polyr-
otaxane and a material comprising the crosslinked polyrotaxane, and a method for producing thereof.
[0002] In particular, the present invention relates to 1) a polyrotaxane having enhanced solubility and being soluble
in various solvents, 2) a polyrotaxane having an ability to respond reversibly to an external stimulus, 3) a chemically
crosslinked polyrotaxane having a high Young’s modulus and a high extension ratio and having a high transmittance,
and/or 4) a chemically crosslinked polyrotaxane having an ability to respond reversibly to an external stimulus; and/or
a material comprising any of them; and/or a process for producing them.

Background Art

[0003] Conventionally, Patent Document 1 discloses a polyrotaxane which is comprised of a pseudopolyrotaxane,
which comprises a linear molecule and cyclic molecules in which the linear molecule is included in cavities of cyclic
molecules in a skewered manner, and capping groups, each of which locates at each end of the pseudopolyrotaxane
in order to prevent the dissociation of the cyclic molecules, as well as a crosslinked polyrotaxane in which the polyro-
taxanes are crosslinked.
[0004] Patent Document 1 discloses, for example, a polyrotaxane which is comprised of α-cyclodextrin as the cyclic
molecule, polyethylene glycol as the linear molecule. However, the polyrotaxane is soluble only in strong aqueous alkalis
or dimethylsulfoxide (DMSO).
[0005] Patent document 2 discloses a polyrotaxane obtained by partially substituting hydroxyl groups of cyclodextrin
with hydroxypropyl groups or acetyl groups to improve the solubility of the polyrotaxane.
[0006] Further, N,N’-diisopropyl acrylamide based polymers and polypropylene based polymers have been known as
typical hydrogel that exhibits the temperature characteristics opposite to a thermoplastic agent, that is, a sol state at a
lower temperature and a gel state at a higher temperature. Patent document 3 discloses that the temperature-responsive
characteristics same as those mentioned above are obtained by oxyalkylating or oxyalkyl-carbamoylating hydroxyl
groups of cyclodextrin contained in a polyrotaxane. More, Patent document 3 discloses that, owing to the temperature
characteristics, applications in medical and biotechnological fields such as cell cultivation media, wound coatings, bio-
adhesives and the like are expected.

Patent Document 1: Japanese Patent No. 3475252.
Patent Document 2: WO2005/080469.
Patent Document 3: WO2005/080470A1.

Disclosure of the Invention

Problem to be solved by the Invention

[0007] However, an improvement in the solubility in patent document 2 is insufficient and the solvents able to solve
the polyrotaxane are limited. Polyrotaxane soluble in general industrial solvents such as acetone, dichloromethane,
alcohols and the like are in demand, and thus, applications of the polyrotaxane are expected in various fields.
[0008] Further, a crosslinked body of hydroxypropylated polyrotaxane or acetylated polyrotaxane disclosed in patent
document 2 has the transparency in a visible region. However, viscoelasticity and/or an extension ratio thereof, in
particular, an extension ratio is inferior to that of unsubstituted crosslinked body of polyrotaxane. As a product, a
crosslinked polyrotaxane simultaneously satisfying three requirements: high viscoelasticity, high extension ratio and
transparency in the visible region is in demand. However, the polyrotaxane of patent document 2 is not able to sufficiently
satisfy the requirements.
[0009] Further, the material of Patent document 3, obtained via oxyalkylation or oxyalkyl-carbamoylation, is necessary
to be raised in the oxyalkylation rate or oxyalkyl-carbamoylation rate to exhibit the temperature characteristics. There
are problems in production to realize such high substitution rates. While there is a demand of controlling the sol-gel
transition point, the material of Patent document 3 is not able to control the transition point or is able only to attain a
limited range of the transition point.
[0010] More, a chemically crosslinked polyrotaxane having high Young’s modulus, high extension ratio and/or high
transparency is desired to develop as a material having an ability to respond to an external stimulus.
[0011] An object of the present invention is to solve the problem described above.
[0012] First object of the present invention is to provide a polyrotaxane having enhanced solubility and being soluble
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in various solvents, and a material comprising the polyrotaxane, as well as producing methods thereof.
[0013] Second object of the present invention is to provide a polyrotaxane having an ability to respond reversibly to
an external stimulus, and a material comprising the polyrotaxane, as well as a producing methods thereof.
[0014] Third object of the present invention is to provide a chemically crosslinked polyrotaxane having a high Young’s
modulus and a high extension ratio and having a high transmittance, and a material comprising the chemically crosslinked
polyrotaxane, as well as producing methods thereof.
[0015] Fourth object of the present invention is to provide a chemically crosslinkedpolyrotaxane having an ability to
respond reversibly to an external stimulus, and a material comprising the chemically crosslinked polyrotaxane, as well
as producing methods thereof.

Means for solving the problems

[0016] The present inventors have found following inventions.

<1> A polyrotaxane comprising a pseudopolyrotaxane, which has a linear molecule and a cyclic molecule (s) in
which the linear molecule is included in a cavity (cavities) of the cyclic molecule(s) in a skewered manner, and
capping groups, each of which locates at each end of the pseudopolyrotaxane in order to prevent the dissociation
of the cyclic molecule(s),
wherein the cyclic molecule(s) comprises a functional group represented by following formula I, and at least one
functional group selected from the group consisting of following formulae II-1 to II-6,
wherein R, R1, R3 and R4 each independently represents a linear or branched alkyl group having 1 to 12 carbon
atoms, a linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic
alkyl group having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl
thioether group having 2 to 12 carbon atoms;
R5a, R5b and R5c each independently represents a linear or branched alkyl group having 1 to 12 carbon atoms, a
linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group
having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl thioether group
having 2 to 12 carbon atoms; and
R2 represents a substitution group obtained by removing three hydrogen atoms from a group selected from the
group consisting of a linear or branched alkyl group having 1 to 12 carbon atoms, a linear or branched alkyl group
having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group having 3 to 12 carbon atoms,
a cyclic alkyl ether group having 2 to 12 carbon atoms and a cyclic alkyl thioether group having 2 to 12 carbon
atoms, wherein at least one of X to Z is a group selected from the group consisting of a hydroxyl group, a NH3 group
and a SH group, the remaining X to Z are a hydrogen atom; and
R6 represents a photoreactive group):
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<2> In the above item <1>, the cyclic molecule is a cyclic molecule having a hydroxy group(s), and a part of the
hydroxy groups may be substituted with the functional group represented by formula I and the at least one functional
group selected from the group consisting of following formulae II-1 to II-6.
<3> In the above item <1> or <2>, the polyrotaxane may have an ability to respond reversibly to an external stimulus,
which reversibly transforms the polyrotaxane from an uncrosslinked state to a crosslinked state, or from a crosslinked
state to an uncrosslinked state, depending on the presence or the absence of the external stimulus. Furthermore,
an uncrosslinked state means a state in which two or more molecules of the polyrotaxane are not crosslinked, and
a crosslinked state means that at least two molecules of the polyrotaxane are crosslinked.
<4> In the above item <3>, the external stimulus may be heat.
<5> In the above item <3> or <4>, the external stimulus may be heat, and a temperature range in which the
crosslinked polyrotaxane may transform from an uncrosslinked state to a crosslinked state, or from a crosslinked
state to an uncrosslinked state, may be 5 to 90˚C, preferably 10 to 80˚C, more preferably 20 to 60˚C.
<6> In any one of the above items <2> to <5>, the cyclic molecule having the hydroxy group(s) may be selected
from the group consisting of α-cyclodextrin, β-cyclodextrin and γ-cyclodextrin.
<7> In any one of the above items <2> to <6>, the number of the functional group represented by formula I may be
0.05 to 0.9, preferably 0.2 to 0.7, more preferably 0.3 to 0.5, and the number of the functional group represented
by formula II may be 0.05 to 0.9, preferably 0.2 to 0.7, more preferably 0.3 to 0.5, where the number of the hydroxy
groups of the cyclic molecule is normalized to be 1.
<8> In any one of the above items <1> to <7>, the linear molecule may be selected from the group consisting of
polyvinyl alcohol, polyvinylpyrrolidone, poly(meth)acrylic acid, cellulose-based resins (carboxymethylcellulose, hy-
droxyethylcellulose, hydroxypropylcellulose and the like), polyacrylamide, polyethylene oxide, polyethylene glycol,
polypropylene glycol, polyvinyl acetal-based resins, polyvinyl methyl ether, polyamine, polyethyleneimine, casein,
gelatin, starch and the like and/or copolymers thereof, polyolefin-based resins suchaspolyethylene, polypropylene,
andcopolymer resins with other olefinic monomers, polyester resins, polyvinyl chloride resins, polystyrene-based
resins such as polystyrene, acrylonitrile-styrene copolymer resin and the like, acrylic resins such as polymethyl
methacrylate, copolymer of (meth) acrylate, acrylonitrile-methyl acrylate copolymer resin and the like, polycarbonate
resins, polyurethane resins, vinyl chloride-vinyl acetate copolymer resin, polyvinylbutyral resin and the like; and
derivatives and modifications thereof, polyisobutylene, polytetrahydrofuran, polyaniline, acrylonitrile-butadiene-sty-
rene copolymer (ABS resin), polyamides such as nylon and the like, polyimides, polydienes such as polyisoprene,
polybutadiene and the like, polysiloxanes such as polydimethylsiloxane and the like, polysulfones, polyimines,
polyacetic anhydrides, polyureas, polysulfides, polyphosphazenes, polyketones, polyphenylenes, polyhaloolefins,
and derivatives thereof. For example, the linear molecule may be selected from the group consisting of polyethylene
glycol, polyisoprene, polyisobutylene, polybutadiene, polypropylene glycol, polytetrahydrofuran, polydimethylsi-
loxane, polyethylene and polypropylene. And more specifically, the linear molecule may be selected from the group
consisting of polyethylene glycol, polypropylene glycol, polytetrahydrofuran, polydimethylsiloxane, polyethylene and
polypropylene, and preferably polyethylene glycol.
<9> In any one of the above items <1> to <8>, the linear molecule may have amolecularweight of 10, 000 or more,
preferably 20,000 or more, more preferably 35,000 or more.
<10> In any one of the above items <1> to <9>, the capping group may be selected from the group consisting of
dinitrophenyl groups; cyclodextrins; adamantane groups; trityl groups; fluoresceins; pyrenes; substituted benzenes
(examples of the substituent may include, but are not limited to, alkyl, alkyloxy, hydroxy, halogen, cyano, sulfonyl,
carboxyl, amino, phenyl and the like. The substituent may be single or plural.); polycyclic aromatics which may be
substituted (examples of the substituent may include, but are not limited to, those described above. The substituent
maybe single or plural.); and steroids. Preferably, the capping group may be selected from the group consisting of
dinitrophenyl groups; cyclodextrins; adamantane groups; trityl groups; fluoresceins; and pyrenes, more preferably
adamantane groups; or trityl groups.
<11> In any one of the above items <1> to <10>, the cyclic molecule may be derived from α-cyclodextrin, and the
linear molecule may be polyethylene glycol.
<12> In any one of the above items <1> to <11>, the linear molecule may have the cyclic molecule included in a
skewered manner at an amount of 0.001 to 0.6, preferably 0.01 to 0.5, more preferably 0.05 to 0.4 of a maximum
inclusion amount, which is defined as an amount at which the cyclic molecules can be included at maximum when
the linear molecule has the cyclic molecules included in a skeweredmanner, and the amount at maximum is nor-
malized to be 1.
<13> A material comprising the polyrotaxane described in any one of the above items <1> to <12>.
<14> A method for producing a polyrotaxane comprising a pseudopolyrotaxane, which has a linear molecule and
a cyclic molecule (s) in which the linear molecule is included in a cavity (cavities) of the cyclic molecule (s) in a
skewered manner, and capping groups, each of which locates at each end of the pseudopolyrotaxane in order to
prevent the dissociation of the cyclic molecule(s),
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wherein a part of hydroxy groups of the cyclic molecule(s) is substituted with a functional group represented by
following formula I, and at least one functional group selected from the group consisting of following formulae II-1
to II-6,
wherein R, R1, R3 and R4 each independently represents a linear or branched alkyl group having 1 to 12 carbon
atoms, a linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic
alkyl group having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl
thioether group having 2 to 12 carbon atoms;
R5a, R5b and R5c each independently represents a linear or branched alkyl group having 1 to 12 carbon atoms, a
linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group
having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl thioether group
having 2 to 12 carbon atoms; and
R2 represents a substitution group obtained by removing three hydrogen atoms from a group selected from the
group consisting of a linear or branched alkyl group having 1 to 12 carbon atoms, a linear or branched alkyl group
having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group having 3 to 12 carbon atoms,
a cyclic alkyl ether group having 2 to 12 carbon atoms and a cyclic alkyl thioether group having 2 to 12 carbon
atoms, wherein at least one of X to Z is a group selected from the group consisting of a hydroxyl group, a NH3 group
and a SH group, the remaining X to Z are a hydrogen atom, and
R6 represents a photoreactive group):

the method comprising the steps of:

1) preparing the pseudopolyrotaxane;
2) capping both ends of the resulting pseudopolyrotaxane with a capping group to prepare a polyrotaxane;
and
3) substituting a part of hydroxy groups of the cyclic molecule with the functional group;

wherein the step of substituting with the functional group is carried out

A) before 1) the step of preparing the pseudopolyrotaxane, and/or
B) after 2) the step of capping to prepare the polyrotaxane:

<15> In the above item <14>, the step of substituting with the functional group may be carried out after 2) the step
of capping to prepare the polyrotaxane.
<16> In the step of substituting with the functional group according to the above item <14> or <15>, a step of
introducing the functional group represented by formula I may be carried out
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X) before a step of introducing any one of functional groups represented by formula II;
Y) after a step of introducing any one of functional groups represented by formula II; or
Z) simultaneously with the step of introducing any one of functional groups represented by formula II.

<17> In the step of substituting with the functional group according to any one of the above items <14> to <16>, a
step of introducing the functional group represented by formula I may be carried out Y) after a step of introducing
any one of functional groups represented by formula II.
<18> A crosslinked polyrotaxane comprising at least two molecules of polyrotaxane, wherein the at least two mol-
ecules of polyrotaxane are crosslinked via physical bond,
wherein the polyrotaxane comprises a pseudopolyrotaxane, which has a linear molecule and a cyclic molecule (s)
in which the linear molecule is included in a cavity (cavities) of the cyclic molecule(s) in a skewered manner, and
capping groups, each of which locates at each end of the pseudopolyrotaxane in order to prevent the dissociation
of the cyclic molecule(s),
wherein the cyclic molecule(s) comprises a functional group represented by following formula I, and at least one
functional group selected from the group consisting of following formulae II-1 to II-6,
wherein R, R1, R3 and R4 each independently represents a linear or branched alkyl group having 1 to 12 carbon
atoms, a linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic
alkyl group having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl
thioether group having 2 to 12 carbon atoms;
R5a, R5b and R5c each independently represents a linear or branched alkyl group having 1 to 12 carbon atoms, a
linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group
having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl thioether group
having 2 to 12 carbon atoms; and
R2 represents a substitution group obtained by removing three hydrogen atoms from a group selected from the
group consisting of a linear or branched alkyl group having 1 to 12 carbon atoms, a linear or branched alkyl group
having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group having 3 to 12 carbon atoms,
a cyclic alkyl ether group having 2 to 12 carbon atoms and a cyclic alkyl thioether group having 2 to 12 carbon
atoms, wherein at least one of X to Z is a group selected from the group consisting of a hydroxyl group, a NH3 group
and a SH group, the remaining X to Z are a hydrogen atom, and
R6 represents a photoreactive group):

<19> In the above item <18>, the cyclic molecule may be a cyclic molecule having a hydroxy group(s), and a part
of the hydroxy groups may be substituted with the functional group represented by formula I and the at least one
functional group selected from the group consisting of the formulae II-1 to II-6.
<20> In the above item <18> or <19>, the polyrotaxane may have an ability to respond reversibly to an external
stimulus, which reversibly transforms the polyrotaxane from an uncrosslinked state to a crosslinked state, or from
a crosslinked state to an uncrosslinked state, depending on the presence or the absence of the external stimulus.
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Furthermore, an uncrosslinked state means a state in which two or more molecules of the polyrotaxane are not
crosslinked, and a crosslinked state means that at least two molecules of the polyrotaxane are crosslinked.
<21> In the above item <20>, the external stimulus may be heat.
<22> In the above item <20> or <21>, the external stimulus may be heat, and a temperature range in which the
crosslinked polyrotaxane may transform from an uncrosslinked state to a crosslinked state, or from a crosslinked
state to an uncrosslinked state, may be 5 to 90˚C, preferably 10 to 80˚C, more preferably 20 to 60˚C.
<23> In any one of the above items <19> to <22>, the cyclic molecule having the hydroxy group(s) may be selected
from the group consisting of α-cyclodextrin, β-cyclodextrin and γ-cyclodextrin.
<24> In any one of the above items <19> to <23>, the number of the functional group represented by formula I may
be 0.05 to 0.9, preferably 0.2 to 0.7, more preferably 0.3 to 0.5, and the number of the functional group represented
by formula II may be 0.05 to 0.9, preferably 0.2 to 0.7, more preferably 0.3 to 0.5, where the number of the hydroxy
groups of the cyclic molecule is normalized to be 1.
<25> In any one of the above items <18> to <24>, the linear molecule may be selected from the group consisting
of polyvinyl alcohol, polyvinylpyrrolidone, poly(meth)acrylic acid, cellulose-based resins (carboxymethylcellulose,
hydroxyethylcellulose, hydroxypropylcellulose and the like), polyacrylamide, polyethylene oxide, polyethylene glycol,
polypropylene glycol, polyvinyl acetal-based resins, polyvinyl methyl ether, polyamine, polyethyleneimine, casein,
gelatin, starch and the like and/or copolymers thereof, polyolef in-based resins suchaspolyethylene, polypropylene,
andcopolymer resins with other olefinic monomers, polyester resins, polyvinyl chloride resins, polystyrene-based
resins such as polystyrene, acrylonitrile-styrene copolymer resin and the like, acrylic resins such as polymethyl
methacrylate, copolymer of (meth) acrylate, acrylonitrile-methyl acrylate copolymer resin and the like, polycarbonate
resins, polyurethane resins, vinyl chloride-vinyl acetate copolymer resin, polyvinylbutyral resin and the like; and
derivatives and modifications thereof, polyisobutylene, polytetrahydrofuran, polyaniline, acrylonitrile-butadiene-sty-
rene copolymer (ABS resin), polyamides such as nylon and the like, polyimides, polydienes such as polyisoprene,
polybutadiene and the like, polysiloxanes such as polydimethylsiloxane and the like, polysulfones, polyimines,
polyacetic anhydrides, polyureas, polysulfides, polyphosphazenes, polyketones, polyphenylenes, polyhaloolefins,
and derivatives thereof. For example, the linear molecule may be selected from the group consisting of polyethylene
glycol, polyisoprene, polyisobutylene, polybutadiene, polypropylene glycol, polytetrahydrofuran, polydimethylsi-
loxane, polyethylene and polypropylene. And more specifically, the linear molecule may be selected from the group
consisting of polyethylene glycol, polypropylene glycol, polytetrahydrofuran, polydimethylsiloxane, polyethylene and
polypropylene, and preferably polyethylene glycol.
<26> In any one of the above items <18> to <25>, the linear molecule may have a molecular weight of 10, 000 or
more, preferably 20,000 or more, more preferably 35,000 or more.
<27> In any one of the above items <18> to <26>, the capping group may be selected from the group consisting
of dinitrophenyl groups; cyclodextrins; adamantane groups; trityl groups; fluoresceins; pyrenes; substituted ben-
zenes (examples of the substituent may include, but are not limited to, alkyl, alkyloxy, hydroxy, halogen, cyano,
sulfonyl, carboxyl, amino, phenyl and the like. The substituent may be single or plural.); polycyclic aromatics which
may be substituted (examples of the substituent may include, but are not limited to, those described above. The
substituent may be single or plural.); and steroids. Preferably, the capping group may be selected from the group
consisting of dinitrophenyl groups; cyclodextrins; adamantane groups; trityl groups; fluoresceins; and pyrenes, more
preferably adamantane groups; or trityl groups.
<28> In any one of the above items <18> to <27>, the cyclic molecule may be derived from α-cyclodextrin, and the
linear molecule may be polyethylene glycol.
<29> In any one of the above items <18> to <28>, the linear molecule may have the cyclic molecule included in a
skewered manner at an amount of 0.001 to 0.6, preferably 0.01 to 0.5, more preferably 0.05 to 0.4 of a maximum
inclusion amount, which is defined as an amount at which the cyclic molecules can be included at maximum when
the linear molecule has the cyclic molecules included in a skewered manner, and the amount at maximum is
normalized to be 1.
<30> A material comprising the crosslinked polyrotaxane described in any one of the above items <18> to <29>.
<31> A method for producing a crosslinked polyrotaxane, which comprises at least two molecules of polyrotaxane,
wherein the at least two molecules of polyrotaxane are crosslinked via physical bond,
wherein the polyrotaxane comprises a pseudopolyrotaxane, which has a linear molecule and a cyclic molecule (s)
in which the linear molecule is included in a cavity (cavities) of the cyclic molecule(s) in a skewered manner, and
capping groups, each of which locates at each end of the pseudopolyrotaxane in order to prevent the dissociation
of the cyclic molecule(s),
wherein a part of hydroxy groups of the cyclic molecule (s) is substituted with a functional group represented by
following formula I, and at least one functional group selected from the group consisting of following formulae II-1
to II-6,
wherein R, R1, R3 and R4 each independently represents a linear or branched alkyl group having 1 to 12 carbon
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atoms, a linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic
alkyl group having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl
thioether group having 2 to 12 carbon atoms;
R5a, R5b and R5c each independently represents a linear or branched alkyl group having 1 to 12 carbon atoms, a
linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group
having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl thioether group
having 2 to 12 carbon atoms; and
R2 represents a substitution group obtained by removing three hydrogen atoms from a group selected from the
group consisting of a linear or branched alkyl group having 1 to 12 carbon atoms, a linear or branched alkyl group
having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group having 3 to 12 carbon atoms,
a cyclic alkyl ether group having 2 to 12 carbon atoms and a cyclic alkyl thioether group having 2 to 12 carbon
atoms, wherein at least one of X to Z is a group selected from the group consisting of a hydroxyl group, a NH3 group
and a SH group, the remaining X to Z are a hydrogen atom, and
R6 represents a photoreactive group):

