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REVIEW

Topology-transformable polymers: linear-branched
polymer structural transformation via the mechanical
linking of polymer chains

Toshikazu Takata and Daisuke Aoki

In this review article, we discuss the synthesis and dynamic nature of macromolecular systems that have mechanically linked
polymer chains capable of undergoing a topology transformation driven by a rotaxane molecular switch. The rotaxane linking of
polymer chains plays a crucial role in these systems. A linear polymer possessing a crown ether/sec-ammonium salt-type [1]
rotaxane moiety at the axle chain terminal was prepared via the rotaxane linking of a single polymer chain. A linear—cyclic
polymer topology transformation was achieved via the movement of the wheel component from one end to the other end of the
axle component using the rotaxane macromolecular switch function. The successful synthesis of a macromolecular [2]rotaxane
(M2R) possessing a single polymer axle and one crown ether wheel led to a variety of unique applications, such as the
development of topology-transformable polymers and the synthesis of rotaxane crosslinked polymers (RCPs). The introduction of
a polymer chain to the wheel component of M2R (rotaxane linking of two polymer chains) produced a rotaxane-linked AB block
copolymer that transformed its topology from linear to branched. Furthermore, a rotaxane-linked three-component polymer and

an ABC triblock copolymer were synthesized and transformed to the corresponding 3-arm star (co)polymers, and the
transformation was confirmed by measuring the hydrodynamic volume change. The structural transformation of 4-arm and 6-arm
star polymers was also accomplished using the dynamic mobility of a similar rotaxane. As a useful application, M2R-based
vinylic crosslinkers (RCs) were prepared and applied to the synthesis of RCPs, whereby the addition of RCs into radical
polymerization systems of vinyl monomers afforded polymers with excellent toughness by enhancing both of tradeoff properties

that cannot be achieved using typical covalent crosslinkers.
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INTRODUCTION

The shape or topology of a polymer is one of the most essential factors
determining its properties. A variety of polymer structures, such as
linear, cyclic, branched and grafted, have been reported so far (Figure 1)
along with their structure-dependent properties. The development of
simple homopolymers to copolymers, including block copolymers and
their associated polymer topologies, would further expand the versatile
possibilities in polymer science. For example, compared with linear
polymers, corresponding topological polymers,' such as star
polymers,'®!! cyclic polymers,'>'* dendrimers'® and hyperbranched
polymers,'® generally have a smaller hydrodynamic volume and lower
viscosity in solution and less polymer entanglement in bulk. These
properties are useful in solid materials and can help to not only reduce
the amount of solvent to afford sustainable materials but also make the
molding process easy because of the low melt viscosity.!” 2’ Meanwhile,
from the viewpoint of dynamic system construction, the mutual
structural transformation of polymers with different topologies is
generally impossible because the structures of most polymers are held
together by covalent bonds. Although supramolecular polymers are

sufficiently structurally soft to change their structures because of the
weak intermolecular interaction between the monomer units, their
actual use is limited owing to their reduced stability under normal
conditions. The realization of structural transformation and/or rever-
sible transformation between such structurally different polymers makes
the breadth of polymers infinitely wide and allows the generation of
many dynamic polymer systems.

To transform the polymer topology while maintaining sufficient
structural stability similar to that of a covalent compound, a dynamic
polymer system that undergoes a topological change without cleavage
of the covalent bond is required. This system can be accomplished
only by using polymer systems that have mechanically linked polymer
chains. Dynamic molecular and macromolecular systems driven by the
control of mechanical or noncovalent linkages, enabling changes in the
polymer topology, are very attractive not only from a scientific
perspective but also for actual applications, such as smart devices and
materials.”'=3! Among such linkages, rotaxane linkages are the most
promising because rotaxane molecules can survive without any
interactions between the components, that is, the components display
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Figure 1 A variety of polymer shapes. A full colour version of this figure is
available at the Polymer Journal journal online.
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Figure 2 Structures of [2]catenane and [2]rotaxane, as simple mechanically
linked molecules. A full colour version of this figure is available at the
Polymer Journal journal online.

a high degree of freedom and mobility. Therefore, macromolecules
consisting of rotaxane-linked polymer units should show dynamic
characteristics, for example, topological changes, in addition to unique
properties that have not been attained so far. The 2016 Nobel Prize in
Chemistry was awarded to researchers, including two rotaxane
investigators (Sauvage and Stoddart), for their work on ‘molecular
machines’. Therefore, the application of molecular machines to
sophisticated dynamic systems, such as rotaxane-linked polymers,
may be a future target.

Figure 2 shows the schematic structures of the simplest interlocked
compounds [2]catenane and [2]rotaxane, whereby their components are
movable and have a high degree of freedom because of the mechanical
linkage. However, the components are strongly linked; therefore, their
separation requires the same amount of energy as a covalent bond, in
contrast to supramolecular systems constructed of hydrogen bonds or
coordination bonds. In particular, rotaxane structures are highly suitable
for linking polymer chains. As rotaxanes have a wheel component
capable of walking along the linear axle, the introduction of a polymer
chain into these components results in the construction of a mobile
system comprising the connected polymer chains.

Matsushita and colleagues®>*? reported the interesting topology-
dependent morphology of two types of three-component polymers
with linear and star shapes. As shown in Figure 3, the linear
ABC triblock copolymer and star polymer composed of three
different polymer chains show unique characteristics, such as
microphase-separated ~ structures, owing to their topology.3>®?
It is no wonder that these two polymers with different topologies
cannot interconvert unless the covalent bond is broken and
rearranged.

Rotaxane-linked polymer systems, however, can solve this problem.
As shown in Figure 4, the rotaxane-linked ABC triblock copolymer
consisting of a BC diblock copolymer chain and a polymer chain A
connected to a rotaxane wheel undergoes a wheel movement along the
B polymer chain to afford an initially grafted or branched triblock
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Figure 3 Topology-dependent morphology of two types of three-component
polymers with linear and star shapes. Adapted with permission from
Mogi et al.32 and Takano et al.33. Copyright American Chemical Society. A full
colour version of this figure is available at the Polymer Journal journal online.
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Figure 4 Structural transformation of a linear ABC triblock copolymer
containing rotaxane-linked units to graft or branched and star polymers. A full
colour version of this figure is available at the Polymer Journal journal online.

copolymer and finally an ABC star polymer, depending on the wheel
position on the B polymer. Furthermore, the present system is also
reversible if the stimuli responsible for the movement of the rotaxane
moiety are reversible.

Thus, the rotaxane linking of polymer chains is anticipated to
provide many opportunities for constructing a variety of dynamic
polymer systems. In this review article, we summarize the synthesis
and topology transformation of dynamic polymer systems character-
ized by rotaxane-linked polymer chains.

