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Amplification of macromolecular helicity of dynamic
helical poly(phenylacetylene)s bearing non-racemic
alanine pendants in dilute solution, liquid crystal
and two-dimensional crystal

Sousuke Ohsawa1,2, Shin-ichiro Sakurai2, Kanji Nagai1,2,3, Katsuhiro Maeda1,4, Jiro Kumaki2,5

and Eiji Yashima1,2

Optically active poly(phenylacetylene) copolymers composed of non-racemic phenylacetylenes bearing L- and D-alanine

decyl esters as the side groups (poly(1Lm-co-1Dn), m4n) were prepared by the copolymerization of the corresponding L- and

D-phenylacetylenes with different enantiomeric excesses using a rhodium catalyst; their chiral amplification of the helical

conformation as an excess of one-handedness in a dilute solution, in a lyotropic liquid-crystalline (LC) state and in a two-

dimensional (2D) crystal on substrate was investigated by measuring the circular dichroism spectra of the copolymers at

different temperatures, mesoscopic cholesteric twist in the LC state (cholesteric helical pitch) and high-resolution atomic force

microscopy images of the self-assembled 2D helix-bundle structures of the copolymer chains, respectively.
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INTRODUCTION

Chiral amplification is a unique and attractive process from which a
small chiral bias is highly enhanced through covalent or non-covalent
bonding interactions.1–6 Starting with the pioneering work carried out
by Green et al.1,7,8 in polymeric systems using stiff, rod-like poly-
isocyanates, the substantial feature of the dynamic macromolecular
helicity of polyisocyanates, which consist of right- and left-handed
helical segments separated by energetically unfavorable, rarely occur-
ring helical reversals, has been experimentally and theoretically
revealed. Green et al. demonstrated that copolymerization of achiral
isocyanates with a tiny amount of optically active ones, or copolymer-
ization of non-racemic isocyanates with a small enantiomeric excess
(ee), produced optically active polyisocyanates with a greater excess of
one-handed helical conformation, and termed these highly coopera-
tive processes as the ‘sergeants and soldiers effect’7 and ‘majority rule’,8

respectively. These unique chiral amplification phenomena have been
now observed in other varieties of covalent and non-covalent poly-
meric6,9–14 and supramolecular helical systems3–6 involving non-
covalent helical assemblies consisting of chiral–achiral or chiral–chiral
(R/S) small molecular components.

Green et al.15 further extended the principle to the liquid crystalline
(LC) systems, and found that the helical-sense bias of optically active
polyisocyanates was further amplified in the polymer backbones as a
greater excess of a single-handed helix through self-assembly into a
lyotropic cholesteric liquid crystal; this effect was considered to be due
to the reduction in population of the energetically unfavorable, kinked
helical reversals in the LC state. A similar, but non-covalent, hier-
archical amplification of helical chirality was observed for a dynamic
helical, charged poly(phenylacetylene) in water.16–18

Recently, we have reported a unique amplification of macromole-
cular helicity of dynamic helical poly(phenylacetylene)s copolymers
composed of optically active and achiral phenylacetylenes bearing
L-alanine decyl esters (1L) and 2–aminoisobutylic acid decyl esters
(Aib) as the pendant groups, respectively, (poly(1Lm-co-Aibn)), in the
cholesteric LC state and two-dimensional (2D) crystals on substrate.19

Mesoscopic cholesteric twist (cholesteric helical pitch) in the LC state
of the copolymers in concentrated solutions and high-resolution
atomic force microscopy (AFM) images of the self-assembled 2D
helix bundles of the copolymer chains on substrate enabled us to
determine the helical-sense excesses of the copolymers, leading to a
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conclusion that the macromolecular helicity of poly(1Lm-co-Aibn)s
was hierarchically amplified in the order of the dilute solution, in LC
state and 2D crystal (sergeants and soldiers effect).
In this study, we report the synthesis of a series of dynamic helical

poly(phenylacetylene) copolymers consisting of non-racemic pheny-
lacetylenes bearing L- and D-alanine decyl esters as the pendant groups
with different ee values (poly(1Lm-co-1Dn), m4n) (Scheme 1); their
chiral amplification in macromolecular helicity (‘majority rule’ effect)
in a dilute solution, in a lyotropic LC state and in a 2D crystal on
substrate was investigated by measuring the circular dichroism (CD)
spectra of the copolymers, mesoscopic cholesteric twist in the LC state
and high-resolution AFM images of the self-assembled 2D helix
bundle structures of the copolymer chains, respectively. We antici-
pated that the macromolecular helicity with an excess single-handed
helix induced in poly(1Lm-co-1Dn) in a dilute solution could be
further amplified in the copolymer backbones as a greater excess of
a single-handed helix through self-assemblies into the lyotropic
cholesteric LC state as well as in the 2D crystals on substrate; the
latter will be directly visualized by high-resolution AFM (Figure 1).