the method comprising the steps of:

1) preparing the pseudopolyrotaxane;
2) capping both ends of the resulting pseudopolyrotaxane with a capping group to prepare a polyrotaxane;
and
3) substituting a part of hydroxy groups of the cyclic molecule with the functional group represented by
formula I, and at least one functional group selected from the group consisting of formulae II-1 to II-6;
thereby to obtain the polyrotaxane;
4) dissolving at least two molecules of the resulting polyrotaxane in a solvent; and
5) imparting an external stimulus to the at least two molecules of polyrotaxane in the solvent to physically
crosslink the at least two molecules of polyrotaxane via physical bond,

wherein 3) the step of substituting is carried out

A) before 1) the step of preparing the pseudopolyrotaxane, and/or
B) after 2) the step of capping to prepare a polyrotaxane.

<32> In the above item <31>, the step of substituting with the functional group may be carried out after 2) the step
of capping to prepare the polyrotaxane.
<33> In the step of substituting with the functional group according to the above item <31> or <32>, a step of
introducing the functional group represented by formula I may be carried out
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X) before a step of introducing any one of functional groups represented by formula II;
Y) after a step of introducing any one of functional groups represented by formula II; or
Z) simultaneously with the step of introducing any one of functional groups represented by formula II.

<34> In the step of substituting with the functional group according to any one of the above items <31> to <33>, a
step of introducing the functional group represented by formula I may be carried out Y) after a step of introducing
any one of functional groups represented by formula II.
<35> In any one of the above items <31> to <34>, the solvent may be a hydrophilic solvent.
<36> A crosslinked polyrotaxane comprising a first polymer and a first polyrotaxane, wherein all or a part of the first
polymer and all or a part of the first polyrotaxane are crosslinked,
wherein the first polyrotaxane comprises a first pseudopolyrotaxane, which has a first linear molecule and a first
cyclic molecule (s) in which the first linear molecule is included in a cavity (cavities) of the first cyclic molecule(s) in
a skewered manner, and first capping groups, each of which locates at each end of the first pseudopolyrotaxane
in order to prevent the dissociation of the first cyclic molecule(s),
wherein the first cyclic molecule(s) of the first polyrotaxane comprises a functional group represented by following
formula I, and at least one functional group selected from the group consisting of following formulae II-1 to II-6,
wherein R, R1, R3 and R4 each independently represents a linear or branched alkyl group having 1 to 12 carbon
atoms, a linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic
alkyl group having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl
thioether group having 2 to 12 carbon atoms;
R5a, R5b and R5c each independently represents a linear or branched alkyl group having 1 to 12 carbon atoms, a
linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group
having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl thioether group
having 2 to 12 carbon atoms; and
R2 represents a substitution group obtained by removing three hydrogen atoms from a group selected from the
group consisting of a linear or branched alkyl group having 1 to 12 carbon atoms, a linear or branched alkyl group
having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group having 3 to 12 carbon atoms,
a cyclic alkyl ether group having 2 to 12 carbon atoms and a cyclic alkyl thioether group having 2 to 12 carbon
atoms, wherein at least one of X to Z is a group selected from the group consisting of a hydroxyl group, a NH3 group
and a SH group, the remaining X to Z are a hydrogen atom, and
R6 represents a photoreactive group):

<37> In the above item <36>, the first polymer may be a secondpolyrotaxane, wherein the secondpolyrotaxane
comprises a second pseudopolyrotaxane, which has a second linear molecule and a second cyclic molecule(s) in
which the second linear molecule is included in a cavity (cavities) of the second cyclic molecule(s) in a skewered
manner, and second capping groups, each of which locates at each end of the second pseudopolyrotaxane in order
to prevent the dissociation of the second cyclic molecule(s),
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wherein the second cyclic molecule(s) of the second polyrotaxane comprises a functional group represented by
following formula I’, and at least one functional group selected from the group consisting of following formulae II’-1
to II’-6,
wherein R’, R11, R13 and R14 each independently represents a linear or branched alkyl group having 1 to 12 carbon
atoms, a linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic
alkyl group having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl
thioether group having 2 to 12 carbon atoms;
R15a, R15b and R15c each independently represents a linear or branched alkyl group having 1 to 12 carbon atoms,
a linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl
group having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl thioether
group having 2 to 12 carbon atoms; and
R12 represents a substitution group obtained by removing three hydrogen atoms from a group selected from the
group consisting of a linear or branched alkyl group having 1 to 12 carbon atoms, a linear or branched alkyl group
having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group having 3 to 12 carbon atoms,
a cyclic alkyl ether group having 2 to 12 carbon atoms and a cyclic alkyl thioether group having 2 to 12 carbon
atoms, wherein at least one of X to Z is a group selected from the group consisting of a hydroxyl group, a NH3 group
and a SH group, the remaining X to Z are a hydrogen atom, and
R16 represents a photoreactive group):

<38> In the above item <36> or <37>, the cyclic molecule may be a cyclic molecule having a hydroxy group (s),
and a part of the hydroxy groups may be substituted with the functional group represented by formula I and the at
least one functional group selected from the group consisting of the formulae II-1 to 11-6.
<39> In any one of the above items <36> to <38>, the crosslinked polyrotaxane may have the transmittance of
90%/mm or more, preferably 95%/mm or more and more preferably 98%/mm or more in a wavelength from 400 to
800 nm.
<40> In any one of the above items <36> to <39>, the crosslinkedpolyrotaxane may have an extension ratio in the
range of 100 to 1500%, preferably 200% or more, more preferably 300% or more, still more preferably 600% or
more, most preferably 1000% or more.
<41> In any one of the above items <36> to <40>, the crosslinked polyrotaxane may have the transmittance of
90%/mm or more, preferably 95%/mm or more, more preferably 98%/mm or more in a wavelength from 400 to 800
nm, and an extension ratio of 300% or more, preferably 600% or more, more preferably 1000% or more.
<42> In any one of the above items <36> to <41>, the crosslinked polyrotaxane may reversibly vary in an optical
property and/or swelling-contraction characteristics, depending on the presence or the absence of the external
stimulus.
<43> In the above item <42>, the external stimulus may be heat, and the crosslinked polyrotaxane may reversibly
vary in the optical property and/or the swelling-contraction characteristics in a temperature range of from 5 to 90˚C,
preferably from 10 to 80˚C, more preferably from 20 to 60˚C.
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<44> In the above item <43>, the optical property may be transparence of the crosslinked polyrotaxane. The term
"transparence" used herein means that the transmittance of the crosslinked polyrotaxane is 90%/mm or more,
preferably 95%/mm or more, more preferably 98%/mm or more in a wavelength from 400 to 800 nm.
<45> In the above item <43> or <44>, the swelling-contraction characteristics maybe a change of an amount of a
contained solvent caused by absorption and/or release of the solvent by the crosslinked polyrotaxane.
<46> In any one of the above items <38> to <45>, the first and/or second cyclic molecule having the hydroxy group
(s) may be selected from the group consisting of α-cyclodextrin, β-cyclodextrin and γ-cyclodextrin.
<47> In any one of the above items <38> to <46>, the number of the functional group represented by formula I may
be 0.05 to 0.9, preferably 0.2 to 0.7, more preferably 0.3 to 0.5, and the number of the functional group represented
by formula II may be 0.05 to 0.9, preferably 0.2 to 0.7, more preferably 0.3 to 0.5, where the number of the hydroxy
groups of the first and/or second cyclic molecule is normalized to be 1.
<48> In any one of the above items <36> to <47>, the first and/or second linear molecule may be selected from the
group consisting of polyvinyl alcohol, polyvinylpyrrolidone, poly(meth)acrylic acid, cellulose-based resins (car-
boxymethylcellulose, hydroxyethylcellulose, hydroxypropylcellulose and the like), polyacrylamide, polyethylene ox-
ide, polyethylene glycol, polypropylene glycol, polyvinyl acetal-based resins, polyvinyl methyl ether, polyamine,
polyethyleneimine, casein, gelatin, starch and the like and/or copolymers thereof, polyolefin-based resins such as
polyethylene, polypropylene, and copolymer resins with other olefinic monomers, polyester resins, polyvinyl chloride
resins, polystyrene-based resins such as polystyrene, acrylonitrile-styrene copolymer resin and the like, acrylic
resins such as polymethyl methacrylate, copolymer of (meth) acrylate, acrylonitrile-methyl acrylate copolymer resin
and the like, polycarbonate resins, polyurethane resins, vinyl chloride-vinyl acetate copolymer resin, polyvinylbutyral
resin and the like; and derivatives and modifications thereof, polyisobutylene, polytetrahydrofuran, polyaniline, acry-
lonitrile-butadiene-styrene copolymer (ABS resin), polyamides such as nylon and the like, polyimides, polydienes
such as polyisoprene, polybutadiene and the like, polysiloxanes such as polydimethylsiloxane and the like, polysul-
fones, polyimines, polyacetic anhydrides, polyureas, polysulfides, polyphosphazenes, polyketones, polyphenylenes,
polyhaloolefins, and derivatives thereof. For example, the linear molecule may be selected from the group consisting
of polyethylene glycol, polyisoprene, polyisobutylene, polybutadiene, polypropylene glycol, polytetrahydrofuran,
polydimethylsiloxane, polyethylene and polypropylene. And more specifically, the linear molecule may be selected
from the group consisting of polyethylene glycol, polypropylene glycol, polytetrahydrofuran, polydimethylsiloxane,
polyethylene and polypropylene, and preferably polyethylene glycol.
<49> In any one of the above items <36> to <48>, the first and/or second linear molecule may have a molecular
weight of 10,000 or more, preferably 20,000 or more, more preferably 35,000 or more.
<50> In any one of the above items <36> to <49>, the first and/or second capping group may be selected from the
group consisting of dinitrophenyl groups; cyclodextrins; adamantane groups; trityl groups; fluoresceins; pyrenes;
substituted benzenes (examples of the substituent may include, but are not limited to, alkyl, alkyloxy, hydroxy,
halogen, cyano, sulfonyl, carboxyl, amino, phenyl and the like. The substituent may be single or plural.); polycyclic
aromatics which may be substituted (examples of the substituent may include, but are not limited to, those described
above. The substituent may be single or plural.); and steroids. Preferably, the first and/or second capping group
may be selected from the group consisting of dinitrophenyl groups; cyclodextrins; adamantane groups; trityl groups;
fluoresceins; and pyrenes, more preferably adamantane groups; or trityl groups.
<51> In any one of the above items <36> to <50>, the first and/or second cyclic molecule may be derived from α-
cyclodextrin, and the first and/or second linear molecule may be polyethylene glycol.
<52> In any one of the above items <36> to <51>, the first and/or second linear molecule may have the first and/or
second cyclic molecule included in a skewered manner at an amount of 0.001 to 0.6, preferably 0.01 to 0.5, more
preferably 0.05 to 0.4 of a maximum inclusion amount, which is defined as an amount at which the first and/or
second cyclic molecules can be included at maximum when the first and/or second linear molecule has the first
and/or second cyclic molecules included in a skewered manner, and the amount at maximum is normalized to be 1.
<53> A material comprising the crosslinked polyrotaxane described in any one of the above items <36> to <52>.
In particular, a material comprising the crosslinked polyrotaxane described in any one of the above items <37> to
<52>, in more particular <38> to <52>.
<54> A method for producing a crosslinked polyrotaxane comprising a first polymer and a first polyrotaxane, wherein
all or a part of the first polymer and all or a part of the first polyrotaxane are crosslinked,
wherein the first polyrotaxane comprises a first pseudopolyrotaxane, which has a first linear molecule and a first
cyclic molecule (s) in which the first linear molecule is included in a cavity (cavities) of the first cyclic molecule(s) in
a skewered manner, and first capping groups, each of which locates at each end of the first pseudopolyrotaxane
in order to prevent the dissociation of the first cyclic molecule(s),
wherein a part of hydroxy groups of the first cyclic molecule(s) is substituted with a functional group represented by
following formula I, and at least one functional group selected from the group consisting of following formulae II-1
to II-6,



EP 2 123 681 A1

13

5

10

15

20

25

30

35

40

45

50

55

wherein R, R1, R3 and R4 each independently represents a linear or branched alkyl group having 1 to 12 carbon
atoms, a linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic
alkyl group having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl
thioether group having 2 to 12 carbon atoms;
R5a, R5b and R5c each independently represents a linear or branched alkyl group having 1 to 12 carbon atoms, a
linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group
having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl thioether group
having 2 to 12 carbon atoms; and
R2 represents a substitution group obtained by removing three hydrogen atoms from a group selected from the
group consisting of a linear or branched alkyl group having 1 to 12 carbon atoms, a linear or branched alkyl group
having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group having 3 to 12 carbon atoms,
a cyclic alkyl ether group having 2 to 12 carbon atoms and a cyclic alkyl thioether group having 2 to 12 carbon
atoms, wherein at least one of X to Z is a group selected from the group consisting of a hydroxyl group, a NH3 group
and a SH group, the remaining X to Z are a hydrogen atom, and
R6 represents a photoreactive group):

the method comprising the steps of:

1) preparing the first pseudopolyrotaxane;
2) capping both ends of the resulting first pseudopolyrotaxane with a first capping group to prepare a first
polyrotaxane; and
3) substituting a part of hydroxy groups of the first cyclic molecule with the functional group represented
by formula I, and at least one functional group selected from the group consisting of formulae II-1 to II-6;
thereby to obtain the first polyrotaxane; and
4) chemically crosslinking the resulting first polyrotaxane and a first polymer;
wherein 3) the step of substituting is carried out

A) before 1) the step of preparing the first pseudopolyrotaxane, and/or
B) after 2) the step of capping to prepare a first polyrotaxane; and

4) the step of chemically crosslinking is carried out by

G) a crosslinking reaction through addition of a crosslinking agent, or
H) a photo-crosslinking reaction where a photo-reactive group contained in the first polyrotaxane is irradiated
with light:
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<55> In the above item <54>, the first polymer may be a secondpolyrotaxane, wherein the secondpolyrotaxane
comprises a second pseudopolyrotaxane, which has a second linear molecule and a second cyclic molecule(s) in
which the second linear molecule is included in a cavity (cavities) of the second cyclic molecule(s) in a skewered
manner, and second capping groups, each of which locates at each end of the second pseudopolyrotaxane in order
to prevent the dissociation of the second cyclic molecule(s),
wherein a part of hydroxy groups of the second cyclic molecule(s) is substituted with a functional group represented
by following formula I’, and at least one functional group selected from the group consisting of following formulae
II’-1 to II’-6,
wherein R’, R11, R13 and R14 each independently represents a linear or branched alkyl group having 1 to 12 carbon
atoms, a linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic
alkyl group having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl
thioether group having 2 to 12 carbon atoms;
R15a, R15b and R15c each independently represents a linear or branched alkyl group having 1 to 12 carbon atoms,
a linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl
group having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl thioether
group having 2 to 12 carbon atoms; and
R12 represents a substitution group obtained by removing three hydrogen atoms from a group selected from the
group consisting of a linear or branched alkyl group having 1 to 12 carbon atoms, a linear or branched alkyl group
having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group having 3 to 12 carbon atoms,
a cyclic alkyl ether group having 2 to 12 carbon atoms and a cyclic alkyl thioether group having 2 to 12 carbon
atoms, wherein at least one of X to Z is a group selected from the group consisting of a hydroxyl group, a NH3 group
and a SH group, the remaining X to Z are a hydrogen atom, and
R16 represents a photoreactive group); and
the second polyrotaxane may be obtained by

1’) preparing the second pseudopolyrotaxane;
2’) capping both ends of the resulting second pseudopolyrotaxane with a second capping group to prepare a
second polyrotaxane; and
3’) substituting a part of hydroxy groups of the second cyclic molecule with the functional group represented
by formula I’, and at least one functional group selected from the group consisting of formulae II’-1 to II’-6:

<56> In the above item <54> or <55>, 4) the step of chemically crosslinking maybe carried out by G) the crosslinking
reaction through addition of a crosslinking agent, and the crosslinking agent may be selected from the group con-
sisting of cyanuric chloride, trimesoyl chloride, terephthaloyl chloride, epichlorohydrin, dibromobenzene, glutaral-
dehyde, aliphatic polyfunctional isocyanate, aromatic polyfunctional isocyanate, tolylene diisocyanate, hexameth-
ylene diisocyanate, divinyl sulfone, 1,1’-carbonyldiimidazole, alkoxysilanes and derivatives thereof, and photo-
crosslinking reaction initiators. Furthermore, the photo-crosslinking reaction initiator may be at least one selected
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from the group consisting of quinones, aromatic ketones, benzoin, benzoin ethers, biimidazole compounds and
derivatives thereof, N-phenylglycines, combinations of thioxanthones and alkylaminobenzoic acid, combinations of
biimidazole compounds and derivatives thereof and Michler’s ketones, acridines, and oxime esters. Specifically,
the reaction initiator may be quinones such as 2-ethylanthraquinone, octaethylanthraquinone, 1,2-benzanthraqui-
none, 2,3-benzanthraquinone, 2-phenylanthraquinone, 2,3-diphenylanthraquinone, 1-chloroanthraquinone, 1,4-
naphthoquinone, 9,10-phenanthraquinone, 2-methyl-1,4-naphthoquinone, 2,3-dimethylanthraquinone, 3-chloro-2-
methylanthraquinone and the like; aromatic ketones such as benzophenone, Michler’s ketone[4,4’-bis(dimethylami-
no)benzophenone], 4,4’-bis(diethylamino)benzophenone and the like; benzoin ethers such as benzoin, benzoinethyl
ether, benzoinphenyl ether, methylbenzoin, ethylbenzoin and the like; biimidazole compounds and derivatives there-
of such as benzyldimethyl ketal, benzyldiethyl ketal, triarylimidazolyl dimers and the like; N-phenylglycines such as
N-phenylglycine, N-methyl-N-phenylglycine, N-ethyl-N-phenylglycine and the like; combinations of thioxanthones
and alkylamine benzoic acid such as a combination of ethylthioxanthone and ethyl dimethylaminobenzoate, a com-
bination of 2-chlorothioxanthone and ethyl dimethylaminobenzoate, a combination of isopropylthioxanthone and
ethyl dimethylbenzoate, and the like; combinations of biimidazole compounds such as triarylimidazolyl dimers and
derivatives thereof and Michler’s ketone; acridines such as 9-phenylacridine and the like; and oxime esters such
as 1-phenyl-1,2-propanedione-2-o-benzoineoxime, 1-phenyl-1,2-propanedione-2-(o-ethoxycarbonyl)oxime and the
like. Preferably, the reaction initiator maybe thioxanthones such as diethylthioxanthone, chlorothioxanthone and
the like; dialkylaminobenzoate esters such as ethyl dimethylaminobenzoate and the like; benzophenone, 4,4’-bis
(dimethylamino)benzophenone, 4,4’-bis(diethylamino)benzophenone; biimidazole compounds such as triarylimida-
zolyl dimers and derivatives thereof; 9-phenylacridine, N-phenylglycines; and combinations thereof. Furthermore,
the biimidazole compounds such as triarylimidazolyl dimers and derivatives thereof may include, for example, 2-(o-
chlorophenyl)-4,5-diphenylimidazolyl dimers, 2,2’,5-tris-(o-chlorophenyl)-4-(3,4-dimethoxyphenyl)-4’,5’-diphe-
nylimidazolyl dimers, 2,4-bis-(o-chlorophenyl)-5-(3,4-dimethoxyphenyl)-diphenylim idazolyl dimers, 2,4,5-tris-(o-
chlorophenyl)-diphenylimidazolyl dimers, 2-(o-chlorophenyl)-bis-4,5-(3,4-dimethoxyphenyl)-imidazolyl dimers, 2,2’-
bis-(2-fluorophenyl)-4,4’,5,5’-tetrakis-(3-methoxyphen yl)-imidazolyl dimers,
2,2’-bis-(2,3-difluoromethylphenyl)-4,4’,5,5’-tetrakis-(3-m ethoxyphenyl)-imidazolyl dimers,
2,2’-bis-(2,4-difluorophenyl)-4,4’,5,5’-tetrakis-(3-methoxy phenyl)-imidazolyl dimers,
2,2’-bis-(2,5-difluorophenyl)-4,4’,5,5’-tetrakis-(3-methoxy phenyl)-imidazolyl dimers,
2,2’-bis-(2,6-difluorophenyl)-4,4’,5,5’-tetrakis-(3-methoxy phenyl)-imidazolyl dimers,
2,2’-bis-(2,3,4-trifluorophenyl)-4,4’,5,5’-tetrakis-(3-meth oxyphenyl)-imidazolyl dimers,
2,2’-bis-(2,3,5-trifluorophenyl)-4,4’,5,5’-tetrakis-(3-meth oxyphenyl)-imidazolyl dimers,
2,2’-bis-(2,3,6-trifluorophenyl)-4,4’,5,5’-tetrakis-(3-meth oxyphenyl)-imidazolyl dimers,
2,2’-bis-(2,4,5-trifluorophenyl)-4,4’,5,5’-tetrakis-(3-meth oxyphenyl)-imidazolyl dimers,
2,2’-bis-(2,4,6-trifluorophenyl)-4,4’,5,5’-tetrakis-(3-meth oxyphenyl)-imidazolyl dimers,
2,2’-bis-(2,3,4,5-tetrafluorophenyl)-4,4’,5,5’-tetrakis-(3-methoxyphenyl)-imidazolyl dimers,
2,2’-bis-(2,3,4,6-tetrafluorophenyl)-4,4’,5,5’-tetrakis-(3-methoxyphenyl)-imidazolyl dimers,
2,2’-bis-(2,3,4,5,6-pentafluorophenyl)-4,4’,5,5’-tetrakis-( 3-methoxyphenyl)-imidazolyl dimers, and the like.
<57> In any one of the above items <54> to <56>, the step of substituting with the functional group may be carried
out after 2) and/or 2’) the step of capping to prepare the first and/or second polyrotaxane.
<58> In the step of substituting with the functional group according to any one of the above items <54> to <57>, a
step of introducing the functional group represented by formula I or I’ may be carried out

X) before a step of introducing any one of functional groups represented by formula II or II’;
Y) after a step of introducing any one of functional groups represented by formula II or II’; or
Z) simultaneously with the step of introducing any one of functional groups represented by formula II or II’.

<59> In the step of substituting with the functional group according to any one of the above items <54> to <58>, a
step of introducing the functional group represented by formula I or I’ may be carried out Y) after a step of introducing
any one of functional groups represented by formula II or II’.

Effects of the invention

[0017] The present invention can provide a material having a polyrotaxane having enhanced solubility and being
soluble in various solvents, and a material comprising the polyrotaxane, as well as producing methods thereof.
[0018] Further, other than or in addition to the above-described effect, the present invention can provide a polyrotaxane
having an ability to respond reversibly to an external stimulus, and a material comprising the polyrotaxane, as well as
producing methods thereof.
[0019] More, other than or in addition to the above-described effects, the present invention can provide a chemically
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crosslinked polyrotaxane having a high Young’s modulus and a high extension ratio and having a high transmittance,
and a material comprising the chemically crosslinked polyrotaxane, as well as producing methods thereof.
[0020] Further, other than or in addition to the above-described effects, the present invention can provide a chemically
crosslinkedpolyrotaxane having an ability to respond reversibly to an external stimulus, and a material comprising the
chemically crosslinked polyrotaxane, as well as producing methods thereof.

Brief Description of the Drawings

[0021]

Fig. 1 shows a graph comparing sol-gel transition temperatures of Examples 12 to 16.
Fig. 2 shows a graph comparing sol-gel transition temperatures of Examples 17 to 20.
Fig. 3 shows a graph comparing sol-gel transition temperatures of Comparative Examples 6 to 11.
Fig. 4 is a diagram showing a stress-strain curve of the chemically crosslinked body of Example 21;
Fig. 5 is a diagram showing the transmittance of the chemically crosslinked body of Example 22;
Fig. 6 is a diagram showing the temperature dependence of the transmittance and water content of the chemically
crosslinked body of Example 27;
Fig. 7 is a diagram showing the temperature dependence of the transmittance and water content of the chemically
crosslinked body of Example 28;
Fig. 8 is a diagram showing the temperature dependence of the transmittance and water content of the chemically
crosslinked body of Example 29;
Fig. 9 is a diagram showing the temperature dependence of the transmittance and water content of the chemically
crosslinked body of Example 30; and
Fig. 10 is a diagram showing the temperature dependence of the transmittance and water content of the chemically
crosslinked body of Comparative Example 14.

Preferred Embodiments for Carrying Out the Present Invention

[0022] The present invention will be described in detail hereinafter.
[0023] The present invention provides 1) a polyrotaxane having enhanced solubility and being soluble in various
solvents, 2) a polyrotaxane having an ability to respond reversibly to an external stimulus, 3) a chemically crosslinked
polyrotaxane having a high Young’s modulus and a high extension ratio and having a high transmittance, and/or 4) a
chemically crosslinked polyrotaxane having an ability to respond reversibly to an external stimulus; and/or a material
comprising them; and/or methods for producing them. Hereinafter, these will be described in order.

<Polyrotaxane having enhanced solubility>

[0024] The present invention provides polyrotaxanes having enhanced solubility, or materials comprising them. The
term "enhanced solubility" used herein means that the kinds of solvents capable of dissolving polyrotaxanes are increased
or an amount of dissolution thereof in the same solvent is increased, or both of which are realized.
[0025] A polyrotaxane according to the present invention is capable of having enhanced solubility owing to possession
of both of a functional group represented by formula I and a functional group represented by formula II (specifically
formulae II-1 to 11-6). When the polyrotaxane having enhanced solubility is used, the choice of the solvent is expanded.
Expansion of the choice of the solvent can lead to various advantages such that in a case where a mixed, crosslinked
body with other polymer is produced as described later, a polymer, that had not been able to be selected conventionally,
can be used, thereby to afford a mixed, crosslinked body having desired performance.
[0026] A polyrotaxane according the present invention is comprised of a pseudopolyrotaxane, which has a linear
molecule and a cyclic molecule (s) in which the linear molecule is included in a cavity (cavities) of the cyclic molecule
(s) in a skewered manner, and capping groups, each of which locates at each end of the pseudopolyrotaxane in order
to prevent the dissociation of the cyclic molecule(s). The cyclic molecule comprises the functional group represented
by the above formula I and at least one functional group selected from the above formulae II-1 to II-6.

«Cyclic Molecule and Functional Groups represented by Formulae I and II»

[0027] The cyclic molecule of the polyrotaxane according to the present invention is not particularly restricted as long
as a linear molecule is included in cavities of the cyclic molecules in a skewered manner.
[0028] The cyclic molecule has a functional group represented by formula I and a functional group represented by
formula II (specifically, at least anyone of formulae II-1 to II-6), thereby to provide foregoing advantages. The functional
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group represented by formula II is at least one selected from formulae II-1 to II-6, that is, a plurality thereof, for instance,
two or three thereof may be present.
[0029] The cyclic molecule may be a cyclic molecule having hydroxyl groups and may be selected from the group
consisting of α-cyclodextrin, β-cyclodextrinand γ-cyclodextrin. When the cyclic molecule has hydroxyl groups as men-
tioned above, a part of the hydroxyl groups may be substituted with the functional groups represented by formulae I and II.
[0030] The number of the functional group represented by formula I may be 0.05 to 0.9, preferably 0.2 to 0.7, more
preferably 0.3 to 0.5, and the number of the functional group represented by formula II may be 0.05 to 0.9, preferably
0.2 to 0.7, more preferably 0.3 to 0.5, where the number of the hydroxy groups of the cyclic molecule is normalized to be 1.
[0031] The number of functional groups of formula I and the number of functional groups of formula II can be measured
as follows. The situation will be described with a case where α-cyclodextrin is used for the cyclic molecule and polyethylene
glycol is used for the linear molecule as an example.
[0032] In a case where α-cyclodextrin is used as the cyclic molecule and polyethylene glycol is used as the linear
molecule, the number of hydroxyl groups in one molecule of α-cyclodextrin being 18 is taken as a standard. In 1H-NMR
(DMSO-d6), a ratio of an integrated value from 4.0 to 6.0 ppm (derived from hydroxyl groups of α-cyclodextrin and
protons of C1 of sugar units of α-cyclodextrin) and an integrated value from 3.0 to 4.0 ppm (derived from protons of
polyethylene glycol) is constant (such as 1: 2.2). In the case where the functional group of the formula II is a hydroxypropyl
group, owing to additional protons of the hydroxypropyl group, a ratio of integrated values from 4.0 to 6.0 ppm and from
3.0 to 4.0 ppm varies. Further, protons of CH3 of the hydroxypropyl appear newly at 1.0 ppm; accordingly, the number
of substituted hydroxypropyl groups is calculated from a ratio of a value of 1 ppm and an integrated value from 4.0 to
6.0 ppm or a ratio of a value of 1 ppm and an integrated value from 3.0 to 4.0 ppm to the number of original hydroxyl
groups (hydroxyl groups of α-cyclodextrin of an unsubstituted polyrotaxane). For instance, in the case where a ratio of
a value of 1 ppm and an integrated value from 4.0 to 6.0 is 1.1: 1.0, substantially 48% of the hydroxyl groups are substituted.
[0033] More, in the case where the resulting hydroxypropylated polyrotaxane is substituted with an acetyl group
represented by formula I, a signal of protons of CH3 derived from the acetyl group appears newly at 2.0 ppm. Since the
acetyl groups partially substitute as well the hydroxyl groups of the hydroxypropyl groups, a signal at 1.0 ppm derived
from CH3 of the hydroxypropyl group is splittedinto 1. 0 and 1.1 ppm. An amount of hydroxypropyl groups is determined
to the initial α-cyclodextrin (herein, 48%); accordingly, a relative amount of the acetyl groups and the hydroxypropyl
groups is calculated from a ratio of a value at 2.0 ppm and an integrated value from 1.0 to 1.1 ppm. As the result, an
amount of the acetyl groups to the initial α-cyclodextrin as well is calculated. In the case where a ratio of a value at 2.0
ppm and an integrated value from 1.0 to 1.1 ppm is, for instance, 0.97: 1, a substitution amount of the acetyl groups to
the initial α-cyclodextrin is 97% 3 48% = 47%.
[0034] In the functional groups represented by formula I or I’, R or R’ may represent a linear or branched alkyl group
having 1 to 12 carbon atoms, preferably 1 to 9 carbon atoms and more preferably 1 to 5 carbon atoms. Examples of
the functional groups represented by formula I or I’ may include, but are not limited to, -O-CO-CH3, -O-CO-CH2CH3,
-O-CO-CH2CH2CH(CH3)CH3 and the like.
[0035] In the functional groups represented by formula II-1 or II’-1, R1 or R11 may represent a linear or branched alkyl
group having 1 to 12 carbon atoms, preferably 1 to 8 carbon atoms and more preferably 1 to 4 carbon atoms. Examples
of the functional group represented by formula II-1 or II’-1 may include, but are not limited to, -OCH3, -OCH2CH3,
-OCH2CH(CH3)CH3 and the like.
[0036] In the functional groups represented by formula II-2 or II’-2, R2 or R12 may have 1 to 12 carbon atoms, preferably
1 to 8 carbon atoms, more preferably 1 to 4 carbon atoms. Examples of the functional group represented by formula II-
2 or II’-2 may include, but are not limited to, -OCH2CH(OH)CH3, -OCH2CH(OH)CH2OH, -OCH2CH(NH2)CH3 and the like.
[0037] In the functional groups represented by formula II-3 or II’-3, R3 or R13 may represent a linear or branched alkyl
group having 1 to 12 carbon atoms, preferably 1 to 9 carbon atoms, more preferably 1 to 5 carbon atoms. Examples of
the functional group represented by formula II-3 or II’-3 may include, but are not limited to, -O-CO-OCH3, -O-CO-
OCH2CH3, -O-CO-OCH2CH(CH3)CH3 and the like.
[0038] In the functional groups represented by formula II-4 or II’-4, R4 or R14 may represent a linear or branched alkyl
group having 1 to 12 carbon atoms, preferably 1 to 9 carbon atoms, more preferably 1 to 5 carbon atoms. Examples of
the functional groups represented by formula II-4 or II’-4 may include, but are not limited to, -O-CO-NH-CH3, -O-CO-
NH-CH2CH3, -O-CO-NH-(CH2)5CH3 and the like.
[0039] In the functional groups represented by formula II-5 or II’-5, R5a to R5c or R15a to R15c may represent a linear
or branched alkyl group having 1 to 12 carbon atoms, preferably 1 to 8 carbon atoms, more preferably 1 to 4 carbon
atoms. Examples of the functional groups represented by formula II-5 may include, but are not limited to, -O-Si- (CH3)3,
-O-Si- (CH2CH3)3, -O-Si-(CH(CH3)CH3 and the like.
[0040] In the functional groups represented by formula II-6 or II’-6, R6 is a photoreactive group. Examples of the
photoreactive group may include a group having an unsaturated bond group (such as unsaturated double bond group)
or a photosensitive group such as an organic residue.
[0041] Examples of the unsaturated bond group, for example, the unsaturated double bond group, may include, but
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are not limited to, olefinyl groups such as an acryl group, a methacryl group, a vinyl ether group, a styryl group and the like.
[0042] Examples of the photosensitive group may include, but are not limited to, a cinnamoyl group, a cinnamylidene
group, a chalcone residue, an isocoumarin residue, a 2,5-dimethoxystylbene residue, a thymine residue, a styrylpyrid-
inium residue, an α-phenylmaleimide residue, an anthracene residue, a 2-pyrone residue and the like.
[0043] Among the functional groups represented by formulae II-1 to II-6, functional groups represented by formulae
II-1 to II-3 are preferable, and functional groups represented by formula II-1 and/or II-2 are more preferable.

