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Synthesis of Functional Polymers by Precision Polymerization

In recent years, the great interest in creating advanced polymer materials with specific functions
and/or excellent performance, similar to biopolymers, has stimulated studies on nano-organized
self-assemblies using various stimuli-responsive (or amphiphilic) block copolymers. Our group pioneered
the design and synthesis of a new series of stimuli-responsive polymers by living cationic polymerization
of several functional monomers using environmentally benign catalysts in the presence of an added base.
Recent representative studies, summarized here, include ultrafast living polymerization carried out in
seconds using conventional Lewis acids; living polymerization using Fe-based environmentally benign
catalysts including a solid catalyst; and the selective synthesis and self-association of well-defined
stimuli-responsive star-shaped polymers, which are effective in the preparation of catalytic Au
nanoclusters.

(i) Precision Polymerization with Environmentally Benign Catalysts
]

An Array of Effective Lewis Acids for Living Systems and Fast Living Polymerization: We have
explored a wide variety of Lewis acids combined with Lewis bases, demonstrating successful living
polymerization with acids consisting of Al, Sn, Ti, Zr, Hf, Zn, Ga, In, Si, Ge, Bi, Sb, Nb, or Ta. A notable
example was the ultrafast living cationic polymerization of vinyl ethers (VEs) using SnCl, in the presence
of a weak Lewis base. The SnCl,/CICH,COOC,H;s system was complete in a couple of seconds: the
reactions are 5 orders of magnitude faster than the previous system.

Living Cationic Polymerization using Fe-Based Environmentally Benign Catalysts: Encouraged
by the expansion of initiating systems, we examined the cationic polymerization of VEs with FeCl;, one
of the less toxic metal halides. For example, the combination of FeCl; and 1,3-dioxolane permitted living
cationic polymerization of isobutyl VE (IBVE) in toluene at 0 °C, with the reaction being completed in
2-3 s. The product polymers had very narrow MWDs, and the M, increased in direct proportion to
monomer conversion.

More environmentally benign catalysts were employed to examine the cationic polymerization. Iron
oxides with a base induced living polymerization of IBVE, producing polymers with very narrow MWDs.
The catalyst maintained its activity after the polymerization and it was possible to reuse it repeatedly.
Such a heterogeneous solid catalyst has never been reported before in living cationic polymerization.
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(ii) Synthesis of Well-Controlled Stimuli-Responsive Polymers

Being able to carry out the living cationic polymerization
of several functional monomers with considerable efficiency
led to a new series of water-soluble or stimuli-responsive
polymers. Living cationic polymerization with an added base
permitted the selective preparation of polymers with various
shapes and different sequence distributions of monomer units,
including (i) stimuli-responsive (or amphiphilic) diblock and
triblock copolymers, (ii) gradient and graft copolymers, (iii)
end-functionalized polymers, and (iv) star-shaped polymers
(see below).

Star-Shaped Polymers: Base-stabilized living cationic
polymerization permitted the selective preparation of
star-shaped polymers. This is the first example of the selective
preparation of star-shaped polymers with a narrow MWD in
quantitative yields via a polymer-linking reaction by any
polymerization mechanism. Well-defined star-shaped polymers
with thermosensitive arms were prepared, and proved to be
effective in the preparation of gold nanoclusters with narrow
size distribution. The polymer-supported Au nanocluster of less
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than 4 nm catalyzed aerobic alcohol oxidation reactions. The thermosensitive phase transition of the arm
chains, when heated, caused only the star polymer/Au cluster to be precipitated in the reaction mixture.
This cluster could be redissolved in water, and no negative aggregation was observed. Such stability and
straightforward separation procedures allowed repeated reuse of the Au cluster several times, at least. The
reused cluster induced alcohol oxidation with similar reactivity in each run.
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