EXPERIMENTAL PROCEDURE

Instruments
NMR spectra were taken on a Varian VXR-500S spectrometer (Palo Alto, CA,

USA) operating at 500MHz for 1H and 125MHz for 13C, respectively, using

tetramethylsilane as the internal standard. IR spectra were recorded on a JASCO

Fourier Transform IR-620 spectrometer (Hachioji, Japan). The absorption and

CD spectra were measured in a 1.0-mm quartz cell on a JASCO V570

spectrophotometer and a JASCO J-725 spectropolarimeter, respectively. Tem-

perature was controlled with JASCO ETC-505T and PTC-423L instruments for

absorption and CD measurements, respectively. The polymer concentration

was calculated on the basis of the monomer units and was found to be

0.3mgml�1. Laser Raman spectra were recorded on a JASCO RMP200

spectrometer. Polarizing optical microscopic observations were carried out

with an OPTIPHOTO-POL polarizing optical microscope (Nikon, Tokyo,

Japan) equipped with a DS-5M CCD camera (Nikon) connected to a DS-L1

control unit (Nikon). The sample solution was sealed in a glass capillary tube to

observe the fingerprint texture at ambient temperature (20–25 1C). Size-

exclusion chromatography measurements were recorded with a JASCO PU-

980 liquid chromatograph equipped with a UV–visible detector (254 nm,

JASCO UV-970) and a column oven (JASCO CO-965). A size-exclusion
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Figure 1 Schematic illustration of chiral amplification in macromolecular helicity of poly(1Lm-co-1Dn) in dilute solution (left), in liquid-crystalline (LC) state

(middle) and in the two-dimensional (2D) crystal formed on graphite (right). Excess of one-handed helical sense (right- or left-handed helix) of poly(1Lm-co-

1Dn) in dilute solution is amplified in the LC state and in the 2D crystal, resulting in a cholesteric LC phase and 2D helix bundle, respectively. A full color

version of this figure is available at Polymer Journal online.
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chromatography column (Tosoh TSK-GEL Multipore HXL-M column, Tokyo,

Japan) was connected, and chloroform was used as the eluent at a flow rate of

1.0mlmin�1 at 40 1C. The molecular-weight calibration curve was obtained

with standard polystyrenes (Tosoh). Optical rotation was measured on a

JASCO P-1030 polarimeter in a 2-cm quartz cell at 25 1C equipped with a

temperature controller (EYELA NCB-2100, Tokyo, Japan).

Materials
THF was dried over sodium benzophenone ketyl, distilled onto lithium

aluminium hydride under nitrogen and distilled under high vacuum just

before use. Benzene (water content o30p.p.m.) and [Rh(nbd)Cl]2 (nbd¼nor-

bornadiene) were obtained from Aldrich (Milwaukee, WI, USA). Triethylamine

was purchased from Wako (Osaka, Japan), then distilled and dried over KOH

pellets under nitrogen. Monomer 1L and racemic monomer 1 were prepared

according to a previously reported method.19,20 Poly(1Lm-co-1Dn)s were

synthesized according to Scheme 1 by the copolymerization of 1L and 1 with

[Rh(nbd)Cl]2 in THF.

Polymerization
Polymerization was carried out in a dry glass ampule under a dry nitrogen

atmosphere with [Rh(nbd)Cl]2 as the catalyst. A typical polymerization

procedure is described below.

