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Hydrogels composed of a poly(phenyl isocyanide) bearing a
carboxylate group with a macromolecular helicity memory were
synthesized by cross-linking with achiral diamines in water, and
the obtained hydrogels were found to maintain their memory
even at 90 �C in water, although the helical polymer before the
cross-linking lost its memory at high temperature.

The design and synthesis of helical polymers and supramo-
lecular helical assemblies have recently attracted significant at-
tention because of their possible applications as novel chiral ma-
terials, such as liquid crystals and chiral selectors.1 We
previously reported that optically inactive polyacetylenes bear-
ing various functional pendant groups such as a carboxy2 and
a phosphonate group3 exhibited an induced circular dichroism
(ICD) in the polymer backbone region because of a predomi-
nantly one-handed helix formation upon complexation with chi-
ral amines, and the induced macromolecular helicity could be
memorized when the amines were replaced by achiral amines.4

A similar macromolecular helicity induction is possible in an
achiral polyisocyanide, the sodium salt of poly(4-carboxyphenyl
isocyanide) (poly-1-Na), with chiral amines in water as well as
in DMSO.5 However, in sharp contrast to the previously reported
helical chirality memory of the polyacetylenes, the helicity of
the polyisocyanide remains after complete removal of the chiral
amines, and further modifications of the side group to carboxy
and esters can be possible without loss of the macromolecular
helicity memory.5b The memory of the helical polyisocyanide
(h-poly-1-Na) is retained for a long time in water at room tem-

perature, but completely disappears at high temperature.5b In or-
der to improve the stability of the helical conformation of h-
poly-1-Na and also to develop novel optically active gels with
a macromolecular helicity memory, we prepared h-poly-1-Na-
based hydrogels by the cross-linking (condensation) of h-poly-
1-Na with diamines (Scheme 1) and investigated the stability
of the helical conformation of the gels using CD spectroscopy.

h-Poly-1-Na was prepared in a similar method as previously
reported.5b Poly-1-Na, which had been prepared by polymeriza-
tion of the corresponding monomer with NiCl2�6H2O as a cata-
lyst in water (the number-average molecular weight was 3:3�
104, as determined by size-exclusion chromatography with poly-
styrene standards in chloroform as its methyl esters), was an-
nealed with (R)-phenylglycinol ((R)-2) in water at 50 �C for 44
days ([(R)-2]/[poly-1-Na] = 10). During this helicity induction
process, the helical structure of the polyisocyanide was automat-
ically memorized, probably through configurational isomeriza-
tion around the C=N double bonds (syn–anti isomerization),5b

so that the isolated h-poly-1-Na containing no (R)-2 exhibited
optical activity; the molar ellipticity at 360 nm (�"360) of the
h-poly-1-Na was �10:3 in water. Figure 1a shows a CD spec-
trum of the isolated h-poly-1-Na in water. The polymer formed
a predominantly one-handed helix and exhibited an ICD in the
imino chromophore region of the polymer backbone (280–
450 nm) as well as in the pendant aromatic regions (200–
280 nm). The CD patterns and �max of the Cotton effects are very
similar to those of the reported optically active poly(phenyl iso-
cyanide)s bearing bulky chiral substituents on the phenyl moie-
ties.6

The h-poly-1-Na gels were then synthesized by the cross-
linking of h-poly-1-Na with diamines (3–5) in the presence of
a condensation reagent, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
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Scheme 1. Gel synthesis by cross-linking of h-poly-1-Nawith achiral
diamine (3–5) in the presence of DMT-MM in water.
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Figure 1. CD spectra of h-poly-1-Na in water (a) and gel2-h-poly-1-
Na swollen in water (b) at room temperature. Absorption spectra of h-
poly-1-Na (c) and gel2-h-poly-1-Na (d) are also shown. The CD inten-
sity of gel2-h-poly-1-Na was normalized using the molar absorptivity
at 354 nm ("354 ¼ 1590).
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methylmorpholinium chloride (DMT-MM),7 in water, as sche-
matically illustrated in Scheme 1.8 The results of the cross-link-
ing are summarized in Table 1. The cross-linking efficiency was
highly dependent on the structure of the diamines, the molar ra-
tio to the monomer units of h-poly-1-Na, and the h-poly-1-Na
concentration. When the molar ratio of the diamines to the mon-
omer units of h-poly-1-Na in the feed and the concentration of h-
poly-1-Nawere greater than 35 (3 and 4) and 60 (5) (mol %), and
0.16 (3) and 0.18 (4 and 5) M, respectively, yellow transparent
gels insoluble in water were successfully obtained in high yields.
However, for a dilute concentration of h-poly-1-Na or using
smaller amounts of the diamines, h-poly-1-Na gels insoluble
in water could not be obtained. Presumably, the intramolecular
condensation reaction preferentially occurred rather than the in-
termolecular cross-linking.