BASIS FOR THE MOLECULAR DESIGN OF A TOPOLOGY-
TRANSFORMABLE POLYMER

To prepare the abovementioned rotaxane-linked polymer systems,
new technology is required in which one wheel component threads a
single polymer chain to afford the simplest polyrotaxane, that is,
macromolecular [2]rotaxane (M2R). Studies of the synthesis and
application of a variety of polyrotaxanes, mainly main-chain-type
polyrotaxanes, have so far been directed toward the development of
innovative polymer materials by using the dynamic nature of the
components rather than the construction of novel polymers. Several
comprehensive reviews and books cover these works.2>28-31 Although
many polyrotaxanes have been reported over the past two decades, few
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Figure 5 Macromolecular [2]rotaxane (M2R) and a macromolecular switch
based on M2R. A full colour version of this figure is available at the Polymer
Journal journal online.
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Figure 6 Dynamic macromolecular systems derived from macromolecular [2]
rotaxane (M2R). (a), (b) topology transformation system, (c) rotaxane cross-
linked system. A full colour version of this figure is available at the Polymer
Journal journal online.

structure-definite polyrotaxanes have appeared, presumably because of
the synthetic difficulty. In particular, the synthesis of M2R was a large
challenge until two groups, including us, reported the first controlled
synthetic method several years ago.>**> In addition to the synthesis of
M2R, the development of macromolecular switches (Figure 5) based
on the controllable location and mobility of the components is also
indispensable for the construction of dynamic polymer systems. M2R
endowed with a switching function should have great potential.
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Figure 7 Two synthetic strategies of macromolecular [2]rotaxane (M2R)
through (a) the rotaxane end-cap method and (b) the rotaxane-from method.
A full colour version of this figure is available at the Polymer Journal journal
online.
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Figure 8 sec-Ammonium/crown ether complex and metal (palladium)/ligand
complex as couples formed by strong attractive interactions that can be used
for the preparation of macromolecular [2]rotaxane (M2R) but can be
removed for enhanced mobility. A full colour version of this figure is
available at the Polymer Journal journal online.

With the achievement of switchable M2R, a variety of dynamic
polymer systems, such as those shown in Figures 4 and 6, could be
developed. Here, we discuss the synthesis and properties of M2R-
based topology-transformable polymer systems as stimuli-responsive
polymer systems, mainly focusing on linear-branched topology
transformations (Figures 4 and 6) after the basic introduction of
linear—cyclic polymer topology transformations. Furthermore, we also
briefly discuss rotaxane crosslinked systems that can be regarded as an
application of such rotaxane-linked polymer systems (Figure 6).

SYNTHETIC STRATEGY OF M2R

Figure 7 illustrates the synthetic strategies of M2R, in which the wheel
component can move from one end to the other end of the axle
component assuming the axle is fixed, reported so far.>**> The most
important point in the synthesis of M2R is to carefully construct the
threaded structure between the polymer axle and macrocycle wheel
components.

The key step in the rotaxane end-cap method for M2R (Figure 7a)
is the connection of a terminal, bulky telechelic polymer as the axle
polymer and a pseudo[2]rotaxane as the wheel component. As this key
step involves the end-cap reaction of the axle terminal of pseudo|[2]
rotaxane with the polymer terminal, highly efficient reactions, such as
click reactions, are required. Even with the use of a click reaction,
excess pseudo[2]rotaxane is usually required to achieve the binding of
the two termini. Despite such restriction, this method has merits such
as structural diversity of the polymer used for the end-cap reaction,
indicating the usefulness of the method.

In contrast, the rotaxane-from method (Figure 7b) uses pseudo[2]
rotaxane as an initiator for the living polymerization of a monomer to
prepare the axle polymer chain, followed by reaction of the
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Scheme 1 Synthesis of a palladium (Pd) complex-based macromolecular [2]rotaxane (M2R) via the rotaxane end-cap method. A full colour version of this

figure is available at the Polymer Journal journal online.
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Scheme 2 Synthesis of  sec-ammonium  salt/crown  ether-based
macromolecular [2]rotaxane (M2R) via the rotaxane-from method. A full
colour version of this figure is available at the Polymer Journal journal online.

propagating end with a bulky end-cap to prevent the deslippage of the
wheel component. Notably, excess pseudo[2]rotaxane is not required
in this method because one pseudo[2]rotaxane initiator gives one
M2R when the initiator efficiency is 100%. Judging from the
troublesome purification of M2R during the removal of the polymer
agent used in the end-cap reaction in the rotaxane end-cap method,
the rotaxane-from method seems superior to the rotaxane end-cap
method; impurities, such as excess reagents, monomers and by-
products, can be removed by simple precipitation and/or preparative
gel permeation chromatography (GPC).
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Scheme 3 Synthesis of M2R_M with enhanced component mobility by
N-acetylation of M2R_F. M2R, macromolecular [2]rotaxane. A full colour
version of this figure is available at the Polymer Journal journal online.

To synthesize dynamic polymer systems based on rotaxane linkages,
M2R components should have a relatively position-controllable
functionality, such as a macromolecular switch. Namely, strong
intercomponent interactions used for the synthetic process of M2R
should be removed by some stimulus to convert the structure; as a
result, new interactions between the rotaxane-linked components
should emerge to switch their relative position. The interaction

between a sec-ammonium/crown ether complex’*™** or a metal
with M2R components is suffi-

(palladium)/ligand complex*$4349
ciently strong to maintain the structures of the components but can be
removed by some stimuli to change their relative position (Figure 8).
Meanwhile, the design of an M2R consisting of cyclodextrin as a wheel
and a polymer as an axle is difficult compared with the above two
cases (Figure 8) because the wheel number and the relative position of

the components are usually uncontrollable.?*28

SYNTHESIS OF M2R

Fustin and colleagues® first reported the successful synthesis of M2R
and a rotaxane-linked block copolymer (RLBC) using the rotaxane
end-cap method. They used a macrocyclic palladium complex with a
pseudorotaxane structure as the end-cap agent. The end-cap pro-
ceeded efficiently via the Huisgen click reaction with terminal azide-



functionalized poly(methyl acrylate), as shown in Scheme 1. The high
isolated yield of the end-cap reaction (81%) can be attributed to the
highly efficient Huisgen click reaction and the high stability of the
square planar palladium(II) complex. No palladium-free M2R was
studied to evaluate the mobility of the M2R components.

The combination of a 24-membered crown ether, such as dibenzo-
24-crown-8-ether (DB24C8), and sec-ammonium salt has been widely
used for rotaxane synthesis.*®*>0 Takata and colleagues®'~* devel-
oped various sec-ammonium salt/DB24C8-based rotaxanes and
applied them to rotaxane switches in which the mobility and relative
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Figure 9 Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS) spectra of (a) M2R_F and (b) M2R_M. M2R,
macromolecular [2]rotaxane. A full colour version of this figure is available at
the Polymer Journal journal online.
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position of the rotaxane components could be controlled. Therefore,
M2R possessing the sec-ammonium salt/DB24C8 couple can be
regarded as an ideal structure-definite polyrotaxane in which the
mobility and position of the components should be stimuli responsive.