Monomer 1L (0.10 g, 0.28mmol) and racemic monomer 1 (0.10 g,

0.28mmol) were placed into a dry ampule. After the mixture was dried in

vacuo at room temperature for 3 h, dry THF (1.0ml) and triethylamine

(0.075ml) were added with a syringe. A part of the mixture was withdrawn

before the polymerization and the precise ee of the mixture was estimated to be

50% ee by HPLC using a Chiralpak AD-H column (25�0.46 (i.d.) cm; Daicel,

Osaka, Japan), with hexane-2-propanol (9/1, v/v) as the eluent. A solution of

[Rh(nbd)Cl]2 in THF was then added at room temperature. The concentra-

tions of the monomer and the rhodium catalyst were 0.5 and 0.0025M,

respectively. The polymerization rapidly proceeded and an orange-colored

polymer gel appeared within a few seconds. After 12 h at 30 1C, the resulting

copolymer was precipitated into a large amount of methanol, collected by

centrifugation and dried in vacuo at room temperature overnight. The obtained

copolymer was dissolved in a small amount of benzene and lyophilized (90%

yield). The stereoregularity of the copolymer was investigated by laser Raman

spectroscopy and was highly cis-transoidal because its 1H NMR spectrum was

too broad to determine the stereoregularity (Supplementary Figure S1). In the

same way, the copolymerizations of 1L and 1 with different ee values were

performed and the copolymerization results are summarized in Table 1.

Spectroscopic data of poly(1L0.505-co-1D0.495) (1.3% ee, run 1 in Table 1): IR

(benzene solution, cm–1): 3275 (nNH), 1750 (nC¼O ester), 1636 (amide I), 1540

(amide II). 1H NMR (CDCl3, 55 1C, 500MHz): d 0.87 (t, CH3, 3H), 1.26 (s,

CH2, 14H), 1.44 (br, CH3, 3H), 1.59 (br, CH2, 2H), 4.12 (br, CH2, 2H), 4.62

(br, CH, 1H), 5.82 (br, ¼CH, 1H), 6.57 (br, aromatic, 2H), 7.26 (br, aromatic,

2H). Anal. calcd. (%) for (C23H33NO3)n: C, 73.91; H, 8.74; N, 3.92. Found:

C, 73.76; H, 8.80; N, 3.93. [a]D
25 –4.51 (c 0.1, benzene).

Spectroscopic data of poly(1L0.525-co-1D0.475) (5.4% ee, run 2 in Table 1): IR

(benzene solution, cm–1): 3277 (nNH), 1750 (nC¼O ester), 1636 (amide I), 1540

(amide II). 1H NMR (CDCl3, 55 1C, 500MHz): d 0.86 (t, CH3, 3H), 1.25

(s, CH2, 14H), 1.59 (br, CH3, 3H), 1.59 (br, CH2, 2H), 4.09 (br, CH2, 2H), 4.62

(br, CH, 1H), 5.81 (br, ¼CH, 1H), 6.56 (br, aromatic, 2H), 7.46 (br, aromatic,

2H). Anal. calcd. (%) for (C23H33NO3)n: C, 73.91; H, 8.74; N, 3.92. Found:

C, 73.75; H, 8.75; N, 3.84. [a]D
25 –35.01 (c 0.1, benzene).

Spectroscopic data of poly(1L0.55-co-1D0.45) (10% ee, run 3 in Table 1): IR

(benzene solution, cm–1): 3277 (nNH), 1750 (nC¼O ester), 1636 (amide I), 1540

(amide II). 1H NMR (CDCl3, 55 1C, 500MHz): d 0.88 (t, CH3, 3H), 1.25

(s, CH2, 14H), 1.55 (br, CH3, CH2 5H), 4.09 (br, CH2, 2H), 4.62 (br, CH, 1H),

5.82 (br, ¼CH, 1H), 6.53 (br, aromatic, 2H), 7.33 (br, aromatic, 2H). Anal.

calcd. (%) for (C23H33NO3)n: C, 73.91; H, 8.74; N, 3.92. Found: C, 74.05;

H, 8.87; N, 3.84. [a]D
25 –59.01 (c 0.1, benzene).

Spectroscopic data of poly(1L0.65-co-1D0.35) (30% ee, run 4 in Table 1): IR

(benzene solution, cm–1): 3278 (nNH), 1750 (nC¼O ester), 1635 (amide I), 1540

(amide II). 1H NMR (CDCl3, 55 1C, 500MHz): d 0.86 (t, CH3, 3H), 1.25 (s,

CH2, 14H), 1.41 (br, CH3, 3H), 1.52 (br, CH2, 2H), 4.06 (br, CH2, 2H), 4.55

(br, CH, 1H), 5.74 (br, ¼CH, 1H), 6.48 (br, aromatic, 2H), 7.27 (br, aromatic,

2H). Anal. calcd. (%) for (C23H33NO3)n: C, 73.91; H, 8.74; N, 3.92. Found:

C, 73.93; H, 8.93; N, 3.81. [a]D
25 –58.51 (c 0.1, benzene).