«Linear molecule»

[0044] The linear molecule of a polyrotaxane according to the present invention is not limited as long as the linear
molecule may be included in a cavity (cavities) of the cyclic molecule (s) in a skewered manner.
[0045] For example, the linear molecule of polyrotaxane in a material according to the present invention may include
polyvinyl alcohol, polyvinylpyrrolidone, poly(meth)acrylic acid, cellulose-based resins (carboxymethylcellulose, hydrox-
yethylcellulose, hydroxypropylcellulose and the like), polyacrylamide, polyethylene oxide, polyethylene glycol, polypro-
pylene glycol, polyvinyl acetal-based resins, polyvinyl methyl ether, polyamine, polyethyleneimine, casein, gelatin, starch
and the like and/or copolymers thereof, polyolefin-based resins suchaspolyethylene, polypropylene, andcopolymer resins
with other olefinic monomers, polyester resins, polyvinyl chloride resins, polystyrene-based resins such as polystyrene,
acrylonitrile-styrene copolymer resin and the like, acrylic resins such as polymethyl methacrylate, copolymer of (meth)
acrylate, acrylonitrile-methyl acrylate copolymer resin and the like, polycarbonate resins, polyurethane resins, vinyl
chloride-vinyl acetate copolymer resin, polyvinylbutyral resin and the like; and derivatives and modifications thereof,
polyisobutylene, polytetrahydrofuran, polyaniline, acrylonitrile-butadiene-styrene copolymer (ABS resin), polyamides
such as nylon and the like, polyimides, polydienes such as polyisoprene, polybutadiene and the like, polysiloxanes such
as polydimethylsiloxane and the like, polysulfones, polyimines, polyacetic anhydrides, polyureas, polysulfides, polyphos-
phazenes, polyketones, polyphenylenes, polyhaloolefins, and derivatives thereof. For example, the linear molecule may
be selected from the group consisting of polyethylene glycol, polyisoprene, polyisobutylene, polybutadiene, polypropyl-
ene glycol, polytetrahydrofuran, polydimethylsiloxane, polyethylene and polypropylene. More specifically, the linear
molecule may be selected from the group consisting of polyethylene glycol, polypropylene glycol, polytetrahydrofuran,
polydimethylsiloxane, polyethylene and polypropylene, and preferably polyethylene glycol.
[0046] A molecular weight of the linear molecule may be 10, 000 or more, preferably 20, 000 or more, more preferably
35, 000 or more.
[0047] In the polyrotaxane according to the present invention, the cyclic molecule may be derived from α-cyclodextrin,
and the linear molecule may be polyethylene glycol.
[0048] The linear molecule may have the cyclic molecules included in a skewered manner at an amount of 0.001 to
0.6, preferably 0.01 to 0.5, and more preferably 0.05 to 0.4 of a maximum inclusion amount, which is defined as an
amount at which the cyclic molecules can be included at maximum when the linear molecule has the cyclic molecules
included in a skeweredmanner, and the amount at maximum is normalized to be 1.
[0049] The maximum inclusion amount of a cyclic molecule can be determined depending on the length of a linear
molecule and the thickness of a cyclic molecule. For example, when the linear molecule is polyethylene glycol and the
cyclic molecule is α-cyclodextrin molecule, the maximum inclusion amount is measured experimentally (see, Macro-
molecules 1993, 26, 5698-5703, whole contents of which is incorporated herein by reference).

<<Capping group>>

[0050] The capping group of the polyrotaxane according to the present invention is not limited, as long as the group
is located at both ends of a pseudopolyrotaxane, and the group has an action of preventing dissociation of a cyclic
molecule (s) from a linear molecule. The capping group may be selected from the group consisting of dinitrophenyl
groups; cyclodextrins; adamantane groups; trityl groups; fluoresceins; pyrenes; substituted benzenes (example of the
substituent may include, but are not limited to, alkyl, alkyloxy, hydroxy, halogen, cyano, sulfonyl, carboxyl, amino, phenyl
and the like. The substituent may be single orplural.); polycyclic aromatics whichmaybe substituted (examples of the
substituent may include, but are not limited to, those described above. The substituent may be single or plural.); and
steroids. Preferably, the capping group may be selected from the group consisting of dinitrophenyl groups; cyclodextrins;
adamantane groups; trityl groups; fluoresceins; and pyrenes, more preferably adamantane groups; or trityl groups.

«An ability to respond to an external stimulus»

[0051] The polyrotaxane according to the present invention has an ability to respond reversibly to an external stimulus.
[0052] The polyrotaxane according to the present invention can have an ability to respond reversibly to an external
stimulus where the polyrotaxane is reversibly transformed from an uncrosslinked state to a crosslinked state or from a
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crosslinked state to an uncrosslinked state, depending on the presence or the absence of the external stimulus. The
term "uncrosslinked state" used herein means a state where at least two molecules of the polyrotaxane are in an
uncrosslinked state, and the term "crosslinked state" used herein means a state where at least two molecules of the
polyrotaxane are crosslinked.
[0053] The external stimulus may include heat, pH, light, electric field, magnetic field and the like. The external stimulus
may be heat.
[0054] Further, the external stimulus may be heat, and the transition temperature from an uncrosslinked state to a
crosslinked state, or from a crosslinked state to an uncrosslinked state may be in the range of 5 to 90˚C, preferably 10
to 80˚C and more preferably 20 to 60˚C.
[0055] When the polyrotaxane according to the present invention has an ability to respond reversibly to an external
stimulus like this, in particular, the an ability to respond reversibly to heat, applications to materials such as cosmetics,
DDS (control of sustained release of drugs caused by the change of temperature, protection of wound site by making
use of volume contraction with the change of temperature), biosensors, actuators and the like are considered. Further,
fields of applications as well are varied by controlling the transition temperatures. For instance, a polyrotaxane trans-
forming from an uncrosslinked state to a crosslinked state at a body temperature may be applied to a material that may
effectively control a retention time of a drug in eyes of an eye lotion.

<Crosslinked Polyrotaxane via Physical Bond>

[0056] The polyrotaxane according to the present invention may have an ability to respond reversibly to an external
stimulus, where the polyrotaxane is reversibly transformed from an uncrosslinked state to a crosslinked state or from a
crosslinked state to an uncrosslinked state, depending on the presence or the absence of the external stimulus. Accord-
ingly, the polyrotaxane according to the present invention may provide a crosslinked polyrotaxane via physical bond
when at least two molecules of the polyrotaxane are crosslinked.
[0057] The "physical bond" used herein is a term used in comparison with the chemical bond, which is mainly made
of a covalent bond. The typical examples of the "physical bond" may include van der Waals bond, hydrogen bond,
hydrophobic interaction and the like. The physical bond has a feature capable of bonding molecules in a liquid.
[0058] The respective constituents of the crosslinked polyrotaxane formed via physical bond such as the cyclic molecule
and linear molecule have the same definitions as mentioned above.
[0059] The crosslinked polyrotaxane formed from the polyrotaxane according to the present invention or a material
having the crosslinked polyrotaxane has an ability to respond reversibly to an external stimulus, in particular, an ability
to respond reversibly to heat; and thus, applications to fields same as those mentioned above are expected.

<Crosslinked Polyrotaxane via Chemical Bond>

[0060] The polyrotaxane according to the present invention may provide a crosslinked polyrotaxane via chemical bond
(hereinafter, simply referred to as "chemically crosslinked PR" in some cases) by crosslinking the polyrotaxane and
other polymer via chemical bond. The present invention can provide a material having the chemically crosslinked PR
as well. In the chemically crosslinked PR according to the present invention, the respective constituents derived from a
polyrotaxane such as the cyclic molecule and linear molecule have the same definitions as mentioned above.
[0061] The chemically crosslinked PR is classified into two, depending on the other polymer: i) a case where the other
polymer is a polyrotaxane and ii) a case where the other polymer is a general polymer other than a polyrotaxane
(hereinafter, abbreviated as "general polymer"). Further, in the i) case where the other polymer is a polyrotaxane, there
are two kinds of a) a case where the polyrotaxane is the polyrotaxane according to the present invention and b) a case
where the polyrotaxane is a polyrotaxane other than the polyrotaxane according to the present invention.
[0062] The present invention is capable of providing both of these.
[0063] In particular, the polyrotaxane according to the present invention has high solubility; and thus, a choice of
solvent is expanded. As a result, the polyrotaxane according to the present invention is soluble in solvents that can not
be used in the existing polyrotaxane, that is, the compatibility with general polymers is improved. Accordingly, the present
invention may provide chemically crosslinked PR with a general polymer that has not been used previously.

<General Polymer>

[0064] In the chemically crosslinked PR according to the present invention, at least a part of the general polymers
may be crosslinked with a polyrotaxane according to the present invention. Inparticular, at least apart of the general
polymers may be crosslinked with a polyrotaxane according to the present invention to crosslink by bonding through a
cyclic molecule of the polyrotaxane according to the present invention. When crosslinking is formed through a cyclic
molecule, the cyclic molecule is able to move along a linear molecule, thereby various characteristics of the chemically



EP 2 123 681 A1

20

5

10

15

20

25

30

35

40

45

50

55

crosslinked PR are imparted.
[0065] At least a part of the general polymers in the chemically crosslinked polyrotaxane according to the present
invention may be physically and/or chemically crosslinked.
[0066] The weight ratio of the polyrotaxane to the general polymer ((polyrotaxane)/(general polymer)) may be 1/1000
or more, preferably 1/100 or more, more preferably 1/10.
[0067] The general polymer is not limited, and may have on a backbone chain or side chain at least one selected from
the group consisting of a -OH group, a -NH2 group, a -COOH group, an epoxy group, a vinyl group, a thiol group and a
photo-crosslinkable group. The photo-crosslinkable group may include, but is not limited to, cinnamic acid, coumarin,
chalcone, anthracene, styrylpyridine, styrylpyridinium salt, styrylquinolium salt and the like.
[0068] The general polymer may be a homopolymer or a copolymer. Two or more polymers may be present. In a case
where two or more polymers are present, at least one polymer may be bound to a polyrotaxane through a cyclic molecule.
In a case where the polymer of a material according to the present invention is a copolymer, it may be composed of
two, or three or more monomers. In the case of a copolymer, the copolymer may be one of a block copolymer, an
alternating copolymer, a random copolymer, a graft copolymer and the like.
[0069] Examples of the general polymer may include, but are not limited to, polyvinyl alcohol, polyvinylpyrrolidone,
poly(meth)acrylic acid, cellulose-based resins (carboxymethylcellulose, hydroxyethylcellulose, hydroxypropylcellulose
and the like), polyacrylamide, polyethylene oxide, polyethylene glycol, polypropylene glycol, polyvinyl acetal-based
resins, polyvinyl methyl ether, polyamine, polyethyleneimine, casein, gelatin, starch and the like and/or copolymers
thereof, polyolefin-based resins such as polyethylene, polypropylene, and copolymer resins with other olefinic monomers,
polyester resins, polyvinyl chloride resins, polystyrene-based resins such as polystyrene, acrylonitrile-styrene copolymer
resin and the like, acrylic resins such as polymethyl methacrylate, copolymer of (meth)acrylate, acrylonitrile-methyl
acrylate copolymer resin and the like, polycarbonate resins, polyurethane resins, vinyl chloride-vinyl acetate copolymer
resin, polyvinylbutyral resin and the like; and derivatives and modifications thereof, polyisobutylene, polytetrahydrofuran,
polyaniline, acrylonitrile-butadiene-styrene copolymer (ABS resin), polyamides such as nylon and the like, polyimides,
polydienes such as polyisoprene, polybutadiene and the like, polysiloxanes such as polydimethylsiloxane and the like,
polysulfones, polyimines, polyacetic anhydrides, polyureas, polysulfides, polyphosphazenes, polyketones, polyphen-
ylenes, polyhaloolefins, and derivatives thereof. The derivatives may contain the above-described group, i.e., at least
one selected from the group consisting of a -OH group, a -NH2 group, a -COOH group, an epoxy group, a vinyl group,
a thiol group and a photo-crosslinkable group.
[0070] The chemically crosslinked PR according to the present invention, in particular ii)-a, that is the chemically
crosslinked PR that uses the polyrotaxane according to the present invention as the other polymer that forms chemical
crosslink is capable of having characteristics shown below. «Characteristics of Chemically Crosslinked PR-Transmit-
tance, Extension Ratio and Young’s Modulus»
[0071] The chemically crosslinked PR according to the present invention may have high transmittance. Specifically,
the chemically crosslinked PR according to the present invention may have the transmittance of 90%/mm or more,
preferably 95%/mm or more and more preferably 98%/mm or more in a wavelength from 400 to 800 nm.
[0072] Further, the chemically crosslinked PR according to the present invention may provide an extension ratio in
the range of 100 to 1500%, preferably of 200% or more, more preferably of 300% or more, still more preferably 600%
or more, most preferably of 1000% or more.
[0073] More, the chemically crosslinked PR according to the present invention may have the transmittance of 90%/mm
or more, preferably 95%/mm or more, more preferably 98%/mm or more in a wavelength from 400 to 800 nm and an
extension ratio of 300% or more, preferably 600% or more, more preferably of 1000% or more.
[0074] Further, the chemically crosslinked PR according to the present invention may provide not only high transmit-
tance and high extension ratio but also high Young’s modulus. For instance, the chemically crosslinked PR according
to the present invention may provide the Young’s modulus such high as 10 kPa or more.
[0075] Accordingly, the present invention may provide chemically crosslinked PR that is capable of simultaneously
satisfying three of transmittance, extension ratio and Young’s modulus.

<<Characteristics of Chemically Crosslinked PR - External Stimulus Response ->>

[0076] The chemically crosslinked PR according to the present invention may reversibly vary in an optical property
and/or swelling-contraction characteristics, depending on the presence or the absence of an external stimulus.
[0077] In particular, the optical property and/or swelling-contraction characteristics may reversibly vary when the
external stimulus is heat and a temperature is from 5 to 90˚C, preferably from 10 to 80˚C and more preferably from 20
to 60˚C.
[0078] Herein, the optical property may be transparence of the crosslinked polyrotaxane. The term "transparence"
means that the transmittance of the crosslinked polyrotaxane is 90%/mm or more, preferably 95%/mm or more, more
preferably 98%/mm or more in a wavelength from 400 to 800 nm.
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[0079] The swelling-contraction characteristics may be a change of an amount of a contained solvent caused by
absorption and/or release of the solvent by the crosslinked polyrotaxane. That is, the swelling-contraction characteristics
may be defined by normalizing a volume change when the crosslinked polyrotaxane swells and contracts by an amount
of solvent contained in the crosslinked polyrotaxane. In brief, the swelling-contraction characteristics of the crosslinked
polyrotaxane can be normalized by a content of a solvent contained in the crosslinked body, that is, water content =
(weight of hydrogel) / (weight of dry gel).
[0080] The above-described chemically crosslinked PR having an ability to respond to an external stimulus or a
material comprising the chemically crosslinked PR can be applied to materials such as materials for cosmetics, that is,
materials in which effective ingredient release can be effectively controlled at a body temperature.
[0081] Further, by controlling the transition temperature variously, the crosslinked body according to the present
invention may be used in DDS (such as control of sustained release of drugs caused by temperature variation and
protection of wound site by making use of volume contraction caused by the temperature variation), above-mentioned
cosmetic materials, biosensors and actuators.
[0082] When a transition speed at the transition temperature is variously controlled, a sustained release speed in the
DDS and an effective ingredient release speed in the cosmetic materials may be controlled. In the present invention,
the transition temperature and/or transition speed may be controlled by variously combining substances constituting the
chemically crosslinked PR such as a cyclic molecule, a linear molecule, a functional group represented by formula I and
a functional group represented by formula II, and the like.
[0083] A polyrotaxane according to the present invention, a physically crosslinked body formed via physical bond of
at least two molecules of the polyrotaxane and a chemically crosslinked PR as well as materials comprising them can
be produced according to the methods shown below.

<Producing Method of Polyrotaxane according to the present invention>

[0084] A polyrotaxane according to the present invention may be produced as shown below:

The method comprises:

1) a step of preparing a pseudopolyrotaxane;
2) a step of capping each of both ends of the resulting pseudopolyrotaxane with capping groups to prepare a
polyrotaxane; and
3) a step of substituting a part of hydroxyl groups of a cyclic molecule with a functional group,

wherein the step of substituting with the functional group is carried out

A) before 1) the step of preparing a pseudopolyrotaxane and/or,
B) after 2) the step of capping to prepare a polyrotaxane; thereby
to obtain a polyrotaxane according to the present invention.

[0085] In this regard, the cyclic molecule may be a molecule having a hydroxyl group. Further, the other substances
constituting a polyrotaxane, such as the linear molecule, the capping group and the like can be used in the same way
as mentioned above.
[0086] For 1) the step of preparing a pseudopolyrotaxane, various existing methods may be used. For instance,
WO2005/052026 and WO2005/08469 maybe referenced and these are incorporated herein by reference.
[0087] For 2) the step of capping to prepare a polyrotaxane as well, in a manner similar to 1) the step of preparing a
pseudopolyrotaxane, various existing methods may be used. For instance, WO2005/052026 and WO2005/08469 may
be referenced and these are incorporated herein by reference.

3) The step of substituting is a step of substituting a part of hydroxyl groups of a cyclic molecule with the functional
group. The step may be carried out A) before 1) the step of preparing a pseudopolyrotaxane and/or B) after 2) the
step of capping to prepare a polyrotaxane, and preferably carried out after 2) the step of capping to prepare a
polyrotaxane.

[0088] In the step of substituting, a step of introducing a functional group represented by formula I may be carried out

X) before a step of introducing any one of the functional groups represented by formula II;
Y) after a step of introducing any one of the functional groups represented by formula II; or
Z) simultaneously with the step of introducing any one of the functional groups represented by formula II, and
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preferably Y) after a step of introducing any one of the functional groups represented by formula II.

[0089] More specifically, 3) the step of substituting may be carried out under the conditions shown below. For instance
when the 3) the step of substituting is carried out after the 2) step of preparing polyrotaxane and an acetyl group is used
as a functional group represented by formula I, dimethylacetamide, acetic anhydride or triethylamine may be used as
the solvent at a temperature of 25˚C.
[0090] Further, when a functional group represented by formula II, in particular a functional group represented by
formula II-2 such as a hydroxypropyl group is introduced after the functional group of the formula I is introduced, an
aqueous solution of sodium hydroxide or oxidized propylene may be used as a solvent at a temperature of 25˚C.

<Producing Method of Physically Crosslinked Body>

[0091] A physically crosslinked body formed via physical bond of at least two molecules of the above-obtained poly-
rotaxane can be produced as follows:

A physically crosslinked body can be produced according to a method comprising:

4) a step of dissolving at least two molecules of the resulting polyrotaxane in a solvent; and
5) a step of imparting an external stimulus to the at least two molecules of the polyrotaxane in the solvent to
physically crosslink the polyrotaxane via physical bond.

[0092] In the 4) step of dissolving, a solvent is not particularly restricted as far as it dissolves a polyrotaxane. The
solvent may be a hydrophilic solvent such as water.
[0093] The 5) step of physically crosslinking is a step of imparting an external stimulus. As the external stimulus, those
cited above may be cited, heat being particularly preferable.

<Producing Method of Chemically Crosslinked PR>

[0094] A chemically crosslinked PR can be produced as shown below with the resulting polyrotaxane described above:

A chemically crosslinked PR is obtained by including a step of crosslinking 4) the resulting first polyrotaxane and a
first polymer via chemical bond.

