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Introduction

Fully synthetic helical polymers with an excess one-handed
helical sense have recently drawn much attention because of
implications for biological helices and functions as well as their
possible applications as chiral materials." Rodlike synthetic
helical polymers are particularly interesting, since they often
form chiral liquid crystals (LCs) in concentrated solutions or
in a melt,” as observed in biological polymers, such as DNA,?
polysaccharides,* and polypeptides,® which adopt a stiff rodlike
structure with a controlled helix-sense stabilized by intra- and/
or intermolecular hydrogen-bonding networks. Such intramo-
lecular hydrogen bonds have been utilized in constructing
biomimetic helical polymers, such as polyisocyanopeptides,' >
amino acid-bound polyacetylenes,”® and foldamers.

Recently, we reported a unique polyisocyanide (poly-1 in
Chart 1) prepared by the polymerization of an enantiomerically
pure phenyl isocyanide bearing an L- or D-alanine pendant with
a long n-decyl chain with an achiral NiCl, catalyst, whose helical
sense (right- or left-handed helix) could be controlled by the
polymerization solvent and temperature. The resulting diaster-
eomeric poly-1s showing intense first Cotton effects (Ae;q =
—11.0 to +8.14) at the imino chromophore regions of the
polymer backbones (ca. 360 nm) formed lyotropic cholesteric
LCs with opposite twist senses in concentrated solutions due
to their main-chain stiffness arising from the intramolecular
hydrogen-bonding between the pendant amide groups.'®

In order to explore the effect of the chiral pendant structure
on the chiroptical properties of the polyisocyanide, a series of
optically active polyisocyanides bearing different optically active
functional groups, such as L-lactic acid (poly-2), L-phenylalanine
(poly-3), and L-alaninol (poly-4) residues, with the same n-decyl
chain as the pendants were prepared in various solvents at
different temperatures.'' In sharp contrast to poly-1, poly-2 and
poly-4 exhibited weak Cotton effects, while poly-3 showed
rather intense positive Cotton effects, independent of the
polymerization conditions. We then concluded that the helical
senses and the excess of one helical sense of the polyisocyanides
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Table 1. Chiroptical Properties of Helical Polyisocyanides®

polymer My x 1074 Mw/M,"  [a]®p°  Aey g (nm)’
poly-1¢ 19.0 1.92 —814 —11.0 220
poly-2 17.3 2.17 —243 —3.21 30.8
poly-3 19.8 2.08 +688 +8.94 103
poly-4 20.8 1.53 —273 —1.28 81.8

¢ Obtained by polymerization with NiCl,*6H,O in toluene at 100 °C
(cited from ref 11). * Determined by SEC-MALS measurements with THF
containing TBAB (0.1 wt %) as the eluent. “ Measured in chloroform at 25
°C. 4 Estimated by SEC-MALS measurements with the wormlike chain
model. ¢ Obtained by annealing a toluene solution of the polymer at 100
°C for 6 days.'®

were governed by specific interactions (intermolecular hydrogen-
bonding and steric effect) occurring between the pendant
residues of the growing chain end and monomers during the
propagation reaction, which might be influenced by the solvent
polarity and temperature of the polymerization process.
Although the fact that poly-1 formed a cholesteric LC in
concentrated solutions, which indicated its rigid rodlike feature
of the main chain, the persistence length ¢, a useful measure to
evaluate the stiffness of rodlike polymers, has not been
estimated. We now show the persistence lengths of a series of
helical polyisocyanides bearing different optically active pendant
groups (poly-1—poly-4) and describe the effect of the chiral
pendant structures on their main-chain stiffness. We found that
poly-1 possesses an extremely long g value of 220 nm, which
}5 arth; highest among all synthetic helical polymers reported so

Results and Discussion

Poly-1—poly-4 were prepared according to previously re-
ported methods by the polymerization of the corresponding
monomers with an achiral NiCl, catalyst under the experimental
conditions that yielded helical polyisocyanides with high
molecular weights (M, = 17.3—20.8 x 10*) showing almost
the highest Cotton effect intensities (Table 1),'*'" although the
Agis values reflecting the excess of one helical sense were
different from each other."'

The ¢ values of poly-1—poly-4 were then estimated on the
basis of the wormlike chain model,'® which can be described
as an analytical function of the molecular weight (M,,) and the
radius of gyration (S) if the g values and the molar mass per
unit contour length (My), which eventually leads to the monomer
unit height (h), are given. The radii of gyration (S) of (poly-
1—poly-4) in tetrahydrofuran (THF) containing 0.1 wt % tetra-
n-butylammonium bromide (TBAB) were measured as a
function of M,, using size exclusion chromatography (SEC)
equipped with multiangle laser light scattering (MALS) and
refractive index detectors in series (Figure 1).

The solid curves in the plots were calculated using the
parameters determined from the fits of the unperturbed wormlike
chain model over the entire M, studied range, and are
represented by the theoretical values of [3°(9°. The calculated
h values of poly-1—poly-4 are in agreement with the reported
value (0.087 nm) of poly-1 determined by X-ray structural
analysis,'” indicating that these polymers appear to take a similar
helical conformation irrespective of the structures of the chiral
pendant groups.