Spectroscopic data of poly(1L0.75-co-1D0.25) (50% ee, run 5 in Table 1): IR

(benzene solution, cm–1): 3278 (nNH), 1749 (nC¼O ester), 1635 (amide I), 1540

(amide II). 1H NMR (CDCl3, 55 1C, 500MHz): d 0.86 (t, CH3, 3H), 1.25

(s, CH2, 14H), 1.43 (br, CH3, 3H), 1.58 (br, CH2, 2H), 4.08 (br, CH2, 2H), 4.62

(br, CH, 1H), 5.81 (br, ¼CH, 1H), 6.55 (br, aromatic, 2H), 7.25 (br, aromatic,

2H). Anal. Calcd. (%) for (C23H33NO3)n: C, 73.91; H, 8.74; N, 3.92. Found:

C, 73.73; H, 8.79; N, 4.08. [a]D
25 –54.01 (c 0.1, benzene).

Spectroscopic data of poly(1L0.85-co-1D0.15) (70% ee, run 6 in Table 1): IR

(benzene solution, cm–1): 3277 (nNH), 1751 (nC¼O ester), 1635 (amide I), 1540

(amide II). 1H NMR (CDCl3, 55 1C, 500MHz): d 0.86 (t, CH3, 3H), 1.25

(s, CH2, 14H), 1.57 (br, CH3, 3H), 1.41 (br, CH2, 2H), 4.05 (br, CH2, 2H), 4.63

(br, CH, 1H), 5.84 (br, ¼CH, 1H), 6.53 (br, aromatic, 2H), 7.46 (br, aromatic,

2H). Anal. calcd. (%) for (C23H33NO3)n: C, 73.91; H, 8.74; N, 3.92. Found:

C, 73.86; H, 8.76; N, 3.78. [a]D
25 –53.51 (c 0.1, benzene).

Spectroscopic data of poly(1L0.95-co-1D0.05) (90% ee, run 7 in Table 1): IR

(benzene solution, cm–1): 3277 (nNH), 1751 (nC¼O ester), 1635 (amide I), 1540

(amide II). 1H NMR (CDCl3, 55 1C, 500MHz): d 0.86 (t, CH3, 3H), 1.25

(s, CH2, 14H), 1.41 (br, CH3, 3H), 1.56 (br, CH2, 2H), 4.07 (br, CH2, 2H), 4.66

(br, CH, 1H), 5.87 (br, ¼CH, 1H), 6.47 (br, aromatic, 2H), 7.46 (br, aromatic,

2H). Anal. calcd. (%) for (C23H33NO3)n: C, 73.91; H, 8.74; N, 3.92. Found:

C, 73.76; H, 8.95; N, 3.84. [a]D
25 –50.51 (c 0.1, benzene).

Spectroscopic data of poly-1L (100% ee, run 8 in Table 1): IR (benzene

solution, cm–1): 3277 (nNH), 1751 (nC¼O ester), 1635 (amide I), 1540 (amide

II). 1H NMR (CDCl3, 55 1C, 500MHz): d 0.86 (t, CH3, 3H), 1.25 (s, CH2,

14H), 1.41 (br, CH3, 3H), 1.59 (br, CH2, 2H), 4.04 (br, CH2, 2H), 4.66 (br, CH,

1H), 5.90 (br, ¼CH, 1H), 6.51 (br, aromatic, 2H), 7.46 (br, aromatic, 2H).

Anal. Calcd. (%) for (C23H33NO3)n: C, 73.91; H, 8.74; N, 3.92. Found: C, 74.09;

H, 8.88; N, 3.89. [a]D
25 –51.01 (c 0.1, benzene).

AFM Measurements
The AFM measurements were recorded according to a previously reported

procedure.21–23 A typical experimental procedure is described below. Stock

solutions of poly(1Lm-co-1Dn) in dry benzene (0.005mgml�1) were prepared.