Takata and colleagues® recently developed an effective synthetic
protocol of M2R via the rotaxane-from method that produced M2R in
high yield with high purity. As discussed above, the rotaxane-from
method using pseudo[2]rotaxane as an initiator of living polymeriza-
tion has the following advantages: (1) the amount of pseudo|2]
rotaxane prepared through the relatively complicated processes is
minimized, but the [2]rotaxane structure is introduced into all
polymer chains, and (2) the purification of the synthesized M2R is
easy because M2R and impurities are separated via simple

Table 1 Synthesis? and thermal properties of M2Rs with different
DPs

Code [Ml/ [1]p Yield [%] DF® T SHyE
M2R10-F 10 86 10 —f —f
M2R10-M — 77 10 —f —f
M2R14-F 15 76 14 —f —f
M2R14-M — 80 14 —f —f
M2R17-F 20 87 17 42 39
M2R17-M — 79 17 —f —f
M2R33-F 35 79 33 39 59
M2R33-M — 78 33 32 57
M2R49-F 50 87 49 42 61
M2R49-M — 77 49 40 60
M2R97-F 100 89 97 44 68
M2R97-M — 84 97 42 69

Abbreviations: DP, degree of polymerization; M2R, macromolecular [2]rotaxane.

The differential scanning calorimetry (DSC) data were obtained during the second heating at a
heating rate of 10 °C per min.

aPolymerization conditions: [Ilo=40 mmol -1, [DPPly/[llo= 1, ambient temperature.
blsolated yield by preparative gel permeation chromatography (GPC) eluted with CHCl3.
°Degree of polymerization determined by 'H nuclear magnetic resonance (NMR).

dMelting temperature.

€Melting enthalpy.

Not observed.
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Figure 10 Differential scanning calorimetry (DSC) heating curves of (a) M2R-Fs and (b) M2R-Ms with different degrees of polymerization (DPs; second heating)
at a heating rate of 10 °C per min. M2R, macromolecular [2]rotaxane. A full colour version of this figure is available at the Polymer Journal journal online.
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Figure 11 Time-dependent crystallinity of M2Rs. (a) Structures of PVL-l and
PVL-N. Crystallinity measured by differential scanning calorimetry (DSC) at a
constant temperature (Tg.): (b) at 34 °C for degree of polymerization (DP)=50
PVL and (c) at 38 °C for DP =100 PVL (100% crystallinity =melting enthalpy
obtained by nonisothermal measurement with a heating rate of 10°C per
min). M2R, macromolecular [2]rotaxane; PVL, poly(5-valerolactone).

precipitation. The most important point to note when synthesizing
M2R via the rotaxane-from method is that pseudo[2]rotaxane as the
initiator keeps its threaded structure during the initiation, propagation
and end-capping processes, even with use of the sec-ammonium salt/
DB24C8 couple. These authors eventually chose the diphenyl phos-
phate (DPP)-catalyzed living ring-opening polymerization of a cyclic
monomer, such as lactone, as the suitable polymer chain in M2R.
Kakuchi and colleagues® reported that DPP activates cyclic
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Scheme 4 Synthetic strategy of a cyclic polymer via the topology
transformation of macromolecular [1]rotaxane (M1R). A full colour version of
this figure is available at the Polymer Journal journal online.
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Scheme 5 Synthesis of the cyclic polymer MI1R_C via the topology
transformation of M1R_L. M1R, macromolecular [1]rotaxane. A full colour
version of this figure is available at the Polymer Journal journal online.

monomers, such as d-valerolactone (VL) and e-caprolactone (CL), to
facilitate the nucleophilic attack of the alcoholic initiator and
propagating end to produce the corresponding polymer, that is, poly
(8-valerolactone) (PVL) and poly(e-caprolactone), respectively, via
living polymerization.

To use the pseudo[2]rotaxane containing DB24C8/sec-ammonium
salt as the initiator for the DPP-catalyzed polymerization, pseudo|2]
rotaxane 1-OH, possessing a sec-ammonium salt axle with a primary
hydroxyl group, was designed and synthesized, as shown in Scheme 2. As
the polymerization proceeded under relatively weaker acidic conditions,
1-OH efficiently initiated the ring-opening polymerization (ROP) of VL
without any decomposition. End-capping of the propagating OH
terminal (PVL-OH) with bulky isocyanate afforded a sec-ammonium
salt/crown ether-based M2R with a PVL axle. The purification of M2R
by precipitation in a poor solvent was simple but sufficiently effective
to remove almost all impurities, such as monomers and bulky
isocyanates. A sec-ammonium/crown ether-based M2R with a poly(e-
caprolactone) axle was also prepared by the same procedure, but using
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Figure 12 Gel permeation chromatography (GPC) profiles of the linear
(M2R_U) and cyclic (M1R_C) polymers (polystyrene standards; CHCI3
eluent; refractive index (RI) detection). M2R, macromolecular [2]rotaxane.
A full colour version of this figure is available at the Polymer Journal journal
online.

CL as a monomer instead of VL. Interestingly, the supramolecular
initiator 1-OH did not affect the rate of the DPP-catalyzed polymeriza-
tion, keeping with the living nature, as demonstrated by the kinetic
study. Namely, Takata and colleagues® established a novel synthetic
method for M2R via a one-pot reaction with a high isolated yield (76—
91%).

CHARACTERIZATION OF M2R

The most intriguing property of M2R is the dynamic nature of the
components; thus, the mobility of the components of M2R_F was
enhanced by converting the ionic nitrogen moiety to a nonionic
moiety via N-acetylation (Scheme 3).

Figure 9 shows the matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry spectra of M2R_F and M2R_M. The series
of m/z peaks showed a clear molecular weight interval assignable to the
PVL unit that possessed both the pseudo[2]rotaxane initiator and the
end-cap groups, demonstrating the successful syntheses of perfectly
pure M2R_F and M2R_M.

The component mobility-dependent property of these polymers is
interesting. To evaluate the effect of the component mobility in M2R,
the crystallinity of the axle polymer (PVL) as a suitable probe that is
greatly affected by the component mobility was measured by differential
scanning calorimetry.>® Table 1 summarizes the synthesis of M2Rs with
different axle chain lengths, as well as their thermal properties
characterized by differential scanning calorimetry (Figure 10). In
Table 1, the 10 in M2RI10, for example, indicates the degree of
polymerization (DP = 10) calculated by 'H nuclear magnetic resonance.

Single endothermic peaks originating from the phase transition of
the PVL moiety from crystal to amorphous were observed at 38—-60 °C
in the differential scanning calorimetry profiles of M2R_Fs with a DP
>15 and M2R_Ms with a DP >20. This result suggests that PVL
moieties with axles shorter than DP 15 cannot form a folded lamellar
crystal. Meanwhile, the difference in crystallinity between M2R20_F
(crystalline) and M2R20_M (amorphous) should be attributed to the
change in the mobility of the components. Although the melting
temperature (T,,) and enthalpy (AH,,) values in Table 1 showed little
difference between M2R_F and M2R_M with DPs > 35, the rate of
crystallization, as characterized by their isothermal crystallization
kinetics, was significantly different depending on the mobility differ-
ence, as shown in Figure 11.
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Figure 13 Gel permeation chromatography (GPC) profiles of the linear
(M2R_Ucf3) and cyclic polymers (M1R_Ccps) (polystyrene standards; CHCls
eluent; refractive index (RI) detection). M2R, macromolecular [2]rotaxane. A
full colour version of this figure is available at the Polymer Journal journal
online.