[0095] Herein, the step of chemically crosslinking depends on a polymer used, a polyrotaxane used (such as a
functional group represented by formula I used, a functional group represented by formula II used) and the like. The
step of chemically crosslinking may be carried out through G) a crosslinking reaction owing to an addition of a crosslinking
agent or H) a photo-crosslinking reaction where a photo-reactive group contained in the first polyrotaxane is irradiated
with light.
[0096] In a case where G) a crosslinking reaction is caused by addition of a crosslinking agent, examples of the
crosslinking agent may include, but are not limited to, cyanuric chloride, trimesoyl chloride, terephthaloyl chloride, ep-
ichlorohydrin, dibromobenzene, glutaraldehyde, aliphatic polyfunctional isocyanate, aromatic polyfunctional isocyanate,
tolylene diisocyanate, hexamethylene diisocyanate, divinyl sulfone, 1,1’-carbonyldiimidazole, alkoxysilanes and deriv-
atives thereof.
[0097] In a case where H) photo-irradiation is used, the polyrotaxane comprises the function group represented by
formula II-6, and the photo-reactive group of the function group is a group having an unsaturated bond, the photo-
crosslinking reaction is initiated by means of photo-irradiation and a reaction initiator to generate bindings between the
groups each having the unsaturated bond. In this case, a reaction initiator may be present in the reaction field. Alterna-
tively, in a case where the photo-reactive group is a photosensitive group, the photo-crosslinking reaction is initiated by
photo-irradiation to generate bindings between photosensitive groups without using a reaction initiator.
[0098] The reaction initiator may be at least one selected from the group consisting of quinones, aromatic ketones,
benzoin, benzoin ethers, biimidazole compounds and derivatives thereof, N-phenylglycines, combinations of thioxan-
thones and alkylaminobenzoic acid, combinations of biimidazole compounds and derivatives thereof and Michler’s
ketones, acridines, and oxime esters. Specifically, the reaction initiator may be quinones such as 2-ethylanthraquinone,
octaethylanthraquinone, 1,2-benzanthraquinone, 2,3-benzanthraquinone, 2-phenylanthraquinone, 2,3-diphenylan-
thraquinone, 1-chloroanthraquinone, 1,4-naphthoquinone, 9,10-phenanthraquinone, 2-methyl-1,4-naphthoquinone, 2,3-
dimethylanthraquinone, 3-chloro-2-methylanthraquinone and the like; aromatic ketones such as benzophenone, Mich-
ler’s ketone[4,4’-bis(dimethylamino)benzophenone], 4,4’-bis(diethylamino)benzophenone and the like; benzoin ethers
such as benzoin, benzoinethyl ether, benzoinphenyl ether, methylbenzoin, ethylbenzoin and the like; biimidazole com-
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pounds and derivatives thereof such as benzyldimethyl ketal, benzyldiethyl ketal, triarylimidazolyl dimers and the like;
N-phenylglycines such as N-phenylglycine, N-methyl-N-phenylglycine, N-ethyl-N-phenylglycine and the like; combina-
tions of thioxanthones and alkylamine benzoic acid such as a combination of ethylthioxanthone and ethyl dimethylami-
nobenzoate, a combination of 2-chlorothioxanthone and ethyl dimethylaminobenzoate, a combination of isopropylthi-
oxanthone and ethyl dimethylbenzoate, and the like; combinations of biimidazole compounds such as triarylimidazolyl
dimers and derivatives thereof and Michler’s ketone; acridines such as 9-phenylacridine and the like; and oxime esters
such as 1-phenyl-1,2-propanedione-2-o-benzoineoxime, 1-phenyl-1,2-propanedione-2-(o-ethoxycarbonyl)oxime and
the like. Preferably, the reaction initiator may be thioxanthones such as diethylthioxanthone, chlorothioxanthone and
the like; dialkylaminobenzoate esters such as ethyl dimethylaminobenzoate and the like; benzophenone, 4,4’-bis(dimeth-
ylamino)benzophenone, 4,4’-bis(diethylamino)benzophenone; biimidazole compounds such as triarylimidazolyl dimers
and derivatives thereof; 9-phenylacridine, N-phenylglycines; and combinations thereof. Furthermore, the biimidazole
compounds such as triarylimidazolyl dimers and derivatives thereof may include, for example, 2-(o-chlorophenyl)-4,5-
diphenylimidazolyldimers, 2,2’,5-tris-(o-chlorophenyl)-4-(3,4-dimethoxyphenyl)-4’,5’-diphenylimidazolyl dimers,
2,4-bis-(o-chlorophenyl)-5-(3,4-dimethoxyphenyl)-diphenylim idazolyl dimers,
2,4,5-tris-(o-chlorophenyl)-diphenylimidazolyl dimers,2-(o-chlorophenyl)-bis-4,5-(3,4-dimethoxyphenyl)-imidazolyl dim-
ers,
2,2’-bis-(2-fluorophenyl)-4,4’,5,5’-tetrakis-(3-methoxyphen yl)-imidazolyl dimers,
2,2’-bis-(2,3-difluoromethylphenyl)-4,4’,5,5’-tetrakis-(3-m ethoxyphenyl)-imidazolyl dimers,
2,2’-bis-(2,4-difluorophenyl)-4,4’,5,5’-tetrakis-(3-methoxy phenyl)-imidazolyl dimers,
2,2’-bis-(2,5-difluorophenyl)-4,4’,5,5’-tetrakis-(3-methoxy phenyl)-imidazolyl dimers,
2,2’-bis-(2,6-difluorophenyl)-4,4’,5,5’-tetrakis-(3-methoxy phenyl)-imidazolyl dimers,
2,2’-bis-(2,3,4-trifluorophenyl)-4,4’,5,5’-tetrakis-(3-meth oxyphenyl)-imidazolyl dimers,
2,2’-bis-(2,3,5-trifluorophenyl)-4,4’,5,5’-tetrakis-(3-meth oxyphenyl)-imidazolyl dimers,
2,2’-bis-(2,3,6-trifluorophenyl)-4,4’,5,5’-tetrakis-(3-meth oxyphenyl)-imidazolyl dimers,
2,2’-bis-(2,4,5-trifluorophenyl)-4,4’,5,5’-tetrakis-(3-meth oxyphenyl)-imidazolyl dimers,
2,2’-bis-(2,4,6-trifluorophenyl)-4,4’,5,5’-tetrakis-(3-meth oxyphenyl)-imidazolyl dimers,
2,2’-bis-(2,3,4,5-tetrafluorophenyl)-4,4’,5,5’-tetrakis-(3-methoxyphenyl)-imidazolyl dimers,
2,2’-bis-(2,3,4,6-tetrafluorophenyl)-4,4’,5,5’-tetrakis-(3-methoxyphenyl)-imidazolyl dimers,
2,2’-bis-(2,3,4,5,6-pentafluorophenyl)-4,4’,5,5’-tetrakis-( 3-methoxyphenyl)-imidazolyl dimers, and the like.
[0099] The present invention will be illustrated more specifically by way of following Examples, but is not limited thereby.

Example 1:

<1-1. (Synthesis of Hydroxypropylated Polyrotaxane, substitution rate 48%>

[0100] Adamantane polyrotaxane (hereinafter, abbreviated as "APR") made of polyethylene glycol (average molecular
weight: 35,000) as a linear molecule and an adamantane group as a capping group was prepared in a manner similar
to a method described in WO2005/080469.
[0101] In a three-neck flask, α-cyclodextrin (hereinafter, abbreviated as "α-CD" in some cases) as a cyclic molecule
and 200 g of APR were dissolved in 1 L of an aqueous solution of 1.5N NaOH, followed by dropping 400 g of propylene
oxide therein over 4 hours (solution temperature: 30˚C or lower). The solution was stirred for 20 hours with a vessel
hermetically sealed, followed by neutralizing with 6N hydrochloric acid. The solution was dialyzed with a dialysis tube
(fraction molecular weight: 12, 000) for 48 hours in flowing tap water. The resulting solution was further dialyzed for 3
hours twice in purified water. The resulting solution was freeze dried and a yield of resulting hydroxypropylated APR
(hereinafter, abbreviated as "HAIR" in some cases) was 240 g (α-CD incorporation amount: 0.27).
[0102] The rate of hydroxypropyl substitution was substantially 48% by 1H-NMR. A weight-average molecular weight
Mw was 120,000 and a molecular weight distribution Mw/Mn was 1.3 by GPC. As the result of a thermal analysis by
TG/DTA, a decomposition temperature was 350˚C (in air).
1H-NMR, (DMSO-d6, 400MHz), δ (ppm) 1.0 (s, 1.1H), 3.0-4.0 (m, 3. 6H), 4.0-6.0(m, 1H).

<1-2. Synthesis of Acetylated body of HAPR; H = 48%; E2 = 8%>

[0103] 3.0 g of HAPR (degree of hydroxypropylation: 48%) prepared in the above 1-1 was dissolved in 45 ml of
dehydrated N,N’-dimethylacetoamide (DMA). Thereto, 0.6 ml of triethylamine and 0 .28 ml of acetic anhydride (10% by
mol relative to the number of hydroxyl groups of HAPR) were sequentially added, followed by reaction for 5 hr. Thereafter,
the solution was dropped in 360 ml of hexane and a precipitate was dialyzed by a dialysis tube (fraction molecular weight:
12,000) for 24 hours in flowing tap water. The dialysis was further performed twice in purified water for 3 hours. By
freeze-drying the precipitate, 3.0 g of a product (acetylated substance of HAPR. Hereinafter, "acetylated substance of
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HAPR" is generally abbreviated as "E2-HAPR" in some cases) was obtained. An weight-average molecular weight Mw
thereof was 150,000 and a molecular weight distribution Mw/Mn was 1.2 by GPC. As the result of a thermal analysis by
TG/DTA, a decomposition temperature was 346˚C (in air). The degree of acetylation relative to a total number of hydroxyl
groups, that is, the degree of acetylation with the number of hydroxyl groups derived from α-CD normalized to 100%
by 1H-NMR, was 8%. Hereinafter, in some cases, the degree of hydroxypropylation and degree of acetylation are
abbreviated simply as "H" and "E2", respectively. Regarding E2-HAPR obtained in Example 1, H was 48% and E2 was 8%.
1 H-NMR, (DMSO-d6, 400MHz), δ (ppm) 1.0(ds,1.0H),2.0(ds, 0.18H), 3.0-4.0(m, 3.2H), 4.0-6.0(m, 0.89H).

Example 2:

<Synthesis of E2-HAPR; H = 48%, E2 = 18%>

[0104] E2-HAPR was prepared in a manner similar to a method of Example 1, except that an amount of triethylamine
and an amount of acetic anhydride in Example 1-2 were changed to 1.2 ml and 0.556 ml (20% by mol relative to the
number of hydroxyl groups of HAPR), respectively. The resulting product was 3.0 g. A weight-average molecular weight
Mw was 140,000 and a molecular weight distribution Mw/Mn was 1.3 by GPC. The degree of acetylation relative to a
total number of hydroxyl groups by 1H-NMR was 18% (H = 48% and E2 = 18%).
1H-NMR, (DMSO-d6, 400MHz), δ (ppm) 1.0(ds, 1.0H), 2. 0 (ds, 0.37H), 3.0-6.4(m, 4.3H).

Example 3:

<Synthesis of E2-HAPR; H = 48%, E2 = 35%>

[0105] E2-HAPR was prepared in a manner similar to a method of Example 1, except that an amount of triethylamine
and an amount of acetic anhydride in Example 1-2 were changed to 2.4 ml and 1.1 ml (40% by mol relative to the number
of hydroxyl groups of HAPR), respectively. The resulting product was 3.3 g. A weight-average molecular weight Mw
was 140,000 and a molecular weight distribution Mw/Mn was 1.2 by GPC. The degree of acetylation relative to a total
number of hydroxyl groups by 1H-NMR was 35% (H = 48% and E2 = 35%).
1H-NMR, (DMSO-d6, 400MHz), δ (ppm) 1.0(ds,1.0H), 2. 0 (ds, 0.73H), 3.0-6.4(m, 4.3H).

Example 4:

<Synthesis of E2-HAPR; H = 48%, E2 = 47%>

[0106] E2-HAPR was prepared in a manner similar to a method of Example 1, except that an amount of triethylamine
and an amount of acetic anhydride in Example 1-2 were changed to 2.4 ml and 1.4 ml (50% by mol relative to the number
of hydroxyl groups of HAPR), respectively. The resulting product was 3.1 g. A weight-average molecular weight Mw
was 150,000 and a molecular weight distribution Mw/Mn was 1.3 by GPC. The degree of acetylation relative to a total
number of hydroxyl groups by
1H-NMR was 47% (H = 48% and E2 = 47%).
1H-NMR, (DMSO-d6, 400MHz), δ (ppm) 1.0(ds,1.0H), 2. 0 (ds, 0.97H), 3.0-6.4(m, 4.2H).

Example 5:

<Synthesis of E2-HAPR; H = 48%, E2 = 79%>

[0107] E2-HAPR was prepared in a manner similar to a method of Example 1, except that 0.6 ml of triethylamine in
Example 1-2 was changed to 7.2 ml of pyridine and an amount of acetic anhydride in Example 1-2 was changed to and
1.1 ml. The resulting product was 3.8 g. A weight-average molecular weight Mw was 170,000 and a molecular weight
distribution Mw/Mn was 1.3 by GPC. As the result of a thermal analysis by TG/DTA, a decomposition temperature was
343˚C (in air). The degree of acetylation relative to a total number of hydroxyl groups was 79% (H = 48% and E2 = 79%).
1H-NMR, (DMSO-d6, 400MHz), δ(ppm) 1.0(s, 1.0H), 2.0(s, 1.7H), 3.0-6.4(m, 3.8H).

Example 6:

<6-1. Synthesis of HAPR; H = 9%>

[0108] HAPR was prepared in a manner similar to a method of Example 1-1, except that amounts of APR, NaOH
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aqueous solution and propylene oxide were changed to 50 g, 250 g and 15 g, respectively. A weight-average molecular
weight Mw was 110,000 and a molecular weight distribution Mw/Mn was 1.3 by GPC. As the result of a thermal analysis
by TG/DTA, a decomposition temperature was 300˚C (in air). The degree of hydroxypropylation relative to a total number
of hydroxyl groups by 1H-NMR was about 9%.
1H-NMR, (DMSO-d6, 400MHz), δ(ppm) 1.0(s, 0.21H), 3.0-4.0(m, 2.9H), 4.0-6.0(m, 1H).

<6-2. Synthesis of E2-HAPR; H = 9%; E2 = 40%>

[0109] 3.0 g of HAPR (H= 9%) prepared in the above 6-1 was dissolved in 45 ml of dehydrated DMA. Thereto, 2.9 ml
of triethylamine and 2.0 ml of acetic anhydride were sequentially added, followed by reaction for 5 hr. Thereafter, the
solution was dropped in 360 ml of hexane and a precipitate was dialyzed by a dialysis tube (fraction molecular weight:
12, 000) for 24 hours in flowing tap water. The dialysis was further performed twice in purified water for 3 hours. By
freeze-drying the precipitate, 3.0 g of a product was obtained. An weight-average molecular weight Mw thereof was
130,000 and a molecular weight distribution Mw/Mn was 1.3 by GPC. The degree of acetylation relative to a total number
of hydroxyl groups by 1H-NMR was 40% (H = 9%; E2 = 40%). 1H-NMR, (DMSO-d6, 400MHz), δ(ppm) 1.0(ds, 1.0H),
2.0(s, 4.6H), 3.0-6.4(m, 19.3H).

Example 7:

<7-1. Synthesis of HAPR; H = 25%>

[0110] HAPR was prepared in a manner similar to a method of Example 1-1, except that amounts of APR, 1.5 N NaOH
aqueous solution and propylene oxide were changed to 50 g, 250 g and 45 g, respectively. A weight-average molecular
weight Mw was 110,000 and a molecular weight distribution Mw/Mn was 1.3 by GPC. As the result of a thermal analysis
by TG/DTA, a decomposition temperature was 328˚C (inair). The degree of hydroxypropylation relative to a total number
of hydroxyl groups by 1H-NMR was about 25% (H = 25%).
1H-NMR, (DMSO-d6, 400MHz), δ(ppm) 1.0(s, 0.56H), 3.0-4.0(m, 3.3H), 4.0-6.0(m, 1H).

<7-2. Synthesis of E2-HAPR; H = 25%; E2 = 40%>

[0111] 3.0 g of HAPR (H = 25%) prepared in the above 7-1 was dissolved in 45 ml of dehydrated DMA. Thereto, 2.9
ml of triethylamine and 2.0 ml of acetic anhydride were sequentially added, followed by reaction for 5 hr. Then, the
solution was dropped in 360 ml of hexane and a precipitate was dialyzed by a dialysis tube (fraction molecular weight:
12,000) for 24 hours in flowing tap water. The dialysis was further performed twice in purified water for 3 hours, followed
by freeze-drying the precipitate, to prepare E2-HAPR. 3.0 g of a product was obtained. An weight-average molecular
weight Mw thereof was 120,000 and a molecular weight distribution Mw/Mn was 1.3 by GPC. The degree of acetylation
relative to a total number of hydroxyl groups by 1H-NMR was 40% (E2 = 40%).
1H-NMR, (DMSO-d6, 400MHz), δ(ppm) 1.0(ds, 1.0H), 2. 0 (ds, 1.6H), 3.0-6.4(m, 7.2H).

Example 8:

<8-1. Synthesis of HAPR; H = 63%>

[0112] HAPR was prepared in a manner similar to a method of Example 1-1, except that amounts of APR, NaOH
aqueous solution and propylene oxide were changed to 50 g, 250 g and 150 g, respectively. A weight-average molecular
weight Mw was 130,000 and a molecular weight distribution Mw/Mn was 1.4 by GPC. The degree of hydroxypropylation
relative to a total number of hydroxyl groups by 1H-NMR was about 63% (H = 63%).
1H-NMR, (DMSO-d6, 400MHz), δ(ppm) 1.0 (s, 1.4H), 3.0-4.0 (m, 4.1H), 4.0-6.0(m, 1H).

<8-2. Synthesis of E2-HAPR; H = 63%; E2 = 40%>

[0113] 2.0 g of HAPR (H = 63%) prepared in the above item 8-1 was dissolved in 30 ml of dehydrated DMA. Thereto,
1.3 ml of pyridine and 1.3 ml of acetic anhydride were sequentially added, followed by reaction for 5 hr. Then, the solution
was dropped in 240 ml of hexane and a precipitate was dialyzed by a dialysis tube (fraction molecular weight: 12, 000)
for 24 hours in flowing tap water. The dialysis was further performed twice in purified water for 3 hours, followed by
freeze-drying the precipitate, to prepare E2-HAPR. 2.1 g of a product was obtained. An weight-average molecular weight
Mw thereof was 140,000 and a molecular weight distribution Mw/Mn was 1.3 by GPC. The degree of acetylation relative
to a total number of hydroxyl groups by 1H-NMR was 40%.
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1H-NMR, (DMSO-d6, 400MHz), δ(ppm) 1.0(ds, 1.0H), 2.0(s, 0.64H), 3.0-6.4(m, 3.4H).

Example 9:

<Synthesis of E3-HAPR; H = 48%; E3 = 27%>

[0114] 3.0 g of HAPR (H = 48%) prepared in the above item 1-1 in Example 1 was dissolved in 45 ml of dehydrated
DMA. Thereto, 2.0 ml of triethylamine and 1.9 ml of propionic anhydride were sequentially added, followed by reaction
for 5 hr. Then, the solution was dropped in 360 ml of hexane and a precipitate was dialyzed by a dialysis tube (fraction
molecular weight: 12,000) for 24 hours in flowing tap water. The dialysis was further performed twice in purified water
for 3 hours, followed by freeze-drying the precipitate, to obtain propionated HAPR (as described above, "propionated
HAPR" is abbreviated as "E3-HAPR" in some cases). 2.9 g of a product was obtained. An weight-average molecular
weight Mw thereof was 140,000 and a molecular weight distribution Mw/Mn was 1.2 by GPC. The degree of propionylation
relative to a total number of hydroxyl groups by 1H-NMR was 27% (H = 48%; E3 = 27%).
1H-NMR, (DMSO-d6, 400MHz), δ(ppm) 1.0(s, 1.0H), 2.0(s, 0.31H), 3.0-6.4(m, 2.2H).