Figure 1b shows a CD spectrum of an h-poly-1-Na gel pre-
pared with the diamine 4 (gel2-h-poly-1-Na) swollen in water at
room temperature. The CD intensity of the gel in the main chain
region slightly decreased, while that in the pendant aromatic re-
gion significantly decreased accompanied with a decrease in the
absorption in the same aromatic region (Figures 1c and 1d). The
reason is not clear at present, but the intermolecular cross-link-
ings appear to disturb the pendant aromatic groups in a one-
handed helical array leading to changes in the CD and absorption
spectra.

The thermal stability of the gels was then measured by mon-
itoring the decrease in the CD intensity in the polymer backbone
region with time at different temperatures and the result was
compared with that of the h-poly-1-Na. As previously reported,
the CD intensity of h-poly-1-Na gradually decreased at 30 �C,
and the polymer completely lost its optical activity derived from
the macromolecular helicity memory at 80 �C (Figure 2a).5b On
the contrary, the cross-linking of the polymer effectively im-
proved the stability of the helical conformation; in particular,
the gel2-h-poly-1-Na did not lose its optical activity even upon
continuous heating at 90 �C for 37 h in water.9 The swelling ratio
of the gel hardly changed with temperature. Other gels were also
stable at high temperature, although their CD intensities slightly
decreased after annealing at 90 �C (Table 1).

In conclusion, we have successfully prepared novel optical-
ly active poly(phenyl isocyanide)-based hydrogels that maintain
their induced helical structure with excellent thermal stability.
These hydrogels exhibited ICDs due to the predominantly one-
handed helix in the gels. Although a large number of polymer-
based, optically active hydrogels have been prepared mostly us-

ing biological polymers,10 this is the first example of an optically
active gel with a macromolecular helicity memory.11 The pres-
ent strategy can be applicable for designing and synthesizing
other various optically active helical gels bearing various achiral
and chiral functional pendants. We believe that these optically
active gels will be used not only as chiral materials for separating
and sensing enantiomers, but also as biomimetic gels. This work
is now in progress.
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Table 1. Cross-linking of h-poly-1-Na with diamine (3–5) in the
presence of condensation reagent (DMT-MM) in watera

Diamine DMT-MM
in feed in feed gel-h-poly-1-Na

Gel / mol% / mol% �"b �" (h)c

gel1-h-poly-1-Na
d 3 (35) 70 �8:96 �7:41 (1)

gel2-h-poly-1-Na 4 (35) 70 �9:73 �9:55 (37)
gel3-h-poly-1-Na 5 (60) 120 �9:20 �7:78 (15)

aCross-linked under nitrogen at room temperature; [monomer units of h-
poly-1-Na] = 0.18M. The cross-linking time was 18, 23, and 2 h for the
diamines 3–5, respectively. bCD spectra were measured at room temper-
ature;�" (M�1 cm�1) at 360 nm. The CD intensities were normalized us-
ing the molar absorptivity at 354 nm ("354 ¼ 1590). cMeasured after the
gels had been allowed to stand in water at 90 �C for hours. d[monomer
units of h-poly-1-Na] = 0.16M.
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Figure 2. Stability of the macromolecular helicity memory of h-poly-
1-Na in water (a) and gel2-h-poly-1-Na swollen in water (b) studied by
CD following temperature jumps. The gel was allowed to stand in wa-
ter at fixed temperature and its CD was then measured at room temper-
ature.
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