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Introduction. Polypseudorotaxanes consisting of cyclic
rings and polymeric chain have attracted tremendous interest
from researchers because they are widely used as components
in functional supramolecular materials.! Polypseudorotax-
anes are categorized into two types: main- and side-chain type
polypseudorotaxanes. For construction of the main- and side-
chain type polypseudorotaxanes, cyclodextrins (CDs) have
been widely used as ring segments because CDs form host—
guest complexes with various hydrophobic molecules.” Since
cucurbit[r]urils (CBs, n = 5—8) can form very stable host—
guest complexes with positively charged molecules, the main-
and side-chain type ;)olypseudorotaxanes based on CBs have
been also prepared.

Moreover, combinations of these heteromacrocyclic recep-
tors such as CDs and CBs are a nowadays hot topic and open
new direction of supramolecular chemistry because multiple
interactions between two or more complex molecules give
insights into molecular recognition and self-assembly pro-
cesses. Based on CDs and CBs, new molecular recogni-
tion systems* and supramolecular architectures’ have been
reported. Construction of the main-chain type polypseudor-
otaxane containing heteromacrocyclic receptors of CDs and
CBs was reported by Yui, Kim, and co-workers.® Here in this
Communication, we report novel side-chain type polypseu-
dorotaxanes constituted of heteromacrocyclic receptors of
o-CD, y-CD, and cucurbit[7]uril (CB7). CDs and CB7 form
host—guest complexes with hydrophobic decyl and cationic
viologen moieties, respectively.” Therefore, for the synthesis
of the side-chain type polypseudorotaxanes, we synthesized
new vinyl monomer 1 carrying the decyl and viologen guest
moieties (Scheme 1). Poly(N-isopropylacrylamide), which
shows lower critical solution temperature (LCST) behavior
around 32 °C, was employed as main chain. From radical
copolymerization of monomer 1 and N-isopropylacrylamide
(NIPAM) with 2,2'-azobis(isobutyronitrile) (AIBN), we pre-
pared thermosensitive copolymer 2 (Scheme 1). In this study,
we report unexpected contrast LCST behavior of copolymer 2
by formation of the side-chain type polypseudorotaxanes with
o-CD, y-CD, and CB7.

Results and Discussion. Copolymer 2 was characterized by
'"H NMR, 3C NMR, FT-IR, elemental analysis, and visc-
osity measurements. The introduction efficiency of guest
moieties calculated by "H NMR and elemental analysis for
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Scheme 1. Synthesis of Thermosensitive Copolymer 2 Carrying Two
Guest Moieties at the Side Chain”
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Figure 1. Partial "H NMR spectra of copolymer 2 (concentration
of guest part was 5 mM) (a) without host and with (b) o-CD (5 mM),
(c) y-CD (30 mM), (d) CB7 (5 mM), and (¢) a-CD (5 mM) and CB7
(5 mM) in D,O at 25 °C.

nitrogen was found to be 10.0 and 9.6 mol %, respectively.
The viscosity-average molecular weight was 27 000. Copoly-
mer 2 should form short block due to the reactivity between
styrene and N ,N-dimethylacrylamide.8

The host—guest interaction of copolymer 2 with CDs and
CB7 was investigated by '"H NMR measurements (Figure 1).
In copolymer 2 (Figure la, concentration of guest part was
5 mM), peaks at high magnetic field (0.77, 1.54, and
2.00 ppm) and low magnetic field (8.51 and 9.10 ppm) were
ascribable to protons from the decyl and viologen moieties,
respectively. Upon addition of o-CD (Figure 1b, 5 mM), the
proton signal of the methyl group (peak a) shifted to lower
magnetic fields and a new proton resonance of the methylene
moiety (peak c) appeared at 2.08 ppm. Proton peaks from
o-CD moieties also showed shifts by complexation with the
guest moieties (Supporting Information). In contrast, reso-
nance bands of the viologen moieties showed no significant
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Figure 2. (a) Transmittance changes of copolymer 2 (concentration of guest part was 4 mM) (i) without host and with saturating amounts of (ii) a-CD
(175 mM), (iii) CB7 (5.5 mM), (iv) y-CD (90 mM), and (v) a-CD (175 mM) and CB7 (5.5 mM) during heating. (b) Job plots between (i) monomer 1 and
o-CD (blue square), (if) monomer 1 and CB7 (green triangle), and (iii) monomer 1 and y-CD (yellow circle).