The calculated ¢ value of poly-1 is 220 nm, which is
unprecedentedly long and the highest value among all synthetic
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Figure 1. Double-logarithmic plots of the radius of gyration versus
the molecular weight of poly-1 (blue points), poly-2 (black points),
poly-3 (red points), and poly-4 (green points) in THF containing TBAB
(0.1 wt %) obtained by SEC-MALS measurements at 40 °C. Solid
curves (black lines) were obtained on the basis of the wormlike chain
theory and fit well with the experimental data. The evaluated parameters
are as follows: ¢ = 220 nm, M\, = 3577, h = 0.10 nm for poly-1; ¢ =
30.8 nm, My, = 3796, h = 0.094 nm for poly-2; ¢ = 103 nm, My =
4041, h = 0.11 nm for poly-3; ¢ = 81.8 nm, M, = 3625, h = 0.095
Hydrogen
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Figure 2. Schematic illustration of the extremely different main-chain
stiffness of poly-1 and poly-2 resulting from the “on and off” of the
intramolecular hydrogen-bonding networks.

helical polymers reported so far,'*'® including polyisocyan-
ates,'® polyguanidines,'* polyisocyanides,®® polysilanes,'> and
polyacetylenes,® and is comparable to those of biological,
multistranded helical polymers, such as the triple-stranded
helical collagen (160—180 nm)'® and schizophyllan (150—200
nm),?° and even stiffer than the double-stranded helical DNA
(60 nm)?" and xanthan (120 nm).?? In contrast, poly-2, in which
the amide linkage of poly-1 was replaced by an ester, showed
a dramatic decrease in its persistence length to 30.8 nm,
indicating a rather semirigid polymer. This change in the g value
clearly demonstrates that the main-chain stiffness of poly-1 can
be dictated by intramolecular hydrogen-bonding networks of

the pendant amide groups (Figure 2)."”
Atomic force microscopy (AFM) images of the isolated

poly-1 and poly-2 chains were then measured on mica modified
with trimethoxypropylsilane, which also support the change in
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A AFM Height Image of Poly-1

B AFM Height Image of Poly-2

C POM of Poly-1 D POM of Poly-3

Figure 3. AFM height images (2 x 2 um?) of poly-1 (A) and poly-2
(B) cast from a dilute solution of chloroform (2.5 xg/mL) on mica
modified with trimethoxypropylsilane. Polarized optical micrographs
(POM) of poly-1 (C) and poly-3 (D) in 15 wt % chloroform solutions
in glass capillary tubes taken at ambient temperature (20—25 °C). Scale
bars: 50 um.

their main-chain stiffness (A and B in Figure 3, respectively).
Individual polymer chains with extended and tangled structures
for poly-1 and poly-2, respectively, can be directly visualized
on the mica, indicating the stiff and flexible main-chain
conformations, respectively. Helical poly(isocyanopeptide)s
developed by Nolte, Rowan, and co-workers are also stabilized
by well-defined arrays of intramolecular hydrogen bonds as
supported by their characteristic IR spectra, thus showing a
relatively high ¢ value of 76 nm,®® being shorter than that of
poly-1. Therefore, an extremely long g value (220 nm) of an
analogous helical polyisocyanide poly-1 may be ascribed to the
phenyl substituents as the pendant groups, which may contribute
more or less to its rigidity of the poly-1 main chain.

We note that the persistence length of poly-1 was measured
by an SEC-MALS system using THF containing 0.1 wt %
TBAB as the eluent,”® which does not diminish the intramo-
lecular hydrogen bonds of poly-1 as observed in the IR and
CD spectra (see Figure S1 in the Supporting Information).

Poly-3, whose structural characteristics are similar to those
of poly-1 except for its bulky phenylalanine residue, and poly-
4, in which the ester linkage of poly-1 was replaced by an ether,
also maintained the main-chain stiffness, but exhibited relatively
shorter persistence lengths of 103 and 81.8 nm, respectively.
These results indicated that the appropriate bulkiness as well
as the ester carbonyl groups at the pendant groups plays some
roles in the stiffness of the polymer main chain. In other words,

Chart 1. Structures of Helical Polyisocyanides

Tl Ol
Lo X

07 "OCqgH24 o)

poly-1 poly-2

OC1oH24 0

n Wn
HNI—Q HN\(

OC+oH21
poly-3

OC1oH21
poly-4



7754 Notes

the pendant groups of the polyisocyanides require an appropriate
bulkiness to be packed in the preferable helical structure so that
the amide groups as well as the ester carbonyl groups can
participate in the formation of the intramolecular hydrogen-

bonding networks,'' resultin in stiff, rodlike polyisocyanides.**
As expected from the rodlike features of poly-1 and poly-3

together with their optical activity derived from a preferred-
handed helical structure, these polymers formed lyotropic
cholesteric LCs in a concentrated chloroform solution, thus
showing a fingerprint texture (C and D in Figure 3, respectively).
Poly-2 and poly-4 appear to be stiff enough to show a liquid
crystallinity. However, they exhibited a nematic-like birefrin-
gence due to their low optical activity, that is, low one-
handedness excesses on the basis of their Aejy values (Table
1).

In summary, we have estimated the persistence lengths of a
series of optically active helical poly(phenyl isocyanide)s and
investigated the effect of the chiral pendant structures on their
stiffness. A helical poly(phenyl isocyanide) bearing L-alanine
n-decyl esters as the pendants was found to possess an
unprecedentedly long persistence length of 220 nm stabilized
by intramolecular hydrogen-bonding networks. To the best of
our knowledge, this is the highest persistence length among the
synthetic helical polymers prepared so far. The present results
may contribute to the design and synthesis of new rodlike helical
polyisocyanides with a controlled helical sense. In addition,
helical polyisocyanides with an extremely stiff polymer back-
bone together with a large electric dipole moment of the pendant
amide residues®'” may be used as a novel scaffold to build up
uniformly aligned, supramolecular helical arrays, which will be
further applicable to optoelectrical devices due to its polar
structure.
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