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We perform kinetic and mechanistic analyses toward understanding chemical and physicochemical reactions occurring 
in polymerization  systems and better routes for synthesis of well-defined polymers. In  particular, new well-defined poly-
mers or polymer assemblies are prepared by living  polymerization techniques, and their structure–properties relation-
ships are precisely analyzed. Projects in progress include: 
1) kinetics and mechanisms of living radical polymeriza-
tion (LRP); 2) synthesis of new polymeric materials by 
living  polymerizations and their structure/properties stud-
ies; and 3) synthesis, properties, and applications of con-
centrated polymer brushes (CPB).
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pMAIRS Analysis on Chain-End 
 Functionalization of Densely Grafted, 
 Concentrated Polymer Brushes

The degree of chain-end functionality in a densely graft-
ed, concentrated polymer brush is a critical parameter. In 
this study, p-polarized multiple-angle incidence resolution 
spectrometry (pMAIRS) technique was applied to monitor 
the emergence and disappearance of substituted azide (N3) 
at the chain ends of polymer brushes, allowing accurate 
determination of the azide density and the click reaction 
efficacy. The peak separation of the N3 absorption bands in 
the pMAIRS spectra showed that azide substitution oc-
curred not only at the brush ends but also at underlying 
initiators that did not react during surface-initiated atom 
transfer radical polymerization (Figure 1). Hence, the den-
sity of each type of azide group and the efficiencies of the 
azidation and click reaction could successfully be estimat-
ed. Furthermore, a chain-end-selective click reaction was 
demonstrated for the azide-functionalized polymethacry-
late-type polymer brushes based on size exclusion effects 
and polarity differences. Thus, the pMAIRS method pro-
vides important quantitative information that can expand 
applications of chain-end-functionalized polymer brushes.

Main-Chain Stiffness of Cellulosic 
 Bottlebrushes with Polystyrene Side Chains 
Introduced Regioselectively at the O-6 Position

We describe the conformational characteristics of a 
 cellulosic bottlebrush, i.e., a cellulose derivative of densely 
substituted side chains, in a dilute solution in order to 
 clarify the effect of cellulosic main-chain stiffness and 
side-chain crowdedness. Novel cellulosic bottlebrushes 1 
(Figure 2a) with polystyrene (PSt) side chains and methyl 
groups at the O-6 and O-2,3 positions, respectively, were 
highly regioselectively synthesized via a protecting group 
strategy in combination with a copper-catalyzed azide-

alkyne coupling click reaction, yielding densely graft 
 polymers where PSt chains were introduced in every an-
hydroglucose repeating unit, i.e., at a “constant” distance 
of 0.5 nm along the cellulose backbone. Small-angle X-ray 
scattering (SAXS) measurements of 1 in dimethylforma-
mide revealed that the cross-sectional radius of gyration 
depended on the degree of polymerization (DP) of the 
PSt side chains in accordance with the power law with an 
exponent of 0.50, indicating that the PSt side chains adopt-
ed extended conformation owing to the inter-side-chain 
interaction, i.e., the excluded volume effect among the 
neighboring side chains. Size exclusion chromatography–
multi-angle light scattering (SEC-MALS) experiments 
were conducted to determine the main-chain stiffness. De-
spite the use of a poor solvent for PSt, the stiffness param-
eter λ⁻1 was almost independent of the DP of the PSt side 
chains up to 60 even in the brush regime of side-chains 
with inter-chain interaction and hence somehow stretched 
conformation. This behavior differs from those of previ-
ously reported bottlebrushes of flexible main chains and 
successfully demonstrated the cellulosic main chain intrin-
sically so stiff to form bottlebrushes of sufficiently long 
side chains with little effect on the main-chain conforma-
tion (Figure 2b). This would expand the diversity in design 
of bottlebrushes along with the chirality of cellulosic chain.

Figure 1. Peak separation of the N3 absorption band in the pMAIRS spec-
tra of an azide-functionalized polystyrene brush. Multiple Gaussian fitting 
highlights the peaks of brush-chain-end azides (blue) and azide-substitut-
ed initiators (green).

Figure 2. (a) Chemical structure of cellulosic bottlebrushes 1 with PSt 
side chains: l = 60, 30, and 20. (b) The dependence of λ⁻1 on the degree of 
polymerization (l) of the side chains for 1 in DMF/LiBr (filled circles) in 
this study and PSt-PSt bottlebrushes in cyclohexane (open circles) report-
ed in literatures. The solid and broken lines represent theoretical curves 
for the PSt-PSt bottlebrush calculated with h = 0.27 nm (solid line) and h 
= 0.52 nm (broken line) in a Θ-solvent.