Figure 11 shows the time-dependent normalized crystallinity of
M2Rs. A movable wheel clearly disturbed the crystallization even when
the PVL axle chain with 100 DP was applied. Surprisingly, M2R_F
(M2R50_F and M2R100_F) showed similar crystallization behaviors
to the model polymers that have the same DP but no wheel
component: PVL-I with a sec-ammonium structure and PVL-N with
a N-acetylated structure (Figure 11a). We thus concluded that the
wheel component does not affect the crystallization of PVL in M2R_F
because the wheel component is fixed at the end of the axle polymer
chain via the strong sec-ammonium/DB24C8 interaction. In contrast,
in M2R_M, the presence of the wheel component hindered the
crystallization of PVL because the wheel component can move freely
along the axle polymer chain in the beginning, but after that,
crystallization proceeds over time along the sigmoidal curve after a
certain short induction period (Figure 11). In the later part of
crystallization, the wheel component is forced to gradually move to
the end of the polymer chain as the crystallization progresses, and,
eventually, the crystallization completes when the wheel remains at the
end of the polymer chain.

Thus, the wheel component disturbs the axle polymer crystallization
when the wheel is movable but hardly disturbs the crystallization when
the wheel is fixed at the end of the axle terminal.

APPLICATION OF M2R

Unimolecular linking directed toward a linear—cyclic polymer
topology transformation

The linear—cyclic polymer topology transformation is discussed as an
application of M2R in this section, although it does not directly
correspond to the linear-branched topology transformation. This can
be regarded as an analogous system to the linear—branched system
shown in Figure 6b, in which the axle polymer is directly connected to
the wheel component instead of introducing another polymer chain
into the wheel component of M2R that is categorized as ‘unimolecular
linking’. The topology-transformable nature of rotaxane-linked poly-
mers enables the synthesis of cyclic polymers from linear
polymers.>>8 Although cyclic polymers have attracted much interest
in both polymer synthesis and physics, the synthesis of cyclic polymers
has long suffered from the difficulties of tedious preparation and
troublesome purification.!>>*%  Generally, the synthesis of cyclic
polymers is accomplished using two major methods: the cyclization
of linear-shaped precursors with a homo or hetero bifunctional group
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Figure 14 Gel permeation chromatography (GPC) profiles of the linear and cyclic block copolymers (polystyrene standards; CHCl3 eluent; refractive index (RI)
detection). A full colour version of this figure is available at the Polymer Journal journal online.
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Figure 15 Structure of the rotaxane-linked block copolymer (RLBC)
synthesized by Fustin and colleagues.3* A full colour version of this figure is
available at the Polymer Journal journal online.

at both ends and ring expansion polymerization through the
continuous addition of monomers to the cyclic initiator. Although
the cyclization of linear-shaped precursors is the most commonly used
method, it requires high reactivity at both polymer ends and efficient
cyclization under high dilution conditions to prevent intermolecular
reactions. Moreover, the process to isolate the pure cyclic polymer
from the mixture containing both the resulting cyclic polymer and
unreacted linear precursor is also troublesome. Meanwhile, most ring
expansion polymerizations do not provide a well-controlled molecular
weight and polydispersity. These defects have prevented the effective
synthesis and characterization of cyclic polymers. Recently, we
developed a novel strategy for effective cyclic polymer synthesis based
on the structural transformation of macromolecular [1]rotaxane
(MIR) that is obtained by linking a wheel component and an axle
component of M2R (Scheme 4).

As this cyclization strategy involves the transportation of the wheel
component along the polymer axle of MIR, the efficiency is 100%
irrespective of concentration that differs from the cyclization between
the two polymer ends. The initial small cyclic part of the linear MIR
(MIR_L) is gradually expanded according to the translation of the
wheel to form a large cyclic polymer. Scheme 5 shows the actual
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functional groups. A full colour version of this figure is available at the
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J

synthetic scheme of the linear polymer MI1R_L and its topology
transformation to the cyclic polymer M1R_C.>

The pseudo[2]rotaxane initiator (2P-OH) composed of
sec-ammonium with both pentenyl substituents and terminal benzyl
alcohol and DB24C8 with pentenyl substituents is a key initiator to
synthesize MIR by linking the axle and wheel components. After the
DPP-catalyzed living ring-opening polymerization of CL and the
end-capping reaction (2P-M2R), the ring-closing metathesis of the
terminal rotaxane moiety of the obtained M2R yielded the corre-
sponding linear M1R (M1R_L). A topology transformation from linear
to cyclic was conducted via acetylation of the sec-ammonium moiety.
The transformation of the wheel component a-end to the w-end
resulted in the successful synthesis of the cyclic polymer (MIR_C).
The topology transformation was confirmed by GPC, as shown in
Figure 12.
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The GPC profile of MIR_C showed a smaller molecular weight
distribution than that of the linear model (M2R_U), clearly supporting
the polymer topology change from linear to cyclic. The cyclic structure
was also supported by the change in the degree of cyclization, whereby
MIR_Ccps, which possesses enhanced acidity because of the addition
of a terminal urethane moiety by the substitution of the dimethyl-
phenylurethane moiety with the electron-withdrawing bis(trifluoro-
methyl)phenylurethane moiety, obviously had a higher level cyclic
structure than M1R_C (Figures 12 and 13).

The linear—cyclic polymer topology transformation was also applied
to the synthesis of a cyclic block copolymer using CL and hexano-
lactone as the monomers.’® The similar GPC profile change
(Figure 14) suggested the development of an effective synthetic
method of cyclic polymers containing two polymer components.
The change in the crystallinity of the polymer upon cyclization also
confirmed the efficient topological change, and the cyclic polymer had
a higher melting point than linear one.

Bimolecular linking directed toward the linear—branched polymer
topology transformation

M2R can be applied to the synthesis of RLBCs. Fustin and colleagues®*
reported the synthesis of a RLBC (PMA-rot-PEO) composed of poly
(methyl acrylate) (PMA) and poly(ethylene oxide) (PEO), in which
both are connected with a rotaxane structure (Figure 15). They used
“-rot-’ to distinguish RLBC from other block copolymers connected
with covalent bonds and supramolecular interactions, such as hydro-
gen bonding and coordination bonding. We applied the rotaxane-
from method to the synthesis of a variety of RLBCs by introducing
various polymer chains into the components of M2R.%!

Figure 16 Structural transformation of rotaxane-linked block copolymer
(RLBC) via the relative positional change of the wheel component from the
a-end to the w-end. A full colour version of this figure is available at the
Polymer Journal journal online.

@Nco

(‘O O'g

c ’\] =, (’9\/\/\
CH.Cl» % Nz of CioHzo O
rt,12h Lo o/

2-PVL_F

83% PFg”

To introduce an additional polymer chain onto the wheel compo-
nent of M2R, various functional groups were introduced into the
crown ether wheel that was complexed with a sec-ammonium salt
containing a hydroxyl group to produce a pseudorotaxane initiator for
the living ring-opening polymerization of VL, as shown in Scheme 6.
The polymerization and successive end-capping resulted in the
formation of functionalized M2Rs with relatively high isolated
yields and high purity. Scheme 7 shows the synthetic methods of
RLBCs via two methods, that is, grafting-from and grafting-onto, to
yield the RLBCs PVL-rot-PEO_F and PVL-rot-PS_F (polystyrene
(PS)). Furthermore, the sec-ammonium moiety of the RLBCs
was acetylated to allow the wheel component containing the
polymer chain to move along the axle polymer chain
(PVL-rot-PS_M) (Scheme 7b).