Example 10:

<10-1. Synthesis of 1,2-dihydroxypropylated Polyrotaxane>

[0115] APR was prepared in a manner similar to Example 1. In a three-neck flask, α-CD, polyethylene glycol and 50
g of APR were dissolved in 250 ml of an aqueous solution of 1.5N NaOH and 125 g of glycidol was dropped therein
over 1 hours (a solution temperature was set at 30˚C or less). The solution was stirred for 20 hours with the vessel
hermetically sealed, followed by neutralizing with hydrochloric acid. The solution was dialyzed with a dialysis tube (fraction
molecular weight: 12,000) for 48 hours in flowing tap water. The resulting solution was further dialyzed twice in purified
water for 3 hours. The resulting solution was freeze dried, to obtain 1,2-dihydroxypropylated APR (hereinafter, simply
abbreviated as "GAPR") (yield: 59 g). The substitution rate of 1,2-dihydroxypropyl (hereinafter, simply referred to as
"G") to a total number of hydroxyl groups was substantially 42% by 1H-NMR (G: 42%). A weight-average molecular
weight Mw was 130,000 and a molecular weight distribution Mw/Mn was 1.3 by GPC. As the result of a thermal analysis
by TG/DTA, a decomposition temperature was 331˚C (in air).
1H-NMR, (DMSO-d6, 400MHz), δ(ppm) 3.0-4.0(m, 3.3H), 4.0-6.4(m, 1.0H).

<Synthesis of E3-GAPR; G = 42%; E2 = 49%>

[0116] 2.0 g of GAPR (G = 42%) prepared in the above item 10-1 was dissolved in 30 ml of dehydrated DMA. Thereto,
2.0 ml of triethylamine and 1.9 ml of acetic anhydride were sequentially added, followed by reaction for 5 hr. Then, the
solution was dropped in 360 ml of hexane and a precipitate was dialyzed by a dialysis tube (fraction molecular weight:
12,000) for 24 hours in flowing tap water. The dialysis was further performed for 3 hours twice in purified water, followed
by freeze-drying the precipitate, to obtain acetylated GAPR (as described above, "acetylated GAPR" is simply abbreviated
as "E2-GAPR"). 2.5 g of a product was obtained. An weight-average molecular weight Mw thereof was 150,000 and a
molecular weight distribution Mw/Mn was 1.3 by GPC. The degree of acetylation relative to a total number of hydroxyl
groups by 1H-NMR was 49% (G = 42%; E2 = 49%).
1H-NMR, (DMSO-d6, 400MHz), δ(ppm) 2.0(s, 1.0H), 3.0-6.4(m, 3.1H).

Example 11:

<Synthesis of E2 + Photoreactive Group-HAPR>

[0117] 3.0 g of HAPR prepared in 1-1 of Example 1 (rate of hydroxypropylation: 48%) was dissolved in 45 ml of
dehydrated DMA, followed by adding 0.06 ml of acryloyloxyethyl isocyanate (manufactured by SHOWA DENKO K. K.)
and reacting for 3 hr, further followed by adding 2.2 ml of triethylamine and 1.40 ml of acetic anhydride and further
reacting for 5 hr. Thereafter, the solution was dropped in 360 ml of hexane and the resulting precipitate was dialyzed
with a dialysis tube (fraction molecular weight: 12,000) for 24 hours in flowing tap water. The precipitate was further
dialyzed twice each for 2 hours in purified water. The precipitate was freeze-dried and thereby (E2 + photoreactive
group-HAPR) obtained by further acetylating and acryloyloxyethyl-carbamating (photoreactive group) hydroxypropylated
α-CD of HAPR were prepared. The resulting product was 3.2 g. The rate of acetylation to a total number of hydroxyl
groups was 16% and the substitution rate of acryloyloxyethyl carbamate groups by 1H-NMR was substantially 2%.
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Comparative Example 1:

[0118] HAPR having the substitution rate of 48% with hydroxypropyl groups was prepared in a manner similar to 1-1
of Example 1.

Comparative Example 2:

[0119] GAPR having the substitution rate of 42% with 1, 2-dihydroxypropyl groups was prepared in a manner similar
to 10-1 of Example 10.

Comparative Example 3:

[0120] The APR was only acetylated in a manner similar to that of 6-2 of Example 6. That is, E2-APR was obtained
by acetylating α-CD in a manner similar to 6-2 of Example 6 except that, in 6-2 of Example 6, 3.0 g of APR was used
in place of 3.0 g of HAPR (H = 9%), 1.9 ml of acetic anhydride was used in place of 2.0 ml of acetic anhydride and 1.8
g of lithium chloride was used. When the rate of acetylation was measured in a manner similar to 6-2 of Example 6, E2
was 40%.

Comparative Example 4:

[0121] According to a method described in Patent Document 2, OH groups of α-CD of APR were methylated. The
rate of methylation was 95% (M = 95%). Hereinafter, the resulting methylated APR is abbreviated as "MAPR" in some
cases.

Comparative Example 5:

[0122] Of the HAPR (H = 48%) obtained in 1-1 of Example 1, OH groups were further methylated according to a
method described in Patent Document 2. The rate of methylation was 98%. Hereinafter, the resulting methylated HAPR
is abbreviated as "MHAPR" in some cases.
[0123] The polyrotaxanes obtained in Examples 1 to 11 and Comparative Examples 1 to 5 are summarized in Table 1.

Table 1. Polyrotaxanes obtained in Examples 1-11 and Comparative Examples 1-5

First Substitution Second Substitution Abbreviation

Ex. 1 H = 48 % E2 = 8 % E2-HAPR (H=48,E2=8)

Ex. 2 H = 48 % E2 = 18 % E2-HAPR (H=48, E2=18)

Ex. 3 H = 48 % E2 = 35 % E2-HAPR (H=48, E2=35)

Ex. 4 H = 48 % E2 = 47 % E2-HAPR (H=48, E2=47)

Ex. 5 H = 48 % E2 = 79 % E2-HAPR (H=48, E2=79)

Ex. 6 H = 9 % E2 = 40 % E2-HAPR (H=9, E2=40)

Ex. 7 H = 25 % E2 = 40 % E2-HAPR (H=25, E2=40)

Ex. 8 H = 63 % E2 = 40 % E2-HAPR (H=63, E2=40)

Ex. 9 H = 48 % E3 = 27 % E3-HAPR (H=48, E3=27)

Ex. 10 G = 42 % E2 = 49 % E2-GAPR (G=42, E2=49)

Ex. 11 H = 48 % E2 = 16 % Photo-crosslinking Group 2% E2+photo-HAPR (H=48, E2=8)

Comp. Ex. 1 H = 48 % - HAPR (H=48)

Comp. Ex. 2 G = 42 % - GAPR (G=42)

Comp. Ex. 3 E2 = 40 % - E2-APR (E2=40)

Comp. Ex. 4 M = 95 % - MAPR (M=95)

Comp. Ex. 5 H = 48 % M = 98 % MHAPR (H=48, M=98)
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<A. Solubility of Various Polyrotaxanes in Various Solvents>

<<A-1. Case where Substitution Rates of Hydroxypropyl groups in First Substitution are same>>

[0124] The solubility was compared between cases where a first substitution was hydroxypropylation and the substi-
tution rates thereof were constant (H = 48%). Specifically, regarding Examples 1 to 5, 9 and 11, and Comparative
Example 1, the solubility was compared between various solvents. The results are shown in Table 2. In Table 2, when
0. 02 g of each of the polyrotaxanes was added as a solute in 1 ml of a solvent followed by stirring for 2 hr, a case where
the polyrotaxane was dissolved is marked with s, a case where a residue was found is marked with n, and a case
where the polyrotaxane was not dissolved is marked with 3.
[0125] Table 2 shows that as the acetylation rate becomes higher (a value of E2 becomes larger), the solubility of E2-
HAPR in a halogen-based solvent such as dichloroethane or dichloromethane increases. Furthermore, it is found that,
in Example 9 where the second substitution was propionylation (E3), the polyrotaxane was dissolved in all solvents
described in Table 2 except for water.
[0126] The results show that the polyrotaxane according to the present invention exhibits improved solubility to various
solvents. Further, as the result of improvement in the solubility, a solvent for dissolving the polyrotaxane is chosen more
widely.

«A-2. Case where Acetyl Substitution Rates in Second Substitution are same»

[0127] The solubility was compared between cases where a second substitution was acetylation and the substitution
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rates thereof were constant (E2 = 40%). Specifically, regarding Examples 6 to 8 and Comparative Example 3, the
solubility was compared among various solvents. The substitution in comparative Example 3 was only with acetylation.
The results are shown in Table 3. Marks "s", "n" and "3" in Table 3 have meanings same as that in A-1.
[0128] Table 3 shows that as the hydroxypropylation rate becomes higher (a value of H becomes larger), the solubility
of E2-HAPR in water, halogen-based solvent (such as dichloroethane or dichloromethane), ketone-based solvents (such
as acetone, methyl ethyl ketone, cyclohexanone) and low molecular weight PEG (molecular weight: 300) increases.
[0129] The results show that the polyrotaxane according to the present invention exhibits improved solubility in various
solvents. Further, as the result of improvement in the solubility, a solvent for dissolving the polyrotaxane is chosen more
widely.

<<A-3. Cases where First Substitution is

1,2-dihydroxypropylation>>

[0130] The solubility was compared between cases where the first substitution was 1,2-dihydroxypropylation and the
substitution rates were constant (G = 42%). Specifically, regarding Example 10 and Comparative Example 2, the solubility
was compared among various solvents. The substitution in comparative Example 2 was only with 1,2-dihydroxypropyla-
tion. The results are shown in Table 4. Marks "s", "n" and "3" in Table 4 have meanings same as that of A-1.
[0131] Table 4 shows that further acetylated polyrotaxane (Example 10) exhibits improved solubility to halogen-based
solvents (dichloroethane, dichloromethane or chloroform) in comparison with the polyrotaxane that was not acetylated
(Comparative Example 2).
[0132] The results show that the polyrotaxane according to the present invention exhibits improved solubility to various
solvents. Further, as the result of improvement in the solubility, a solvent for dissolving the polyrotaxane is chosen more
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widely.

Example 12:

[0133] In 0.460 ml of water, 40 mg of E2-HAPR (H = 48, E2 = 47) obtained in Example 4 was dissolved and the
solution was charged in a capped glass tube having a diameter of 6.0 mm. A transition temperature from sol to gel was
measured in a water bath provided with a thermometer. The minimum temperature where the gel did not fall when the
glass tube was turned upside down was taken asatransitiontemperature. Thesol-gel transitiontemperature was 80˚C.

Example 13:

[0134] An experiment was carried out in a manner similar to Example 12, except that 50 mg of E2-HAPR (H = 48, E2
= 47) obtained in Example 4 was dissolved in 0.450 ml of water. The sol-gel transition temperature was 50˚C.

Example 14:

[0135] An experiment was carried out in a manner similar to Example 12, except that 75 mg of E2-HAPR (H = 48, E2
= 47) obtained in Example 4 was dissolved in 0.425 ml of water. The sol-gel transition temperature was 21˚C.

Example 15:

[0136] An experiment was carried out in a manner similar to Example 12, except that 75 mg of E2-HAPR (H = 48, E2
= 35) obtained in Example 3 was dissolved in 0.425 ml of water. The sol-gel transition temperature was 86˚C.
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Example 16:

[0137] An experiment was carried out in a manner similar to Example 12, except that 100 mg of E2-HAPR (H = 48,
E2 = 35) obtained in Example 3 was dissolved in 0.400 ml of water. The sol-gel transition temperature was 71˚C.
[0138] The sol-gel transition temperatures of Examples 12 to 16 are shown in Fig. 1. As shown in Fig. 1, when a
concentration of polyrotaxane used is varied, the sol-gel transition temperature remarkably varies. Further, Fig. 1 shows
that the sol-gel transition temperature varies as well by varying the kind of polyrotaxane used.

Example 17:

[0139] An experiment was carried out in a manner similar to Example 12, except that 50 mg of E2-HAPR (H = 63, E2
= 40) obtained in Example 8 was dissolved in 0.450 ml of water. The sol-gel transition temperature was 57˚C.

Example 18:

[0140] An experiment was carried out in a manner similar to Example 12, except that 60 mg of E2-HAPR (H = 63, E2
= 40) obtained in Example 8 was dissolved in 0.440 ml of water. The sol-gel transition temperature was 29˚C.

Example 19:

[0141] An experiment was carried out in a manner similar to Example 12, except that 75 mg of E2-HAPR (H = 63, E2
= 40) obtained in Example 8 was dissolved in 0.425 ml of water. The sol-gel transition temperature was 20˚C.

Example 20:

[0142] An experiment was carried out in a manner similar to Example 12, except that 100 mg of E2-HAPR (H = 25,
E2 = 40) obtained in Example 7 was dissolved in 0.400 ml of water. The sol-gel transition temperature was 88˚C.
[0143] The sol-gel transition temperatures of Examples 17 to 20 are shown in Fig. 2. As shown in Fig. 2, when a
concentration of polyrotaxane used is varied, the sol-gel transition temperature remarkably varies. Further, Fig. 2 shows
that the sol-gel transition temperature varies as well by varying the kind of polyrotaxane used.

Comparative Example 6:

[0144] An experiment was carried out in a manner similar to Example 12, except that 25 mg of MAPR (M = 95) obtained
in Comparative Example 4 was dissolved in 0.475 ml of water. The sol-gel transition temperature was 28˚C.

Comparative Example 7:

[0145] An experiment was carried out in a manner similar to Example 12, except that 50 mg of MAPR (M = 95) obtained
in Comparative Example 4 was dissolved in 0.450 ml of water. The sol-gel transition temperature was 20˚C.

Comparative Example 8:

[0146] An experiment was carried out in a manner similar to Example 12, except that 75 mg of MAPR (M = 95) obtained
in Comparative Example 4 was dissolved in 0.425 ml of water. The sol-gel transition temperature was 16˚C.

Comparative Example 9:

[0147] An experiment was carried out in a manner similar to Example 12, except that 40 mg of MHAPR (H = 48, M =
98) obtained in Comparative Example 5 was dissolved in 0.460 ml of water. The sol-gel transition temperature was 51˚C.

Comparative Example 10:

[0148] An experiment was carried out in a manner similar to Example 12, except that 50 mg of MHAPR (H = 48, M =
98) obtained in Comparative Example 5 was dissolved in 0.450 ml of water. The sol-gel transition temperature was 44˚C.
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Comparative Example 11:

[0149] An experiment was carried out in a manner similar to Example 12, except that 75 mg of MHAPR (H = 48, M =
98) obtained in Comparative Example 5 was dissolved in 0.425 ml of water. The sol-gel transition temperature was 39˚C.
[0150] The sol-gel transition temperatures of Comparative Examples 6 to 11 are shown in Fig. 3. It is found that the
concentration dependence of the sol-gel temperature is smaller in comparison with Fig. 1 or 2.
[0151] When Examples 12 to 20 and Comparative Examples 6 to 11 are compared, it is found that in the present
invention, Examples 12 to 20, the sol-gel transition temperature varies largely depending on the concentration of poly-
rotaxane used. Further, Examples 12 to 20 show that the sol-gel transition temperatures largely vary depending on the
kind of polyrotaxane used as well. The above things show that the polyrotaxanes according to the present invention can
largely vary the sol-gel transition temperature, depending on the kind and/or concentration used. Accordingly, the present
invention can provide a polyrotaxane or a crosslinked polyrotaxane of which sol-gel transition can be generated at a
desired temperature.

Example 21:

<Chemically Crosslinked Body of E2-HAPR (H = 48, E2 = 47)>

[0152] 100 mg of E2-HAPR obtained in Example 4 (H = 48, E2 = 47) was dissolved in 0.50 ml of dimethyl sulfoxide
(DMSO). Thereto, 1.0ml of hexamethylene diisocyanate was added, followed by reaction for 10 hours at 60˚C, thereby
to obtain crosslinked E2-HAPR. The crosslinked polyrotaxane was charged in water and subjected to water replacement,
thereby to obtain transparent and elastic hydrogel.
[0153] The crosslinked E2-HAPR having a thickness of 0.5 mm was prepared and the transmittance thereof was
measured in a visible region from 400 to 800 nm and found to be 99.0% of average transmittance.
[0154] Further, crosslinked E2-HAPR having a length of 20 mm, a width of 4 mm and a thickness of 0.5 mm was
prepared and the viscoelasticity thereof was measured, thereby to obtain a stress-strain curve shown in Fig. 4. The
Young’s modulus was 18 kPa and an extension ratio was 1200%.

Comparative Example 12:

<Chemically Crosslinked Body of Unsubstituted Polyrotaxane APR>

[0155] APR, which was similar to Example 1, was prepared. 100 mg of the APR was dissolved in 0.50 ml of DMSO.
Thereto, 1.6 ml of hexamethylene diisocyanate was added, followed by reaction at 60˚C for 10 hr, thereby to obtain
crosslinked APR. The crosslinked APR was immersed in water and subjected to water replacement, thereby to obtain
a transparent and elastic hydrogel.
[0156] Crosslinked APR having a length of 20 mm, a width of 4 mm and a thickness of 0.5 mm was prepared and the
viscoelasticity thereof was measured, thereby it was found that the Young’s modulus is 456 kPa and an extension ratio
was 790%. The obtained gel was not transparent (transmittance = 5%).

Example 22:

<Chemically Crosslinked Body of E2-HAPR (H = 25, E2 = 40)>

[0157] 100 mg of E2-HAPR obtained in Example 7 (H = 25, E2 = 40) was dissolved in 0.50 ml of DMSO. Thereto, 1.6
ml of hexamethylene diisocyanate was added, followed by reaction for 10 hours at 60˚C, thereby to obtain crosslinked
E2-HAPR (H = 25, E2 = 40). The crosslinked E2-HAPR was added in water and subjected to water replacement, thereby
to obtain transparent and elastic hydrogel.
[0158] The crosslinked E2-HAPR having a thickness of 0.5 mm was prepared and the transmittance thereof was
measured in a visible region from 400 to 800 nm and found to be very high such as 99.8% of average transmittance (Fig. 5).
[0159] Further, crosslinked polyrotaxane having a length of 20 mm, a width of 4 mm and a thickness of 0.5 mm was
prepared and when the viscoelasticity thereof was measured, the Young’s modulus was found to be 24 kPa and an
extension ratio to be 325%.
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Comparative Example 13:

<Chemically Crosslinked Body of Hydroxypropylated Polyrotaxane HAPR (H = 48)>

[0160] 100 mg of HAPR obtained in Comparative Example 1 (H = 48) was dissolved in 0.50 ml of DMSO. Thereto,
1.6ml of hexamethylene diisocyanate was added, followed by reaction for 10 hours at 60˚C, thereby to obtain crosslinked
HAPR. The crosslinked HAPR was added in water and subjected to water replacement, and, thereby to obtain a trans-
parent and elastic hydrogel.
[0161] The crosslinked HAPR having a thickness of 0.5 mm was prepared and the transmittance thereof was measured
in a visible region from 400 to 800 nm and found to be 99% of average transmittance.
[0162] Further, crosslinked HAPR having a length of 20 mm, a width of 4 mm and a thickness of 0.5 mm was prepared
and when the viscoelasticity thereof was measured, the Young’s modulus was found to be 12 kPa and an extension
ratio was found to be 90%.