Samples for the AFM measurements of the copolymers were prepared by

casting 40-ml aliquots of the stock solutions on freshly cleaved HOPG substrate

at room temperature (25 1C), and the solvents were then evaporated slowly

under a benzene vapor atmosphere. After the copolymers had been deposited

on the HOPG, the substrates of HOPG were exposed to a benzene vapor for

Table 1 Copolymerization results of 1L and racemic 1 with

[Rh(nbd)Cl]2 in THF at 30 1C for 12ha

%ee of 1
Copolymer

Run (L rich)b Sample code Yield (%)c Mn�10�4d Mw/Mn
d

1 1.3 poly(1L0.505-co-1D0.495) 93 18.1 4.6

2 5.4 poly(1L0.525-co-1D0.475) 90 10.4 9.4

3 10 poly(1L0.55-co-1D0.45) 92 15.7 5.6

4 30 poly(1L0.65-co-1D0.35) 91 14.5 5.4

5 50 poly(1L0.75-co-1D0.25) 90 18.0 5.1

6 70 poly(1L0.85-co-1D0.15) 91 14.3 9.1

7 90 poly(1L0.95-co-1D0.05) 93 22.3 4.4

8 100 poly-1L 94 31.4 4.9

Abbreviations: ee, enantiomeric excess; nbd, norbornadiene; THF, tetrahydrofuran; Mn, number-
average molecular weight; Mw, weight-average molecular weight.
a[Monomers] ¼ 0.5 M, [[Rh(nbd)Cl]2]¼0.0025 M.
bEstimated by chiral HPLC using a Chiralpak AD-H column.
cMethanol–insoluble fraction. The molar ratios of 1L and 1D in the copolymers were presumed
to be equal to the feed molar ratios because the copolymerizations almost quantitatively
afforded the copolymers.
dDetermined by size-exclusion chromatography in chloroform using polystyrene standards.
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12 h, and the substrates were then dried under vacuum for 2 h. The AFM

measurements were recorded using a Nanoscope IIIa microscope (Veeco

Instruments, Santa Barbara, CA, USA) in air at ambient temperature, with

standard silicon cantilevers (NCH, NanoWorld, Neuchâtel, Switzerland) in the

tapping mode. The typical settings of the AFM for the high-magnification

observations were as follows: the free amplitude of the oscillation frequency of

B1.0–1.5V, the set-point amplitude of 0.9–1.4V and a scan rate of 2.5Hz. The

Nanoscope image processing software was used for the image analysis.

RESULTS AND DISCUSSION

The optically active poly(phenylacetylene) copolymers (poly(1Lm-
co-1Dn) m4n) bearing L- and D-alanine decyl esters as the pendant
groups with different ee values were synthesized by the copolymeriza-
tion of the enantiomerically pure 1L and racemic monomer 1 with a
rhodium complex [Rh(nbd)Cl]2 in tetrahydrofuran (THF), according
to a method previously reported (Scheme 1).19,20 All copolymers
soluble in most common organic solvents, such as benzene, toluene,
THF, chloroform and carbon tetrachloride (CCl4), with relatively high
molecular weights (Mn¼1.0–2.2�105) were obtained in high yield
(490%), and their stereoregularities were confirmed to be predomi-
nantly cis-transoidal on the basis of their characteristic laser Raman
spectra (Supplementary Figure S1).24,25 The copolymerization results
are summarized in Table 1. The homopolymer of 1L (poly-1L) was

also prepared in the same manner for comparison (run 8 in
Table 1).19,20

We first investigated the effects of the solvent and temperature on
chiroptical properties of the copolymers of different ee values and of
the homopolymer, as the homopolymer poly-1L is very sensitive to
the solvent polarity and exhibited a change in the main-chain stiffness
(persistent length), accompanied by inversion of the helical sense of
the polymer, resulting from the ‘on and off ’ manner of the intramo-
lecular hydrogen bonding networks in polar and nonpolar solvents,
respectively, which further results in a change in the cholesteric twist
sense.26 The copolymers poly(1Lm-co-1Dn) and homopolymer poly-
1L showed a relatively weak induced CD (ICD) in the p-conjugated
polymer backbone regions in a dilute benzene solution at 25 1C
(Supplementary Figure S2A), compared with those of analogous
helical poly(phenylacetylene)s bearing chiral bulky substituents.27–33

However, the ICD intensities for poly-1L (Supplementary Figure S2B)
and poly(1Lm-co-1Dn) with high ee (475%) significantly increased
with the decreasing temperature accompanied by a large red-shift in
the absorption spectra in benzene, whereas poly(1Lm-co-1Dn) with
low ee (o50%) showed almost no temperature-dependent CD
intensity change (Figures 2A and C, inset), suggesting that almost
no amplification of the helical chirality (negative nonlinear effect),
induced by the non-racemic monomer units, took place in benzene.
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Figure 2 (A) Circular dichroism (CD) and absorption spectra of poly(1L0.525-co-1D0.475) (red lines), poly(1L0.55-co-1D0.45) (orange lines), poly(1L0.65-co-