We first studied the dynamic nature of RLBC. The effect of the
change in the polymer structure on the solution properties of RLBC by
N-acetylation-induced neutralization or mobility enhancement was
evaluated by GPC. No large effect was observed as the GPC result did
not show a peak shift, in good agreement with the nearly equal
polymer chain length of RLBCs before and after N-acetylation
(Figure 16). The attractive interaction of the wheel component
containing the urethane group located at the w-end of the axle
polymer chain produces the same copolymer chain length as that
located at the a-end before N-acetylation. If there is no point on the
axle polymer that is attractive for the wheel component, the average
topology of RLBC would be branched at the rotaxane junction, rather
than linear, and RLBC is expected to show a smaller hydrodynamic
volume than the linear one (Figure 16). This topic will be discussed
again in a later section.

To obtain more information, a rotaxane-linked polymer containing
the same polymer chains in both the axle and wheel components was
prepared.®? Two hydroxyl group-tethered pseudorotaxane initiators
(2-OH) underwent the DPP-catalyzed living ring-opening polymer-
ization of VL, and the successive end-capping reaction with 3,5-
dimethylphenyl isocyanate afforded rotaxane-linked homopoly(valer-
olactone), 2-PVL_F (Scheme 8).

The spectral characterization of 2-PVL_F agreed with the proposed
structure, in which the two PVL chains on the components had the
same degree of polymerization. Surprisingly, a rotaxane-linked PVL

(o
O,

rO . ] O
— NTJ— AO(’U\/\/\O)'H
o H CioH20 03

2-PVL-OH

o
o)’U“NH
23

Scheme 8 Synthesis of rotaxane-linked PVL 2-PVL_F by the rotaxane-from method. PVL, poly(8-valerolactone). A full colour version of this figure is available

at the Polymer Journal journal online.
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Figure 17 Gel permeation chromatography (GPC) profile of (a) 2-PVL_F, (b)
2-PVLM and (c) the model polymer (CHCI3, PSts). PVL, poly(s-
valerolactone). A full colour version of this figure is available at the Polymer
Journal journal online.

without bulky end-cap groups (2-PVL-OH) was also isolated by
precipitation. No deslippage of the wheel component from the axle
component was confirmed during the isolation process, and 2-PVL-
OH was stably isolated, clearly demonstrating the excellent strength of
the sec-ammonium/DB24C8 interaction. Then, 2-PVL_F was neutra-
lized by N-acetylation to afford 2-PVL_M, in which the wheel
component was mobile along the axle chain (Scheme 9).

The dynamic nature of 2-PVL_F and 2-PVL_M was evaluated by
GPC (eluent: CHCl3) for comparison with the corresponding model
linear polymer having a DP of VL equal to the sum of the DP of the
two polymer units of 2-PVL. 2-PVL_F and 2-PVL_M showed very
similar GPC profiles and molecular weights (Figure 17), which is in
good agreement with the results discussed above and as seen in the
case of RLBC, indicating that these polymers have a similar hydro-
dynamic volume. Considering the strong intercomponent interaction,
2-PVL_F will act as a linear-shaped polymer in a less polar solvent,
such as CHCls.

This assumption was evidently proven by a similar GPC result of the
model polymer, suggesting that 2-PVL_M also has a linear topology. As
mentioned above, the urethane group at the w-end of the axle polymer
in 2-PVL_M fixes the wheel component at the w-end, making the
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entire polymer topology linear, similar to that before N-acetylation. In
the urethane group/crown ether interaction, Gibson and colleagues®>-%¢
reported that the formation of hydrogen bonds between the urethane
NH group and the crown ether wheel resulted in the
generation of a significant thermodynamic driving force for the
threading complexation. These reports support the present transfer
of the wheel component-tethered polymer chain from the a-end to the
w-end of the axle polymer by removing the sec-ammonium/DB24C8
interaction.
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Scheme 12 Synthesis of rotaxane-linked ABC star terpolymers. A full colour
version of this figure is available at the Polymer Journal journal online.

Trimolecular linking directed toward the linear-branched (Star)
polymer topology transformation

Polymer topology transformations, which change the essential
molecular shape of a polymer, for example, from a cyclic to a linear
structure (section ‘Unimolecular linking directed toward a linear—
cyclic polymer topology transformation’), often cause large macro-
scopic property changes, both in bulk and in solution. Although
topology-changeable molecules have been limited mainly to small
molecules until 2000, recent progress in synthetic organic and polymer
chemistry has made the topology change of polymer molecules
possible,”70 as discussed in the section ‘Bimolecular linking directed
toward the linear—branched polymer topology transformation’.
Compared with linear polymers, corresponding polymers with differ-
ent topologies, such as star polymers,’™7® cyclic polymers,!>>60
dendrimers’4+7¢ and hyperbranched polymers,'® generally have a
hydrodynamic  volume, solution viscosity and
less polymer entanglement in bulk. Therefore, the development
of topology-transformable polymers in response to a specific stimulus

smaller lower
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Figure 18 Gel permeation chromatography (GPC) profiles of (a) N-acetylated
3-PVL-OH, (b) 3-PVL_.A and (c) 3-PVL_U calibrated with polystyrene
standards (CHCls eluent; refractive index (RI) detection). PVL, poly(s-
valerolactone). A full colour version of this figure is available at the Polymer
Journal journal online.

is particularly attractive to control the polymer properties and to
construct novel stimuli-responsive materials.”’~8

We first describe our results for the topology-transformable 3-arm
star polymer derived from a crown ether-based M2R with sec-
ammonium and urethane moieties on the polymer axle that can be
regarded as a two-station-type molecular switch.®! As shown in
Scheme 10, the topology-transformable star polymer (3-PVL_A) was
synthesized using the trifunctional pseudo[2]rotaxane initiator 3-OH,
which contains three primary OH groups, to ensure the synthesis of
the well-defined three-armed star polymer 3-PVL-OH in which the
arm polymer chains have the same DP. Treatment of the three
terminal OH groups of the polymer with a bulky isocyanate gave the
corresponding star polymer 3-PVL_A, in which the polymer chain on
the wheel component is fixed at the center of the axle polymer chain
by the sec-ammonium/crown ether interaction.