Example 23:

<Chemically Crosslinked Body of E2-HAPR (H = 63, E2 = 40)>

[0163] 100 mg of E2-HAPR obtained in Example 8 (H = 63, E2 = 40) was dissolved in 0.50 ml of DMSO. Thereto, 1.6
ml of hexamethylene diisocyanate was added, followed by reaction for 10 hours at 60˚C, thereby to obtain crosslinked
E2-HAPR (H = 63, E2 = 40). The crosslinked E2-HAPR was added in water and subjected to water replacement, thereby
to obtain a transparent and elastic hydrogel.
[0164] The crosslinked E2-HAPR having a thickness of 0.5 mm was prepared and the transmittance thereof was
measured in a visible region from 400 to 800 nm and found to be 97% of average transmittance.
[0165] Further, crosslinked polyrotaxane having a length of 20 mm, a width of 4 mm and a thickness of 0.5 mm was
prepared and when the viscoelasticity thereof was measured, the Young’s modulus was found to be 28 kPa and an
extension ratio was found to be 450%.

[0166] The results of Examples 21 to 23 and Comparative Examples 12 and 13 are summarized in Table 5.
[0167] Table 5 shows in comparison of Examples 21 to 23 with Comparative Examples 12 and 13 that Examples 21
to 23 can provide the crosslinked polyrotaxane having high Young’s modulus, high extension ratio and high transmittance
simultaneously, that is, three parameters of high Young’s modulus, high extension ratio and high transmittance can be
achieved. On the other hand, Comparative Example 12 shows that although the Young’s modulus and extension ratio
are high, the transmittance is poor. Comparative Example 13 shows that although the transmittance and Young’s modulus
are high, an extension ratio is poor. Accordingly, it is found that the present invention can provide a crosslinked polyr-
otaxane that can simultaneously achieve three of high Young’s modulus, high extension ratio and high transmittance.

Example 24:

<Preparation of Crosslinked E2-HAPR (H = 48, E2 = 47) in Methyl Ethyl Ketone>

[0168] 100 mg of E2-HAPR obtained in Example 4 (H = 48, E2 = 47) was dissolved in 0.50 ml of methyl ethyl ketone.
Thereto, 8ml of hexamethylene diisocyanate was added, followed by reaction for 5 hours at 40˚C. As the result, it was
confirmed that a transparent and elastic crosslinked E2-HAPR (H = 48, E2 = 47) was obtained.

Table 5.

Polyrotaxane Average transmittance Young’s modulus Extension ratio

Ex. 21 E2-HAPR (H=48, E2=47) 99.0% 18kPa 1200%

Ex. 22 E2-HAPR (H=25, E2=40) 99.8% 24kPa 325%

Ex. 23 E2-HAPR (H=63, E2=40) 97% 28kPa 450%

Comp. Ex. 12 APR Opaque (5%) 456kPa 790%

Comp. Ex. 13 HAPR (H=48) 99% 28kPa 90%
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Example 25:

<Preparation of Crosslinked E2-HAPR (H = 48, E2 = 47) in Chloroform>

[0169] 100 mg of E2-HAPR obtained in Example 4 (H = 48, E2 = 47) was dissolved in 0.50 ml of chloroform. Thereto,
8 ml of hexamethylene diisocyanate was added, followed by reaction for 24 hours at room temperature (25˚C). As the
result, it was confirmed that a transparent and elastic crosslinked E2-HAPR (H = 48, E2 = 47) was obtained.
[0170] Examples 24 and 25 show that the polyrotaxane according to the present invention can provide a crosslinked
polyrotaxane which is crosslinked in a solvent different from a conventional solvent (such as water or DMSO), since the
polyrotaxane according to the present invention has high solubility in various solvents.

Example 26:

<Preparation of Mixed, Crosslinked Body between E2-HAPR (H = 48, E2 = 47) and poly(4-vinylphenol) in Methyl Ethyl
Ketone>

[0171] 50 mg of E2-HAPR obtained in Example 4 (H = 48, E2 = 47) and 50 mg of poly(4-vinylphenol) were dissolved
in 0.50 ml of methyl ethyl ketone. Thereto, 8 ml of hexamethylene diisocyanate was added, followed by reaction for 5
hours at 40˚C. As the result, it was confirmed that a transparent and elastic mixed, crosslinked material of E2-HAPR (H
= 48, E2 = 47) and poly(4-vinylphenol) was obtained.
[0172] Poly(4-vinylphenol) is difficult to dissolve in a conventional polyrotaxane-soluble solvent (water or DMSO); and
thus, it had been difficult to prepare a crosslinked body of poly (4-vinylphenol) mixed with a polyrotaxane. However,
since the polyrotaxane according to the present invention exhibits improved solubility in various solvents, polymers for
preparing a mixed, crosslinked body are chosen widely. Specifically, the present Example could provide a mixed,
crosslinked body with poly(4-vinylphenol).

Example 27:

<Evaluation of Optical property and Swelling Property of Crosslinked E2-HAPR (H = 48, E2 = 47)>

[0173] A crosslinked E2-HAPR (H = 48, E2 = 47) was prepared in a manner similar to Example 21. The crosslinked
E2-HAPR (H = 48, E2 = 47) was added in water and subjected to undergo water replacement, thereby to obtain a hydrogel.
[0174] The transmittance at a wavelength in the visible light region was measured by varying a temperature of the
resulting hydrogel. The results are shown in Fig. 6.
[0175] Fig. 6 shows that the transmittance remarkably responds to temperature variation. A hydrogel having a long
side of 20 mm, a short side of 4 mm and a thickness of 0.5 mm at a temperature of 25˚C swelled to a hydrogel having
a long side of 32 mm, a short side of 7 mm and a thickness of 0.8 mm when the temperature was varied to 5˚C. When
the temperature was returned to 25˚C, the hydrogel shrank to a shape having a long side of 20 mm, a short side of 4
mm and a thickness of 0.5 mm.
[0176] A content of a solvent contained in a crosslinked body (water content = weight of hydrogel/weight of dry gel)
was investigated to normalize a volume change during swelling and contraction owing to a solvent of the crosslinked
body caused by temperature variation. The results thereof are shown as well in Fig. 6.
[0177] The transmittance variation caused by temperature variation is remarkable as shown in Fig. 6; accordingly, a
change between a transparent state and an opaque state of a material occurs rapidly. In the case of this Example, a
transition temperature was controlled, for instance, between a body temperature (substantially 36˚C) and room temper-
ature (substantially 22˚C); accordingly, a material having the following function was realized; when a human body comes
into contact with a crosslinked body (since a temperature of the crosslinked body becomes a temperature substantially
equal to a body temperature), the crosslinked body becomes opaque and when the human body disengages (since a
temperature of the crosslinked body returns to room temperature) the crosslinked body returns to the transparent state.
[0178] Accordingly, a material having such functions is applied to materials such as cosmetic materials, that is, materials
that are able to effectively control a release of an effective ingredient at a body temperature.
[0179] Further, by controlling the transition temperature variously, the crosslinked body according to the present
invention may be used in DDS (such as control of sustained release of drugs caused by temperature variation and
protection of wound site by making use of volume contraction caused by the temperature variation), above-mentioned
cosmetics, biosensors and actuators.



EP 2 123 681 A1

35

5

10

15

20

25

30

35

40

45

50

55

Example 28:

<Preparation of Crosslinked E2-HAPR (H = 48, E2 = 35) Hydrogel>

[0180] A crosslinked E2-HAPR (H = 48, E2 = 35) was prepared in a manner similar to Example 21, except that E2-
HAPR (H = 48, E2 = 35) obtained in Example 3 was used. The crosslinked E2-HAPR (H= 48, E2 = 35) was added in
water to subj ect to water replacement, thereby to obtain a hydrogel.

<Evaluation of Optical property and Swelling Property of Crosslinked E2-HAPR (H = 48, E2 = 35) Hydrogel>

[0181] The optical property, that is, the transmittance variation in the visible light region accompanying a temperature
variation of the resulting hydrogel was measured in a manner similar to Example 27. Results thereof are shown in Fig.
7. Fig. 7 shows that the transmittance remarkably responds to the temperature variation.
[0182] The temperature dependence of the water content contained in the gel (water content = weight of hydrogel/
weight of dry gel) as well is shown in Fig. 7.
[0183] The crosslinked body according the present Example as well was found to undergo the reversible volume
variation in a manner similar to Example 27. It was found that, although the volume variation according the present
Example is milder than Example 27, the transmittance as well reversibly varies with the temperature in a manner similar
to Example 27. The milder variation may exert an advantage in that a milder release of an effective ingredient is realized
in materials such as the cosmetics as described above.

Example 29:

<Evaluation of Optical property and Swelling Property of Crosslinked E2-HAPR (H = 63, E2 = 40) Hydrogel>

[0184] A crosslinked E2-HAPR (H = 63, E2 = 40) was prepared in a manner similar to Example 23. The crosslinked
E2-HAPR (H = 63, E2 = 40) was added in water and subjected to water replacement, thereby to obtain a hydrogel.
[0185] The transmittance variation in the visible light region was measured by varying a temperature of the resulting
hydrogel. Results thereof are shown in Fig. 8. Fig. 8 shows that the transmittance remarkably responds to the temperature
variation. The temperature dependence of the water content contained in the gel (water content = weight of hydrogel/
weight of dry gel) as well is shown in Fig. 8.
[0186] The crosslinked body according the present Example as well was found to undergo the reversible volume
variation in a manner similar to Example 27. It was found that the transmittance as well varies rapidly and reversibly
with the temperature in a manner similar to Example 27.

Example 30:

<Evaluation of Optical property and Swelling Property of Crosslinked E2-HAPR (H = 25, E2 = 40) Hydrogel>

[0187] A crosslinked E2-HAPR (H = 25, E2 = 40) was prepared in a manner similar to Example 22. The crosslinked
E2-HAPR (H = 25, E2 = 40) was added in water and subjected to water replacement, thereby to obtain a hydrogel.
[0188] The transmittance variation in the visible light region was measured by varying a temperature of the resulting
hydrogel. Results thereof are shown in Fig. 9. Fig. 9 shows that the transmittance remarkably responds to the temperature
variation. The temperature dependence of the water content contained in the gel (water content = weight of hydrogel/
weight of dry gel) as well is shown in Fig. 9.
[0189] The crosslinked body according the present Example as well was found to undergo the reversible volume
variation in a manner similar to Example 28. It was found that the transmittance, although milder than Example 27, varies
reversibly with the temperature in a manner similar to Example 28.

Comparative Example 14:

<Evaluation of Optical property and Swelling Property of Crosslinked HAPR Hydrogel>

[0190] A crosslinked HAPR (H = 48%) was prepared in a manner similar to Comparative Example 13. The crosslinked
HAPR (H = 48%) was added in water and subjected to water replacement, thereby to obtain a hydrogel.
[0191] The transmittance variation in the visible light region was measured by varying a temperature of the resulting
hydrogel. Results thereof are shown in Fig.10. The temperature dependence of the water content contained in the gel
(water content = weight of hydrogel/weight of dry gel) as well is shown in Fig. 10.
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[0192] Fig. 10 shows that in the hydrogel of Comparative Example 14, the transmittance does hardly exhibit the
temperature dependence. Further, it is also found that the water content variation (= volume change) in the gel does
hardly exhibit the temperature dependence.
[0193] Examples 27 to 30 and Comparative Example 14 show that the crosslinked bodies according to the present
invention exhibit an ability to respond to an external stimulus. In particular, it is found that the crosslinked bodies according
to the present invention exhibit an ability to respond to an external stimulus where, when the external stimulus is heat,
the transmittance and/or volume of the crosslinked bodies vary, depending on the heat.

Claims

1. A polyrotaxane comprising a pseudopolyrotaxane, which has a linear molecule and a cyclic molecule (s) in which
the linear molecule is included in a cavity (cavities) of the cyclic molecule(s) in a skewered manner, and capping
groups, each of which locates at each end of the pseudopolyrotaxane in order to prevent the dissociation of the
cyclic molecule(s),
wherein the cyclic molecule(s) comprises a functional group represented by following formula I, and at least one
functional group selected from the group consisting of following formulae II-1 to II-6, wherein R, R1, R3 and R4 each
independently represents a linear or branched alkyl group having 1 to 12 carbon atoms, a linear or branched alkyl
group having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group having 3 to 12 carbon
atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl thioether group having 2 to 12 carbon
atoms,
R5a, R5b and R5c each independently represents a linear or branched alkyl group having 1 to 12 carbon atoms, a
linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group
having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl thioether group
having 2 to 12 carbon atoms, and
R2 represents a substitution group obtained by removing three hydrogen atoms from a group selected from the
group consisting of a linear or branched alkyl group having 1 to 12 carbon atoms, a linear or branched alkyl group
having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group having 3 to 12 carbon atoms,
a cyclic alkyl ether group having 2 to 12 carbon atoms and a cyclic alkyl thioether group having 2 to 12 carbon
atoms, wherein at least one of X to Z is a group selected from the group consisting of a hydroxyl group, a NH3 group
and a SH group, the remaining X to Z are a hydrogen atom; and
R6 represents a photoreactive group):

2. The polyrotaxane according to claim 1, wherein the cyclic molecule is a cyclic molecule having a hydroxy group(s),
and a part of the hydroxy group (s) is substituted with the functional group represented by formula I and the at least
one functional group selected from the group consisting of following formulae II-1 to II-6.
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3. The polyrotaxane according to claim 1 or 2, wherein the polyrotaxane has an ability to respond reversibly to an
external stimulus, which reversibly transforms the polyrotaxane from an uncrosslinked state to a crosslinked state,
or from a crosslinked state to an uncrosslinked state, depending on the presence or the absence of the external
stimulus.

4. The polyrotaxane according to claim 3, wherein the external stimulus is heat.

5. The polyrotaxane according to claim 3 or 4, wherein the external stimulus is heat, and a temperature range in which
the crosslinkedpolyrotaxane transforms from an uncrosslinked state to a crosslinked state, or from a crosslinked
state to an uncrosslinked state, is 5 to 90˚C.

6. The polyrotaxane according to any one of claims 2 to 5, wherein the cyclic molecule having the hydroxy group(s)
is selected from the group consisting of α-cyclodextrin, β-cyclodextrin and γ-cyclodextrin.

7. The polyrotaxane according to any one of claims 2 to 6, wherein the number of the functional group represented
by formula I is 0.05 to 0.9, and the number of the functional group represented by formula II is 0.05 to 0.9, where
the number of the hydroxy groups of the cyclic molecule is normalized to be 1.

8. The polyrotaxane according to any one of claims 1 to 7, wherein the linear molecule is selected from the group
consisting of polyethylene glycol, polyisoprene, polyisobutylene, polybutadiene, polypropylene glycol, polytetrahy-
drofuran, polydimethylsiloxane, polyethylene and polypropylene.

9. The polyrotaxane according to any one of claims 1 to 8, wherein the linear molecule has a molecular weight of
10,000 or more.

10. The polyrotaxane according to any one of claims 1 to 9, wherein the capping group is selected from the group
consisting of dinitrophenyl groups; cyclodextrins; adamantane groups; trityl groups; fluoresceins; pyrenes; substi-
tuted benzenes; polycyclic aromatics which may be substituted; and steroids.

11. The polyrotaxane according to any one of claims 1 to 10, wherein the cyclic molecule is derived from α-cyclodextrin,
and the linear molecule is polyethylene glycol.

12. The polyrotaxane according to any one of claims 1 to 11, wherein the linear molecule has the cyclic molecule
included in a skewered manner at an amount of 0.001 to 0.6 of a maximum inclusion amount, which is defined as
an amount at which the cyclic molecules can be included at maximum when the linear molecule has the cyclic
molecules included in a skewered manner, and the amount at maximum is normalized to be 1.

13. A material comprising the polyrotaxane according to any one of claims 1 to 12.

14. A method for producing a polyrotaxane comprising a pseudopolyrotaxane, which has a linear molecule and a cyclic
molecule (s) in which the linear molecule is included in a cavity (cavities) of the cyclic molecule (s) in a skewered
manner, and capping groups, each of which locates at each end of the pseudopolyrotaxane in order to prevent the
dissociation of the cyclic molecule(s),
wherein a part of hydroxy groups of the cyclic molecule is substituted with a functional group represented by following
formula I, and at least one functional group selected from the group consisting of following formulae II-1 to II-6,
wherein R, R1, R3 and R4 each independently represents a linear or branched alkyl group having 1 to 12 carbon
atoms, a linear or branched alkyl group having 1 to 12 carbon atoms, a linear or branched alkyl group having 2 to
12 carbon atoms containing at least one ether group, a cyclic alkyl group having 3 to 12 carbon atoms, a cyclic alkyl
ether group having 2 to 12 carbon atoms or a cyclic alkyl thioether group having 2 to 12 carbon atoms,
R5a, R5b and R5c each independently represents a linear or branched alkyl group having 1 to 12 carbon atoms, a
linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group
having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl thioether group
having 2 to 12 carbon atoms, and R2 represents a substitution group obtained by removing three hydrogen atoms
from a group selected from the group consisting of a linear or branched alkyl group having 1 to 12 carbon atoms,
a linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl
group having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms and a cyclic alkyl thioether
group having 2 to 12 carbon atoms, wherein at least one of X to Z is a group selected from the group consisting of
a hydroxyl group, a NH3 group and a SH group, the remaining X to Z are a hydrogen atom, and
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R6 represents a photoreactive group):

which comprises the steps of:

1) preparing the pseudopolyrotaxane;
2) capping both ends of the resulting pseudopolyrotaxane with the capping groups, to prepare the polyro-
taxane; and
3) substituting a part of hydroxy groups of the cyclic molecule with the functional group;

wherein the step of substituting is conducted

A) before the step 1) of preparing the pseudopolyrotaxane, and/or
B) after the step 2) of capping to prepare the polyrotaxane:

15. The method according to claim 14, wherein the step of substituting is conducted after the step 2) of capping to
prepare the polyrotaxane.

16. The method according to claim 14 or 15, wherein in the step of substituting with the functional group, a step of
introducing the functional group represented by formula I is carried out

X) before a step of introducing any one of functional groups represented by formula II;
Y) after the step of introducing any one of functional groups represented by formula II; or
Z) simultaneously with the step of introducing any one of functional groups represented by formula II.

17. The method according to any one of claims 14 to 16, wherein in the step of substituting with the functional group,
a step of introducing the functional group represented by formula I is carried out Y) after a step of introducing any
one of functional groups represented by formula II.

18. A crosslinked polyrotaxane comprising at least two molecules of polyrotaxane, wherein the at least two molecules
of polyrotaxane are crosslinked via physical bond,
wherein the polyrotaxane comprises a pseudopolyrotaxane, which has a linear molecule and a cyclic molecule(s)
in which the linear molecule is included in a cavity (cavities) of the cyclic molecule(s) in a skewered manner, and
capping groups, each of which locates at each end of the pseudopolyrotaxane in order to prevent the dissociation
of the cyclic molecule(s),
wherein the cyclic molecule(s) comprises a functional group represented by following formula I, and at least one
functional group selected from the group consisting of following formulae II-1 to II-6,
wherein R, R1, R3 and R4 each independently represents a linear or branched alkyl group having 1 to 12 carbon
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atoms, a linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic
alkyl group having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl
thioether group having 2 to 12 carbon atoms;
R5a, R5b and R5c each independently represents a linear or branched alkyl group having 1 to 12 carbon atoms, a
linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group
having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl thioether group
having 2 to 12 carbon atoms; and
R2 represents a substitution group obtained by removing three hydrogen atoms from a group selected from the
group consisting of a linear or branched alkyl group having 1 to 12 carbon atoms, a linear or branched alkyl group
having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group having 3 to 12 carbon atoms,
a cyclic alkyl ether group having 2 to 12 carbon atoms and a cyclic alkyl thioether group having 2 to 12 carbon
atoms, wherein at least one of X to Z is a group selected from the group consisting of a hydroxyl group, a NH3 group
and a SH group, the remaining X to Z are a hydrogen atom, and
R6 represents a photoreactive group):

19. The crosslinked polyrotaxane according to claim 18, wherein the cyclic molecule is a cyclic molecule having a
hydroxy group (s), and a part of the hydroxy groups is substituted with the functional group represented by formula
I and the at least one functional group selected from the group consisting of the formulae II-1 to II-6.