Scheme 2. Schematic Representation of the Side-Chain Polypseudorotaxanes with (a) a-CD or CB7, (b) y-CD, and (¢) a-CD and CB7
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shifts. By adding y-CD (Figure lc, 30 mM), a new proton
resonance of the methylene moiety (peak c) was found at
2.07 ppm, while no peak shifts of the viologen group
were observed. These observations indicate that CDs form
host—guest complexes with the decyl moieties in copolymer
2. In contrast, upon addition of CB7 (Figure 1d, 5 mM), a
new proton peak from the viologen moieties was observed at
8.91 ppm, while peak shifts were not observed in proton
signals from the decyl moieties, strongly suggesting com-
plexation of the viologen moieties with CB7. When both
heteromacrocyclic receptors of o-CD (5 mM) and CB7
(5 mM) were added (Figure le), lower magnetic field shifts
of the peak from methyl proton signal (peak a) in the decyl
moiety, peak shifts from a-CD (Supporting Information),
and new peak at 8.85 ppm from the viologen moiety were
found. From these results, by adding both a-CD and CB7 to
copolymer 2 in aqueous solution at the same time, formation
of the side-chain type polypseudorotaxane containing het-
eromacrocyclic receptors of a-CD and CB7 was confirmed.

Figure 2a shows turbidity curves of copolymer 2 in the
presence and absence of macrocyclic receptors of CDs and/
or CB7. To examine effect of complexation with hosts, excess
amounts of hosts (saturating concentrations of hosts) were
employed. In the absence of CDs and CB7 (Figure 2a-i),
LCST of copolymer 2 was 36.4 °C. Since typical poly(N-iso-
propylacrylamide) shows LCST behavior around 32 °C,’
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introduction of the decyl and viologen moieties at the side
chain in copolymer 2 increased LCST. By adding saturating
amounts of a-CD to copolymer 2 in aqueous medium
(Figure 2a-ii), LCST was observed at 38.0 °C. When satura-
ting amounts of CB7 were added to aqueous copolymer 2
solution (Figure 2a-iii), LCST was found at 37.0 °C. These
results indicate that addition of CB7 or a-CD increases
LCST. This is because complexation of the receptors of
CB7 and a-CD at the side chain in copolymer 2 should
inhibit shrinking of the polymer chain (Scheme 2a). On the
other hand, by adding saturating amounts of y-CD
(Figure 2a-iv), LCST was decreased (LCST = 34.6 °C).
The contrasting LCST changes depending on kinds of
macrocyclic receptors were caused by the difference in
stoichiometry of host—guest complex. Figure 2b shows Job
plots between model compound of monomer 1 with a-CD,
y-CD, and CB7. In case of o-CD or CB7 used as a host
(Figure 2b-i,ii), the peak top was observed in molar fraction:
Xguest = 0.50. In contrast, in the case of y-CD (Figure 2b-iii),
the peak top was found in molar fraction Xguese = 0.66.
Therefore, the stoichiometry of o-CD—monomer 1 or
CB7—monomer 1 systems is 1:1 whereas that of y-CD—
monomer 1 system is 1:2.'° Since 1:2 host—guest complexes
between y-CD and decyl moieties in copolymer 2 act as
cross-links to form network structure, LCST behavior
occurred even at low temperature (Scheme 2b). In addition,
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long tailings of the curves were observed with o-CD, y-CD,
and CB7 (Figure 2a-ii-iv). Hosts formed the complexes with
copolymer 2 were bulky; thus, the hosts should inhibit
shrinking of the polymer chain.

When a-CD and CB7 were added to the aqueous copoly-
mer 2 solution, loss of turbidity was detected (Figure 2a-v).
The aqueous copolymer 2 solution with o-CD and CB7 at
50 °C was translucent (the transmittance at 650 nm =
59.3%) whereas the aqueous copolymer 2 solution at 50 °C
was turbid (the transmittance at 650 nm = 2.6%). By adding
both o-CD and CB7 at the same time, formation of the side-
chain type polypseudorotaxane containing heteromacro-
cyclic receptors of o-CD and CB7 took place. a-CD and
CB7 on the side chain of copolymer 2 were bulky; thus,
aggregation of the polymer chains at elevated temperature
should be efficiently inhibited (Scheme 2c).

Conclusions. We successfully synthesized the side-chain
type polypseudorotaxanes consisted of heteromacrocyclic
receptors of a-CD, y-CD, and CB7. To the best of our
knowledge, construction of the side-chain type polypseudor-
otaxanes containing heteromacrocycles has been little
known, while successful synthesis of side-chain type poly-
pseudorotaxanes and polyrotaxanes containing CDs was
demonstrated by Ritter and co-workers.>* > LCST of co-
polymer 2 with o-CD or CB7 was increased, while that with
y-CD was decreased. Moreover, formation of the polypseu-
dorotaxane with o-CD and CB7 lowered turbidity. LCST
behavior of the side-chain type polypseudorotaxanes de-
pended on the kinds and/or combinations of macrocyclic
receptors used as ring segments.
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