The topology transformation of the star polymer 3-PVL_A to
the linear polymer 3-PVL_U was achieved by changing the inter-
component interaction from sec-ammonium moiety/crown ether to
urethane moiety/crown ether via the simple N-acetylation of 3-PVL_A
(Scheme 11a). Meanwhile, the similar treatment of a rotaxane-linked
star polymer that did not contain bulky end-cap groups (3-PVL-OH)
resulted in the decomposition of the rotaxane structure by acetylation
of the corresponding wheel and axle components (Scheme 11b).
Figure 18 shows the GPC profiles of the product mixtures obtained
from the N-acetylation of 3-PVL-OH, 3-PVL_A and 3-PVL_U. The
broad GPC peak of acetylated 3-PVL-OH eluted at a lower molecular
weight region compared with those of 3-PVL_A and 3-PVL_U,
suggesting the decomposition of 3-PVL-OH to the two polymers
connected to the axle and wheel components because of the absence of
the bulky end-cap. This result in turn evidently reveals that the wheel
component carrying a polymer chain readily moves along the axle
polymer chain to the polymer end and is eventually threaded out from
the polymer end by being released from the strong intercomponent
interaction of sec-ammonium/crown ether.

Meanwhile, the unimodal peak of 3-PVL_U appeared at an earlier
elution time than that of 3-PVL_A without a change in M,,/M,. We
concluded that this peak shift is caused by an increase in the
hydrodynamic volume, clearly supporting the occurrence of the
topology transformation from star shaped to linear. The topology



transformation was also supported by the viscosity change. Covalently
connected star and linear model polymers were also prepared for
comparison, as shown in Figure 19. The increased intrinsic viscosity
[n] of 3-PVL_U over that of 3-PVL_A indicated the topology
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Figure 19 Huggins plots of (a) 3-PVL_A and the star model and
(b) 3-PVL_U and the linear model (measured in CHCl3). PVL, poly(s-

valerolactone). A full colour version of this figure is available at the Polymer
Journal journal online.
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transformation from a star polymer to a linear polymer, and the ¢
value (ratio of the intrinsic viscosity of the covalently connected star
and linear polymers with same molecular weights) was similar to that
of the model polymers. The report presented the first topology-
transformable polymer, again emphasizing the importance of the basic
rotaxane polymer M2R.

Compared with the rotaxane-linked polymers tethered with the
same polymer chain structures described above, rotaxane-linked
polymers containing different polymer chain structures, such as block
star polymers, have attracted great interest from both a scientific and
practical perspective. In particular, star polymers composed of three
different types of polymer chains show unique characteristics, such as
microphase-separated structures, owing to their topology that cannot
be attained by their linear analogs, as reported by Matsushita and

a
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Figure 20 Gel permeation chromatography (GPC) profiles of the (a) rotaxane-
linked star terpolymer (PEOg4s5-b-PVL33-rot-PS49_A) and (b) rotaxane-linked
linear terpolymer (PEQO45-b-PVL33-rot-PS49_U) calibrated using polystyrene
standards (CHCIl3 eluent; refractive index (RI) detection). A full colour
version of this figure is available at the Polymer Journal journal online.
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Figure 21 Synthesis and structural transformation of 4- and 6-arm star
polymer systems based on rotaxane-linked arm polymer chains.
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colleagues.*>*> To extend the capability and applicability of the
topology-transformable systems based on M2R, we synthesized a
topology transformable ABC terpolymer.32 A pseudo[2]rotaxane
initiator (3F) capable of linking three polymer chains by the rotaxane

linkage was designed as the key trifunctional compound for the star
polymer synthesis (Scheme 12).

The living ring-opening polymerization of VL initiated with 3F and
successive capping of the propagating end was followed by the
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polymer (Rot-Starg_A). A full colour version of this figure is available at the Polymer Journal journal online.
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Scheme 14 Structural transformation (a) from a 4-arm star to linear and (b) from a 6-arm star to a 3-arm star polymer. A full colour version of this figure is

available at the Polymer Journal journal online.
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Figure 22 Gel permeation chromatography (GPC) profiles before and after
the acetylation of (a) Rot-Stars A and (b) Rot-Starg_A calibrated with
polystyrene standards (N, N-dimethylformamide (DMF) eluent; 0.70 ml min~1
flow rate; refractive index (RI) detection). A full colour version of this figure
is available at the Polymer Journal journal online.

reversible addition—fragmentation chain transfer polymerization of
styrene to give the corresponding two polymer chain-tethering [2]
rotaxane PVLz3-rot-PS,.

The final polymer connection via the click reaction with azide-
terminated poly(ethylene oxide) afforded the rotaxane-linked ABC star
terpolymer PEO,5-b-PVL33-10t-PSy9_A.

The strong interaction of sec-ammonium/DB24C8 fixed the
rotaxane-linked structure at the center of the axle polymer chain to
connect the arm polymer chains. However, N-acetylation of the sec-
ammonium moiety of PEQO4s5-b-PVL33-10t-PSy9_A resulted in the
transformation of the initial polymer topology from star shaped to
linear (PEOy5-b-PVLss-rot-PS;9 U) via the emergence of the
urethane/crown ether interaction at the end of the axle polymer
PVL chain. The peak shift in the GPC profile to the higher molecular
weight region strongly supports the structure and dynamic nature of
the topology-transformable ABC terpolymer (Figure 20).

Star polymers capable of changing arm number and arm length

As mentioned above, the polymer topology can be changed from a
3-arm star to linear. To extend the capability and applicability of this
system, a rotaxane linkage was introduced into the arm polymer
chains of multi-arm star polymers as the movable junction point, as
the arm number and length are critical factors determining the
polymer properties and functionalities. In this section, the synthesis,
structural transformation and properties of novel star polymers with
changeable arm number and length via the integration of structure-
transformable units to the central core are discussed. The integration
of structure-transformable units via the highly effective click reaction
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Figure 23 Huggins plots of the star and linear polymers. (a) Rot-Stars_A,
Rot-Linear_U, and model polymers Stars-Model and Linear-Model and (b)
Rot-Starg_A and Rot-Star;_U, and model polymer Linear-Model.
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Figure 24 Macromolecular [2]rotaxane (M2R)-based rotaxane crosslinker with
a definite structure for the fabrication of a rotaxane crosslinked polymer (RCP).
A full colour version of this figure is available at the Polymer Journal journal
online.

of nitrile N-oxide is an effective way to synthesize multi-arm star
polymers (Figure 21).83-88

The transformable unit (arm) consisting of rotaxane-linked PVL
and an alkene group as a reactive group was synthesized via the DPP-
catalyzed living ring-opening polymerization of 8-VL initiated by the
two hydroxyl groups of a sec-ammonium/crown ether-type pseudo(2]
rotaxane with an alkene group on the axle component, as shown in
Scheme 13a. The two propagating end groups (—OH) were reacted
with 3,5-dimethylphenyl isocyanate that not only acts as the bulky
end-cap but also produces the second attractive site for the crown
ether wheel as the urethane group at the polymer end.

Click reactions of the arm obtained with bi- or tri-functionalized
nitrile N-oxides were conducted to prepare star polymers, as shown in
Scheme 13b and c. Simply mixing the nitrile N-oxides and alkene-
containing arms in chloroform gave the corresponding star polymers,
Rot-Stary A (b,>80%) and Rot-Starg_A (c, 20%), after heating for
12 h under reflux.

The structural transformation of the resulting star polymers was
achieved by changing the sec-ammonium/crown ether interaction to
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Scheme 15 (a) Synthesis of a macromolecular [2]rotaxane (M2R)-based
rotaxane crosslinker (RC) and (b) the design of a covalent crosslinker (CC)
for comparison. A full colour version of this figure is available at the Polymer
Journal journal online.