1D0.35) (pink lines), poly(1L0.75-co-1D0.25) (black lines), poly(1L0.85-co-1D0.15) (green lines), poly(1L0.95-co-1D0.05) (blue lines) and poly-1L (purple lines)

in dilute benzene solutions (0.3 mgml�1) at 6 1C. (B) Polarized optical micrographs of cholesteric liquid-crystalline (LC) phases of poly(1L0.95-co-1D0.05) (a),

poly(1L0.85-co-1D0.15) (b), poly(1L0.75-co-1D0.25) (c), poly(1L0.65-co-1D0.35) (d), poly(1L0.55-co-1D0.45) (e), poly(1L0.525-co-1D0.475) (f) and poly(1L0.505-co-
1D0.495) (g) in 15wt% benzene solutions taken at ambient temperature (B25 1C). (C) Changes in the cholesteric wave number (qc) and the CD intensity of

poly(1Lm-co-1Dn) at B320nm (inset) versus the percentage enantiomeric excess (ee) of the copolymer components (L-rich) in concentrated solutions at

B25 1C and dilute benzene solutions at 25 (red line), 10 (green line) and 6 1C (blue line) (inset), respectively. The error bars represent the s.d. estimated by

an evaluation of B30 fingerprint spacings. A full color version of this figure is available at Polymer Journal online.
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The reason for these unusual changes in the CD and absorption
spectral patterns, and intensities in the longer wavelength regions of
the copolymers and homopolymer in benzene is not clear at present;
however, a conformational change of the polymer backbones, which
may take place in benzene, depending on the ee values of the pendant
groups and on temperature, should be taken into consideration.34,35

Generally, if helical copolymers consisting of non-racemic monomers
show a detectable change in their absorption and CD spectra,
depending on the ee values of the monomer units, resulting from a
conformational change, it is difficult to determine their handedness
and to quantify their helix-sense excesses, based on the Cotton effect
intensity of the corresponding optically pure homopolymer. In the
present study, we assume that the copolymers, poly(1Lm-co-1Dn), may
have a helical conformation different from that of the poly-IL in
benzene at low temperatures, but with a negligibly small helix-sense
excess, thus showing weak ICDs. This hypothesis is supported by the
fact that the poly-1L maintains its rigid rod-like feature in dilute
benzene at 251C because the persistent length of poly-1L estimated in
dilute toluene solution, an analogous solvent to benzene, is extremely
high (126nm) at 251C.26

In contrast, the copolymers and homopolymer showed very intense
ICDs in nonpolar CCl4 (Figure 3A), less polar tetrachloroethane
(TCE; Figure 4A) and polar THF (Supplementary Figure S3A) even

at 25 1C, and their ICD patterns in CCl4 and benzene at 6 1C are
almost mirror images to those in TCE and THF, indicating the
inversion of the helicity of the polymer backbones that took place
assisted by the solvent polarity, as reported previously for poly-1L,26

poly(1Lm-co-Aibn)
19 and other dynamic helical polyacetylenes.36–44

The CD and absorption spectral patterns in CCl4, TCE and THF
were almost temperature-independent.
Figures 3C and 4C (insets) show the plots of the ICD intensity at

B320 nm of poly(1Lm-co-1Dn) in CCl4 and TCE measured at �10 to
25 1C and 251C, respectively, versus the percentage ee of the compo-
nents of the copolymers. The ICD intensities increased with the
increasing percentage ee of the components and reached an almost
constant value at around 30–60 and 30% ee, respectively, thus showing
a typical chiral amplification (majority rule), that is, a positive
nonlinear effect,1 whereas the copolymers in THF showed a relatively
weak nonlinear relationship (Supplementary Figure S3B). The persis-
tent lengths estimated in dilute CCl4 and THF at 251C were 134.5 and
19.2 nm, respectively;26 this significant decrease of the persistent
length in THF may be related to the weak ‘majority rule effect’.
We then investigated whether the macromolecular helicity of

poly(1Lm-co-1Dn) in a dilute solution could be further amplified in
the lyotropic cholesteric LC state. As previously reported, poly-1L
and poly-1D formed cholesteric LC phases in concentrated solu-
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tions,19,20,26 and poly(1Lm-co-1Dn) also formed the cholesteric LC
phases in various organic solvents, including benzene, CCl4 and TCE.
Figures 2B, 3B and 4B show the typical optical micrographs of
poly(1Lm-co-1Dn) and poly-1L observed in concentrated benzene,