20. The crosslinked polyrotaxane according to claim 18 or 19, wherein the polyrotaxane has an ability to respond
reversibly to an external stimulus, which reversibly transforms the polyrotaxane from an uncrosslinked state to a
crosslinked state, or from a crosslinked state to an uncrosslinked state, depending on the presence or the absence
of the external stimulus.

21. The crosslinked polyrotaxane according to claim 20, wherein the external stimulus is heat.

22. The crosslinked polyrotaxane according to claim 20 or 21, wherein the external stimulus is heat, and a temperature
range in which the crosslinked polyrotaxane transforms from an uncrosslinked state to a crosslinked state, or from
a crosslinked state to an uncrosslinked state, is 5 to 90˚C.

23. The crosslinked polyrotaxane according to any one of claims 19 to 22, wherein the cyclic molecule having the
hydroxy group (s) is selected from the group consisting of α-cyclodextrin, β-cyclodextrin and γ-cyclodextrin.

24. The crosslinked polyrotaxane according to any one of claims 19 to 23, wherein the number of the functional group
represented by formula I is 0.05 to 0.9, and the number of the functional group represented by formula II is 0.05 to
0.9, where the number of the hydroxy groups of the cyclic molecule is normalized to be 1.
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25. The crosslinked polyrotaxane according to any one of claims 18 to 24, wherein the linear molecule is selected from
the group consisting of polyethylene glycol, polyisoprene, polyisobutylene, polybutadiene, polypropylene glycol,
polytetrahydrofuran, polydimethylsiloxane, polyethylene and polypropylene.

26. The crosslinked polyrotaxane according to any one of claims 18 to 25, wherein the linear molecule has a molecular
weight of 10,000 or more.

27. The crosslinked polyrotaxane according to any one of claims 18 to 26, wherein the capping group is selected from
the group consisting of dinitrophenyl groups; cyclodextrins; adamantane groups; trityl groups; fluoresceins; pyrenes;
substituted benzenes; polycyclic aromatics which may be substituted; and steroids.

28. The crosslinked polyrotaxane according to any one of claims 18 to 27, wherein the cyclic molecule is derived from
α-cyclodextrin, and the linear molecule is polyethylene glycol.

29. The crosslinked polyrotaxane according to any one of claims 18 to 28, wherein the linear molecule has the cyclic
molecule included in a skewered manner at an amount of 0.001 to 0.6 of a maximum inclusion amount, which is
defined as an amount at which the cyclic molecules can be included at maximum when the linear molecule has the
cyclic molecules included in a skewered manner, and the amount at maximum is normalized to be 1.

30. A material comprising the crosslinked polyrotaxane according to any one of claims 18 to 29.

31. A method for producing a crosslinked polyrotaxane, which comprises at least two molecules of polyrotaxane, wherein
the at least two molecules of polyrotaxane are crosslinked via physical bond,
wherein the polyrotaxane comprises a pseudopolyrotaxane, which has a linear molecule and a cyclic molecule (s)
in which the linear molecule is included in a cavity (cavities) of the cyclic molecule(s) in a skewered manner, and
capping groups, each of which locates at each end of the pseudopolyrotaxane in order to prevent the dissociation
of the cyclic molecule(s),
wherein a part of hydroxy groups of the cyclic molecule (s) is substituted with a functional group represented by
following formula I, and at least one functional group selected from the group consisting of following formulae II-1
to II-6,
wherein R, R1, R3 and R4 each independently represents a linear or branched alkyl group having 1 to 12 carbon
atoms, a linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic
alkyl group having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl
thioether group having 2 to 12 carbon atoms;
R5a, R5b and R5c each independently represents a linear or branched alkyl group having 1 to 12 carbon atoms, a
linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group
having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl thioether group
having 2 to 12 carbon atoms; and
R2 represents a substitution group obtained by removing three hydrogen atoms from a group selected from the
group consisting of a linear or branched alkyl group having 1 to 12 carbon atoms, a linear or branched alkyl group
having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group having 3 to 12 carbon atoms,
a cyclic alkyl ether group having 2 to 12 carbon atoms and a cyclic alkyl thioether group having 2 to 12 carbon
atoms, wherein at least one of X to Z is a group selected from the group consisting of a hydroxyl group, a NH3 group
and a SH group, the remaining X to Z are a hydrogen atom, and
R6 represents a photoreactive group):

the method comprising the steps of:

1) preparing the pseudopolyrotaxane;
2) capping both ends of the resulting pseudopolyrotaxane with a capping group to prepare a polyrotaxane;
and
3) substituting a part of hydroxy groups of the cyclic molecule with the functional group represented by
formula I, and at least one functional group selected from the group consisting of formulae II-1 to II-6;
thereby to obtain the polyrotaxane;
4) dissolving at least two molecules of the resulting polyrotaxane in a solvent; and
5) imparting an external stimulus to the at least two molecules of polyrotaxane in the solvent to physically
crosslink the at least two molecules of polyrotaxane via physical bond,
wherein 3) the step of substituting is carried out
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A) before 1) the step of preparing the pseudopolyrotaxane, and/or
B) after 2) the step of capping to prepare a polyrotaxane:

32. The method according to claim 31, wherein the step of substituting with the functional group is carried out after 2)
the step of capping to prepare the polyrotaxane.

33. The method according to claim 31 or 32, wherein in the step of substituting with the functional group, a step of
introducing the functional group represented by formula I is carried out

X) before a step of introducing any one of functional groups represented by formula II;
Y) after a step of introducing any one of functional groups represented by formula II; or
Z) simultaneously with the step of introducing any one of functional groups represented by formula II.

34. The method according to any one of claims 31 to 33, wherein in the step of substituting with the functional group,
a step of introducing the functional group represented by formula I is carried out Y) after a step of introducing any
one of functional groups represented by formula II.

35. The method according to any one of claims 31 to 34, wherein the solvent is a hydrophilic solvent.

36. A crosslinked polyrotaxane comprising a first polymer and a first polyrotaxane, wherein all or a part of the first
polymer and all or a part of the first polyrotaxane are crosslinked,
wherein the first polyrotaxane comprises a first pseudopolyrotaxane, which has a first linear molecule and a first
cyclic molecule (s) in which the first linear molecule is included in a cavity (cavities) of the first cyclic molecule(s) in
a skewered manner, and first capping groups, each of which locates at each end of the first pseudopolyrotaxane
in order to prevent the dissociation of the first cyclic molecule(s),
wherein the first cyclic molecule(s) of the first polyrotaxane comprises a functional group represented by following
formula I, and at least one functional group selected from the group consisting of following formulae II-1 to II-6,
wherein R, R1, R3 and R4 each independently represents a linear or branched alkyl group having 1 to 12 carbon
atoms, a linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic
alkyl group having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl
thioether group having 2 to 12 carbon atoms;
R5a, R5b and R5c each independently represents a linear or branched alkyl group having 1 to 12 carbon atoms, a
linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group
having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl thioether group
having 2 to 12 carbon atoms; and
R2 represents a substitution group obtained by removing three hydrogen atoms from a group selected from the
group consisting of a linear or branched alkyl group having 1 to 12 carbon atoms, a linear or branched alkyl group
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having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group having 3 to 12 carbon atoms,
a cyclic alkyl ether group having 2 to 12 carbon atoms and a cyclic alkyl thioether group having 2 to 12 carbon
atoms, wherein at least one of X to Z is a group selected from the group consisting of a hydroxyl group, a NH3 group
and a SH group, the remaining X to Z are a hydrogen atom, R6 represents a photoreactive group) :

37. The crosslinked polyrotaxane according to claim 36, wherein the first polymer is a second polyrotaxane, wherein
the second polyrotaxane comprises a second pseudopolyrotaxane, which has a second linear molecule and a
second cyclic molecule (s) in which the second linear molecule is included in a cavity (cavities) of the second cyclic
molecule(s) in a skewered manner, and second capping groups, each of which locates at each end of the second
pseudopolyrotaxane in order to prevent the dissociation of the second cyclic molecule(s),
wherein the second cyclic molecule(s) of the second polyrotaxane comprises a functional group represented by
following formula I’, and at least one functional group selected from the group consisting of following formulae II’-1
to II’-6,
wherein R’, R11, R13 and R14 each independently represents a linear or branched alkyl group having 1 to 12 carbon
atoms, a linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic
alkyl group having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl
thioether group having 2 to 12 carbon atoms;
R15a’ R15b and R15c each independently represents a linear or branched alkyl group having 1 to 12 carbon atoms,
a linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl
group having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl thioether
group having 2 to 12 carbon atoms; and
R12 represents a substitution group obtained by removing three hydrogen atoms from a group selected from the
group consisting of a linear or branched alkyl group having 1 to 12 carbon atoms, a linear or branched alkyl group
having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group having 3 to 12 carbon atoms,
a cyclic alkyl ether group having 2 to 12 carbon atoms and a cyclic alkyl thioether group having 2 to 12 carbon
atoms, wherein at least one of X to Z is a group selected from the group consisting of a hydroxyl group, a NH3 group
and a SH group, the remaining X to Z are a hydrogen atom, R16 represents a photoreactive group) :
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38. The crosslinked polyrotaxane according to claim 36 or 37, wherein the cyclic molecule is a cyclic molecule having
a hydroxy group(s), and a part of the hydroxy group(s) is substituted with the functional group represented by formula
I and the at least one functional group selected from the group consisting of the formulae II-1 to II-6.

39. The crosslinked polyrotaxane according to any one of claims 36 to 38, wherein the crosslinked polyrotaxane has
the transmittance of 90%/mm or more in a wavelength from 400 to 800 nm.

40. The crosslinked polyrotaxane according to any one of claims 36 to 39, wherein the crosslinked polyrotaxane has
an extension ratio in the range of 100 to 1500%.

41. The crosslinked polyrotaxane according to any one of claims 36 to 40, wherein the crosslinked polyrotaxane has
the transmittance of 90%/mm or more in a wavelength from 400 to 800 nm, and an extension ratio of 300% or more.

42. The crosslinked polyrotaxane according to any one of claims 36 to 41, wherein the crosslinked polyrotaxane reversibly
varies in an optical property and/or swelling-contraction characteristics, depending on the presence or the absence
of the external stimulus.

43. The crosslinked polyrotaxane according to claim 42, wherein the external stimulus is heat, and the crosslinked
polyrotaxane reversibly varies in the optical property and/or the swelling-contraction characteristics in a temperature
range of from 5 to 90˚C.

44. The crosslinked polyrotaxane according to claim 42 or43, wherein the optical property is transparence of the
crosslinked polyrotaxane.

45. The crosslinked polyrotaxane according to claim 42 or 43, wherein the swelling-contraction characteristics is a
change of an amount of a contained solvent caused by absorption and/or release of the solvent by the crosslinked
polyrotaxane.

46. The crosslinked polyrotaxane according to any one of claims 38 to 45, wherein the first and/or second cyclic molecule
having the hydroxy group (s) is selected from the group consisting of α-cyclodextrin, β-cyclodextrin and γ-cyclodextrin.

47. The crosslinked polyrotaxane according to any one of claims 36 to 46, wherein the number of the functional group
represented by formula I is 0.05 to 0.9, and the number of the functional group represented by formula II is 0.05 to
0.9, where the number of the hydroxy groups of the first and/or second cyclic molecule is normalized to be 1.

48. The crosslinked polyrotaxane according to any one of claims 36 to 47, wherein the first and/or second linear molecule
is selected from the group consisting of polyethylene glycol, polyisoprene, polyisobutylene, polybutadiene, polypro-
pylene glycol, polytetrahydrofuran, polydimethylsiloxane, polyethylene and polypropylene.

49. The crosslinked polyrotaxane according to any one of claims 36 to 48, wherein the first and/or second linear molecule
has a molecular weight of 10,000 or more.

50. The crosslinked polyrotaxane according to any one of claims 36 to 49, wherein the first and/or second capping
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group is selected from the group consisting of dinitrophenyl groups; cyclodextrins; adamantane groups; trityl groups;
fluoresceins; pyrenes; substituted benzenes; polycyclic aromatics which may be substituted; and steroids.

51. The crosslinked polyrotaxane according to any one of claims 36 to 50, wherein the first and/or second cyclic molecule
is derived from α-cyclodextrin, and the first and/or second linear molecule is polyethylene glycol.

52. The crosslinked polyrotaxane according to any one of claims 36 to 51, wherein the first and/or second linear molecule
has the first and/or second cyclic molecule included in a skewered manner at an amount of 0.001 to 0.6 of a maximum
inclusion amount, which is defined as an amount at which the first and/or second cyclic molecules can be included
at maximum when the first and/or second linear molecule has the first and/or second cyclic molecules included in
a skewered manner, and the amount at maximum is normalized to be 1.

53. A material comprising the crosslinked polyrotaxane according to any one of claims 36 to 52.

54. A method for producing a crosslinked polyrotaxane comprising a first polymer and a first polyrotaxane, wherein all
or a part of the first polymer and all or a part of the first polyrotaxane are crosslinked,
wherein the first polyrotaxane comprises a first pseudopolyrotaxane, which has a first linear molecule and a first
cyclic molecule (s) in which the first linear molecule is included in a cavity (cavities) of the first cyclic molecule(s) in
a skewered manner, and first capping groups, each of which locates at each end of the first pseudopolyrotaxane
in order to prevent the dissociation of the first cyclic molecule(s),
wherein a part of hydroxy groups of the first cyclic molecule is substituted with a functional group represented by
following formula I, and at least one functional group selected from the group consisting of following formulae II-1
to II-6,
wherein R, R1, R3 and R4 each independently represents a linear or branched alkyl group having 1 to 12 carbon
atoms, a linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic
alkyl group having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl
thioether group having 2 to 12 carbon atoms;
R5a, R5b and R5c each independently represents a linear or branched alkyl group having 1 to 12 carbon atoms, a
linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group
having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl thioether group
having 2 to 12 carbon atoms; and
R2 represents a substitution group obtained by removing three hydrogen atoms from a group selected from the
group consisting of a linear or branched alkyl group having 1 to 12 carbon atoms, a linear or branched alkyl group
having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group having 3 to 12 carbon atoms,
a cyclic alkyl ether group having 2 to 12 carbon atoms and a cyclic alkyl thioether group having 2 to 12 carbon
atoms, wherein at least one of X to Z is a group selected from the group consisting of a hydroxyl group, a NH3 group
and a SH group, the remaining X to Z are a hydrogen atom, R6 represents a photoreactive group):

the method comprising the steps of:

1) preparing the first pseudopolyrotaxane;
2) capping both ends of the resulting first pseudopolyrotaxane with a first capping group to prepare a first
polyrotaxane; and
3) substituting a part of hydroxy groups of the first cyclic molecule with the functional group represented
by formula I, and at least one functional group selected from the group consisting of formulae II-1 to II-6;
thereby to obtain the first polyrotaxane; and
4) chemically crosslinking the resulting first polyrotaxane and a first polymer;
wherein 3) the step of substituting is carried out

A) before 1) the step of preparing the first pseudopolyrotaxane, and/or
B) after 2) the step of capping to prepare a first polyrotaxane; and

4) the step of chemically crosslinking is carried out by

G) a crosslinking reaction through addition of a crosslinking agent, or
H) a photo-crosslinking reaction where a photo-reactive group contained in the first polyrotaxane is
irradiated with light:
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55. The method according to claims 54, wherein the first polymer is a secondpolyrotaxane, wherein the secondpolyro-
taxane comprises a secondpseudopolyrotaxane, which has a second linear molecule and a second cyclic molecule
(s) in which the second linear molecule is included in a cavity (cavities) of the second cyclic molecule(s) in a skewered
manner, and second capping groups, each of which locates at each end of the second pseudopolyrotaxane in order
to prevent the dissociation of the second cyclic molecule(s),
wherein a part of hydroxy groups of the second cyclic molecule is substituted with a functional group represented
by following formula I’, and at least one functional group selected from the group consisting of following formulae
II’-1 to II’-6,
wherein R’, R11, R13 and R14 each independently represents a linear or branched alkyl group having 1 to 12 carbon
atoms, a linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic
alkyl group having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl
thioether group having 2 to 12 carbon atoms;
R15a, R15b and R15c each independently represents a linear or branched alkyl group having 1 to 12 carbon atoms,
a linear or branched alkyl group having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl
group having 3 to 12 carbon atoms, a cyclic alkyl ether group having 2 to 12 carbon atoms or a cyclic alkyl thioether
group having 2 to 12 carbon atoms; and
R12 represents a substitution group obtained by removing three hydrogen atoms from a group selected from the
group consisting of a linear or branched alkyl group having 1 to 12 carbon atoms, a linear or branched alkyl group
having 2 to 12 carbon atoms containing at least one ether group, a cyclic alkyl group having 3 to 12 carbon atoms,
a cyclic alkyl ether group having 2 to 12 carbon atoms and a cyclic alkyl thioether group having 2 to 12 carbon
atoms, wherein at least one of X to Z is a group selected from the group consisting of a hydroxyl group, a NH3 group
and a SH group, the remaining X to Z are a hydrogen atom, and
R16 represents a photoreactive group); and
the second polyrotaxane is obtained by

1’) preparing the second pseudopolyrotaxane;
2’) capping both ends of the resulting second pseudopolyrotaxane with a second capping group to prepare a
second polyrotaxane; and
3’) substituting a part of hydroxy groups of the second cyclic molecule with the functional group represented
by formula I’ , and at least one functional group selected from the group consisting of formulae II’-1 to II’-6:
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56. The method according to claim 54 or 55, wherein 4) the step of chemically crosslinking is carried out by G) the
crosslinking reaction through addition of a crosslinking agent, and the crosslinking agent is selected from the group
consisting of cyanuric chloride, trimesoyl chloride, terephthaloyl chloride, epichlorohydrin, dibromobenzene, glutar-
aldehyde, aliphatic polyfunctional isocyanate, aromatic polyfunctional isocyanate, tolylene diisocyanate, hexame-
thylenediisocyanate, divinyl sulfone, 1,1’-carbonyldiimidazole, alkoxysilanes and derivatives thereof, and photo-
crosslinking reaction initiators.

57. The method according to any one of claims 54 to 56, wherein the step of substituting with the functional group is
carried out after 2) and/or 2’) the step of capping to prepare the first and/or second polyrotaxane.

58. The method according to any one of claims 54 to 57, wherein in the step of substituting with the functional group,
a step of introducing the functional group represented by formula I or I’ is carried out

X) before a step of introducing any one of functional groups represented by formula II or II’;
Y) after a step of introducing any one of functional groups represented by formula II or II’; or
Z) simultaneously with the step of introducing any one of functional groups represented by formula II or II’.

59. The method according to any one of claims 55 to 58, wherein in the step of substituting with the functional group,
a step of introducing the functional group represented by formula I or I’ is carried out Y) after a step of introducing
any one of functional groups represented by formula II or II’.
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