Table 2 Syntheses of the crosslinkers RC and CC

Crosslinker Yield [%] My gee? [kDal My /M2 DP M,y [kDaJ
RCys5 (n=25) 64 6.0 1.19 23 3.5
RCso (n=50) 75 8.3 1.13 50 6.2
RCys5 (2m =25) 88 5.2 1.25 20 2.4
RCso (2m =50) 98 9.5 1.20 52 5.6

Abbreviations: CC, covalent crosslinker; DP, degree of polymerization; RC, rotaxane crosslinker.
@Determined by gel permeation chromatography (GPC) (CHCls, polystyrene standards).
bDetermined by 'H nuclear magnetic resonance (NMR).

the urethane/crown ether interaction via N-acetylation of the sec-
ammonium moiety on the axle component (Scheme 14).
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Scheme 16 Synthesis of (a) rotaxane crosslinked polymer (RCP) and (b)
covalently crosslinked polymer (CCP). A full colour version of this figure is
available at the Polymer Journal journal online.

In addition to the '"H nuclear magnetic resonance and matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry
spectra, the GPC profiles before and after N-acetylation clearly
confirmed the structural transformation (Figure 22): (1) Rot-
Star,_A to Rot-Linear_U and (2) Rot-Starg_A to Rot-Star;_U. After
N-acetylation, the GPC peaks of both Rot-Star, A (M, 12.0 kDa) and
Rot-Starg_A (M}, 8.7 kDa) shifted to the high molecular weight region
(Rot-Linear_U, M, 18.0 kDa; Rot-Star;_U, M, 11.0 kDa) without a
change in the M,/M,, demonstrating the structural transformation
from the 4-arm star polymer to the linear polymer and from the
6-arm star polymer to the 3-arm star polymer with a longer arm
length.

Figure 23a shows the Huggins plots of Rot-Star, A and
Rot-Linear U along with the model polymers containing covalently
connected polymer chains with almost the same molecular weights
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Figure 25 Degree of swelling of poly(n-butyl acrylate) (poly(BA))-based
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Polymer Journal journal online.

a ;

Stress / MPa

0.5 |
0 |
0 200 400 600 800 1000
Strain / %
b

G Fracture Fracture Fracture Young's

P Strain Stress Energy Modulus
RCP2s 450 0.98 2.2 0.37
RCPso 890 1.9 7.5 0.34
CCP2s 150 0.35 0.3 0.37
CCPso 440 14 2.6 0.49

a Determined by the stress between 0 and 10% strain,

Figure 26 Tensile strength of poly(n-butyl acrylate) (poly(BA))-based rotaxane
crosslinked polymers (RCPs) and covalently crosslinked polymers (CCPs). (a)
Stress—strain curves. (b) Summarized data of the tensile tests. A full colour
version of this figure is available at the Polymer Journal journal online.

and star and linear structures, denoted Stary-Model and Linear-
Model, that were synthesized for comparison. The plots of Rot-
Star,_A and Stars-Model as well as that of Rot-Linear_U and Linear-
Model were relatively close but not overlapping, whereas the intrinsic
viscosity of Rot-Stary A ([5]=0.18) was lower than that of Rot-
Linear_U ([n] =0.22). The ¢ value, which is defined as the ratio of the
intrinsic viscosity of the branched polymer to the linear polymer with
the same molecular weight, is generally used to theoretically evaluate
the extent of branching. The ¢’ value of Rot-Star, A to Rot-Linear U
was calculated to be ¢ =0.82, and this is higher than that of the model
polymer (¢'=0.74) but lower than that of the rotaxane-linked 3-arm
polymer composed of PVL (¢’ =0.89).8! In general, the smaller the g’
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value, the larger the number of arm chains with same molecular
weight in the star polymer. Therefore, the results suggest the successful
synthesis of the multi-armed star polymer Rot-Star, A as well as its
structural transformation to a linear-like polymer (Rot-Linear U)
whose polymer-dangling wheel component may be partially located on
the urethane linkage at the axle end.

Figure 23b shows the Huggins plots of Rot-Stars_A, Rot-Star;_U
and Linear-Model. These plots are distinct from one another. The [#]
value of Rot-Starsg_ A was the smallest, and the [y] value of
Rot-Star;_U was in between those of Rot-Stars_A and Linear-
Model. Accordingly, the ¢ values of Rot-Stars_A to Linear-Model
and Rot-Star;_A to Linear-Model were 0.58 and 0.66, respectively.
Although the ¢’ value of Rot-Starg_A was relatively consistent with the
reported data, the ¢’ value of Rot-Star;_A is lower than the reported
data.8°! This result may be attributed to the strength or weakness of
the interaction between the axle and wheel components. Rot-Starg_A
is constructed from the strong sec-ammonium/crown ether interaction
that can fix the wheel component around the core, in keeping with the
6-arm star polymer structure. In contrast, Rot-Star;_U was con-
structed from the relatively weak urethane/crown interaction at the
end of the axle polymer chain that is not sufficiently strong to fix the
wheel component at the end of the axle polymer chain to maintain the
3-arm star structure of the entire polymer. As a result, Rot-Star;_U
also has a partially branched structure.®® However, the present
dynamic structural change originating from the mechanical linkage
is very interesting from the viewpoint of polymer rheology.>>?>

MULTIPLEX LINKING DIRECTED TOWARD MOVABLE
CROSSLINKS THROUGH ROTAXANE LINKAGE

The dynamic systems utilizing the mobile or switching function of
rotaxane mentioned above can also be observed in rotaxane cross-
linked polymers (RCPs) with rotaxane structures at the crosslink
points and where the polymer chains are not fixed at the crosslink
points. The interesting properties of RCPs, such as high swellability,
stretchability and stress-relaxing function, mainly result from the high
mobility of the polymer chains at the crosslink point. Such movable
crosslinks are distinguished from typical physical and chemical cross-
links that have fixed crosslinked points.

The first synthesis of RCP was reported by the Gibson group in
1992.65:6693-96 They obtained gelled products via the polycondensation
of a macrocycle-tethering monomer, that is, a 32-membered crown
ether monomer. The occurrence of gelation is considered to result
from the permanent physical entanglements arising from the thread-
ing of the polymer chain into the macrocycle cavity. The driving force
is attributed to the attractive interaction of the crown ether wheel
containing polyamide and polyurethane segments formed by the
polycondensation. They also confirmed the presence of the rotaxane
structure by nuclear magnetic resonance, whereby some nuclear
Overhauser effect between the urethane linkage and the wheel was
observed.

de Gennes” reported the theoretical prediction of the unique
properties of RCP in 1999. Okumura and Ito®® synthesized an RCP
called a ‘slide-ring gel’ by covalently crosslinking the cyclodextrin
moiety of polyrotaxane-containing cyclodextrin moieties as wheel
components and PEO as an axle component. Furthermore, they
revealed the prominent properties and wide applicability via the
preparation of various slide-ring gels.”>~1> These pioneering works
were followed by a variety of studies in which the movable junction
point played a crucial role.!0¢-122