CCl4 and TCE solutions (15wt%) at B25 1C, respectively. All copo-
lymers and homopolymer showed a fingerprint texture, typical of the
cholesteric LC phases, in which the spacing of the fringes defines half
of the cholesteric pitch p, and a smaller pitch represents an increased
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Table 2 Characteristics of poly(1Lm-co-1Dn)

Sample code qc
a (mm–1) % eeh

b (LC) % eeh
c (AFM) Helical pitchd (nm) Chain–chain distanced (nm)

poly(1L0.505-co-1D0.495) 0.10 12 e e e

poly(1L0.525-co-1D0.475) 0.28 34 e e e

poly(1L0.55-co-1D0.45) 0.55 67 89 2.2±0.1 1.9±0.1

poly(1L0.65-co-1D0.35) 0.75 91 95 2.2±0.1 1.9±0.1

poly(1L0.75-co-1D0.25) 0.80 98 499 2.1±0.1 1.9±0.1

poly(1L0.85-co-1D0.15) 0.82 499 499 2.2±0.1 1.9±0.1

poly(1L0.95-co-1D0.05) 0.82 499 — — —

poly-1L 0.80 499 499 2.2±0.2f 2.0±0.2f

Abbreviations: AFM, atomic force microscopy; eeh, helical-sense excess; LC, liquid crystalline; qc, cholesteric wave number.
aEstimated on the basis of an evaluation of B30 fingerprint spacings in concentrated solution (15wt%).
bExcess of one helical sense of the copolymers in the liquid-crystalline state, estimated using the maximum qc¼0.82 as the base value.
cExcess of one helical sense of the copolymers in the two-dimensional crystals cast from a dilute benzene solution (0.005 mgml�1) estimated, based on an evaluation of B1500 helical blocks of
poly(1Lm-co-1Dn) in high-resolution AFM images.
dEstimated on the basis of an evaluation of B100 helical pitches and chain–chain spacings observed in high-resolution AFM images.
eCould not be estimated because of difficulty in observing helical structures clearly by AFM.
fData cited from references 44,45.
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preference of the one helical sense in the cholesteric phase.16,45 The
plots of the cholesteric wave number qc, defined by 2p/p versus the
percentage ee of the copolymer components, are shown in Figures 2C,
3C and 4C, respectively. The qc value of the helical polymer solutions
is known to strongly depend on the polymer concentration, tempera-
ture and the solvent. If the solution contains enantiomeric or
diastereomeric right- and left-handed helices, qc also depends on the

excess of the one helical sense.15,16,18 Under the constant copolymer
concentration of 15wt% in benzene at B25 1C, the qc value of
poly(1Lm-co-1Dn) was found to increase with the increasing percen-
tage ee of the copolymer components, where a larger qc value means
an increased preference of the one-handedness, and the copolymers
with 30–50% ee of the components showed as large a qc value as that
of the homopolymer poly-1L (100% ee; Figure 2C). This remarkable
increase in the qc value against the percentage ee of the copolymers
(positive nonlinear effect) indicated a significant amplification of the
helical-sense excess in the LC state, whereas in the dilute benzene
solution, chiral information of the pendants that covalently bonded to
the copolymer backbone was hardly transformed into a polymer
backbone (Figure 2C, inset). Using the maximum qc value of
0.82mm–1 for the poly-1L as the base value, the helical-sense excess
(eeh) of poly(1Lm-co-1Dn) in concentrated LC benzene solutions can
be estimated (Table 2). A similar strong chiral amplification of the
macromolecular helicity of poly(1Lm-co-1Dn) in the LC state was
observed in concentrated CCl4 and TCE solutions (Figures 3C and 4C,
respectively). In sharp contrast to the significant amplification of the
helical-sense excess of the poly(1Lm-co-1Dn) in the LC state in benzene
over that in the dilute solution, chiral amplification took place at the
same level in the LC state and in dilute solutions of CCl4 and TCE,
although the reason for such an unexpected solvent effect observed in
benzene on the chiral amplification phenomena in the LC and dilute
solutions remains unclear.
The high-resolution AFM images of the self-assembled 2D helix

bundle structures of the copolymer chains of poly(1Lm-co-1Dn) were
then measured in order to estimate their eeh values. Figure 5 shows the
typical AFM phase images of poly(1Lm-co-1Dn) deposited on highly
oriented pyrolytic graphite (HOPG) from a dilute benzene solution
(0.005mgml�1), followed by benzene vapor exposure at B25 1C for
12h.21,22 This method is also very useful for constructing highly
ordered 2D helix bundles with a controlled helicity for a dynamically
racemic helical poly(phenylacetylene)23 and helical polyisocyanides46–48