In these reports on RCPs, the number of wheel components utilized
for the crosslink points and their movable length or range on the axle
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Figure 27 Tensile strength of poly(n-butyl acrylate) (poly(BA))-based hybrid
crosslinked polymers (HCLPs) along with RCPsg and CCPsq. (a) Stress—strain
curves. (b) Summary of the tensile tests. CCP, covalently crosslinked
polymer; RCP, rotaxane crosslinked polymer. A full colour version of this
figure is available at the Polymer Journal journal online.

polymer strongly relate to the physical properties of the RCP.
However, essential studies of the relation between the structure of
the rotaxane crosslinker (RC) and the physical properties of the
corresponding RCP are rarely reported because the RCs reported so
far do not have a defined structure but are complex. The complexity of
RCs makes it difficult to evaluate how the axle length and wheel
number of an RC affect the physical properties of the corresponding
RCP. Because of such circumstances, we were inspired to develop an
RC with a definite structure, containing two vinyl groups in the two
components of M2R, and applied it to vinyl polymer systems.'?*> The
M2R-based RC is expected to be an ideal model to clarify the relation
between the movable length of the wheel component or axle length for
wheel movement and the properties of RCP (Figure 24).

An M2R-based RC containing a polymeric axle and a wheel
component was synthesized for the first time using the method shown
in Scheme 15.

To synthesize the M2R-based RC, we prepared an M2R containing a
sec-ammonium salt with a terminal hydroxyl group and DB24C8 with a
methacrylate group. According to Scheme 15, two M2Rs with different
molecular weights were prepared via the living ring-opening polymer-
ization of 8-VL via the rotaxane-from method, followed by the
successive capping of the OH propagating end with a bulky isocyanate.
Modification of the sec-ammonium moiety of the M2Rs with metha-
cryloyloxyethyl isocyanate in tetrahydrofuran resulted in the formation
of M2R-based RCs with high overall yields. Among the two RCs, RCyps
contained PVL with a DP of 25 as the axle component, whereas RCs
contained PVL with a DP of 50. As a reference to RC, two covalent
crosslinkers (CCs) with the same repeating units and DPs (CCys and

Polymer Journal

Figure 28 Simulated structures of two M2Rs (n=25 (left) and 50 (right),
obtained using the OPLS2005 software MacroModel 9.9, New York, NY,
USA). M2R, macromolecular [2]rotaxane. A full colour version of this figure
is available at the Polymer Journal journal online.

CCsy) were independently prepared for comparison (Scheme 15b).
Table 2 summarizes the results of the synthesis of the RCs and CCs.

To further examine the effect of the crosslinkers, #-butyl acrylate (BA)
and 2-ethylhexyl acrylate (EHA) were chosen as typical vinyl monomers
because of the ease of evaluation of the elastic properties of their
polymers, poly(BA) and poly(EHA), as the glass transition temperature
(Tg) is below room temperature. The radical polymerizations of BA and
EHA were conducted in the presence of 0.5 mol % RC and CC (Scheme
16). The ultraviolet irradiation of the mixture containing a photoinitiator
for 5 min under ambient conditions afforded the corresponding RCPs
and covalently crosslinked polymers (CCPs) as gel films. The RCPs were
purified by swelling and washing with CHCl; and MeOH repeatedly to
remove unreacted monomer and soluble materials. The RCPs and CCPs,
as elastic polymers, had a Tg of ~=50 °C that was similar to that of the
poly(BA) and poly(EHA) homopolymers.

The swelling ratios of the poly(BA)-based RCPs and CCPs toward
chloroform are shown in Figure 25. The swelling ratios of the RCPs
were higher than those of the CCPs, probably indicating the higher
homogeneity of the network originating from the rotaxane crosslinks.
Meanwhile, the degree of polymerization with respect to the length of
the polymer chain had little effect on the swelling behavior.

Figure 26a shows the stress—strain curves of the RCPs and CCPs,
and their mechanical properties data are summarized in Figure 26b.
The toughness, that is, fracture stress and strain, of the RCPs was
much larger than that of the CCPs. Interestingly, although a higher
degree of polymerization of VL produced a higher Young’s modulus
(CCP5¢>CCPy5) in CCP, whereby the PVL segment acts as the hard



segment, the RCPs showed the reverse behavior. Moreover, the
fracture energy of the RCPs increased in proportion to the axle length
of the RCs. The poly(EHA)-based RCPs had a similar tendency as the
poly(BA)-based RCPs, suggesting that the relaxation effect of the
movable linkage at the crosslink points on their properties is different
from that of typical covalently crosslinked polymer.

To contrast the effects of RCs and CCs, ‘hybrid’ crosslinked
polymers with both rotaxane crosslinks and covalent cross-links were
synthesized using BA as a matrix monomer. The mechanical proper-
ties of the hybrid crosslinked polymers obtained using a total
concentration of the crosslinkers of 0.5mol% were evaluated
(Figure 27). Interestingly, all hybrid crosslinked polymers showed
similar behaviors to CCPs independent of the feed ratio of RC and
CC. This result seems reasonable because the crosslink points formed
by CC produce a fragile point for fracture when stress is loaded before
the rotaxane crosslink is formed. Thus, the present study strongly
suggests the usefulness of rotaxane crosslinkers, that is, M2R-based
RC, that can endow vinyl polymers with toughness in a simple
manner. In addition, the M2R based-RC would strongly contribute to
the clarification of the actual mechanism in the generation of
toughness by the rotaxane crosslinks.

CONCLUSIONS AND OUTLOOK

In this review, we discussed the construction and function of dynamic
macromolecular systems containing mechanically linked polymer
chains that can undergo topology transformations to induce structural
and property changes. The structure-definite polyrotaxane M2R
containing one axle polymer chain and one wheel component played
a crucial role in the fabrication of rotaxane-linked (block) polymers,
topology-transformable polymers and rotaxane crosslinkers. The
positional control of the crown ether wheel on the axle component
by changing the degree of interaction with the axle polymer clearly
correlated to the crystallization behavior of the axle polymer in M2R.
Notably, the presence of only one wheel affected the crystallization
behavior of M2R, even though the size of the wheel component was
very small (Figure 28).

We first described the linear—cyclic polymer topology transforma-
tion by using [1]polyrotaxane to emphasize the role of the rotaxane
linking of the polymer chain. Then, we discussed the synthesis of
rotaxane-linked (co)polymers and their topology transformations.
Control of the intercomponent interaction could produce a variety
of novel dynamic polymer systems through polymer topology changes
from linear to branched, star to linear and star to star that clearly
caused property changes. Furthermore, a structure-definite RC with
two vinyl groups in each M2R component was synthesized to prepare
the corresponding RCP that showed excellent toughness compared
with that of a CCP.

As present research into the construction of dynamic macromole-
cular systems utilizing rotaxane linkages only began several years ago,
there are many problems to be solved. We are now focusing on the
study of the effect of the component-relative position and mobility in
the bulk state of M2R and its derivatives. Such fundamental studies
will contribute to the effective tuning of the properties of M2R-based
characteristic polymers. Thus, M2R has great potential to remarkably
expand the fields of polymer and materials science.
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