on HOPG, and their helical structures were visualized by AFM.49

Poly(1Lm-co-1Dn) self-assembled into regular 2D helix bundles with
a constant height (B1.6 nm), and the copolymer chains packed
parallel to each other. These AFM images revealed the helical pitch,
helical sense (right- or left-handedness) and molecular arrangements
of the copolymers. The periodic oblique stripes observed in each right-
or left-handed helical block (blue and red colors in Figure 5 (right),
respectively), which originated from a one-handed helical array of the
side groups, were tilted clockwise or anticlockwise at +42 and –411,
respectively, with respect to the main-chain axis.15 Chain-to-chain
spacing (B1.9 nm) and helical pitch (B2.2 nm) are similar for the
copolymers and homopolymer (Table 2).
Careful observations of the AFM images of the copolymers

poly(1Lm-co-1Dn) (m4n) in Figures 5a–d indicate that the copolymers
possess predominantly the left-handed helical array of the pendant
groups, which fairly agreed with the previous AFM observation
results of the poly-1L.21,22 We note that when poly(1Lm-co-1Dn)
has a left-handed helical array of the pendant groups, the main
chain has an opposite, right-handed helical structure.21,49,50 Although
the poly(1L0.85-co-1D0.15) and poly(1L0.75-co-1D0.25) consist of a one-
handed (left-handed) helical block (Figures 5a and b), the opposite
right-handed helical segments were visualized in the AFM images of
poly(1L0.65-co-1D0.35) and poly(1L0.55-co-1D0.45) (blue colors in Figures
5c and d (right)). On the basis of an evaluation ofB1500 helical blocks,
the helical-sense excesses (% eeh) of poly(1L0.85-co-1D0.15), poly(1L0.75-
co-1D0.25), poly(1L0.65-co-1D0.35) and poly(1L0.55-co-1D0.45) were esti-
mated to be 499, 499, 95 and 89%, respectively. When other solvent

poly(1L0.85-co-1D0.15)

100 × 100 nm

100 × 100 nm

100 × 100 nm

100 × 100 nm

poly(1L0.75-co-1D0.25)

poly(1L0.65-co-1D0.35)

poly(1L0.55-co-1D0.45)

Figure 5 Atomic force microscopy (AFM) phase images of two-dimensional

(2D) self-assembled poly(1L0.85-co-1D0.15) (a), poly(1L0.75-co-1D0.25) (b),

poly(1L0.65-co-1D0.35) (c) and poly(1L0.55-co-1D0.45) (d) on HOPG. The

copolymer strands with clearly identifiable left- and right-handed helical

blocks are shown in red and blue colors, respectively (right). Unidentifiable

strands are uncolored (black and white). The wide-view AFM phase images

are shown in Supplementary Figure S4. A full color version of this figure is

available at Polymer Journal online.
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vapors, such as CCl4 and TCE, were used, clear 2D helix bundles,
suitable for high-resolution AFM observations, could not be formed.
Figure 6 shows the relationships between the eeh values of poly

(1Lm-co-1Dn), estimated in the cholesteric LC state in benzene and
2D crystals on HOPG, and the percentage ee of the copolymer
components. The helical-sense excesses of the copolymers are
considerably out of proportion to the percentage ee of the copoly-
mers, demonstrating a greater excess of a single-handed helix via
self-assemblies into the lyotropic cholesteric LC state as well as in the
2D crystals. The extent of the departure from linearity in the LC state
and in the 2D crystals was almost comparable or slightly greater in the
2D crystals, although we could not precisely determine the eeh values
of poly(1L0.525-co-1D0.475) and poly(1L0.505-co-1D0.495) with lower ee
(o5%) in the 2D crystals because of difficulty in observing their
helical structures clearly by AFM (Table 2). However, the left-handed
helical segments appear to be predominant in the copolymer chains
on the basis of their high-resolution AFM images. The noticeable
chiral amplification observed in the 2D crystals may be attributed to
the reduction in the population of the helical reversals between the
interconvertible right- and left-handed helical blocks of the poly(1Lm-
co-1Dn) chains, because the kinked helical reversals likely interfere
with the close parallel packing of the dynamic helical poly(1Lm-co-
1Dn) chains in the 2D crystals, as proposed for the chiral amplification
in the LC state.15,18,19

CONCLUSION

In summary, we have observed a unique amplification of the
helical-sense excess (majority rule effect) of dynamic helical, LC
poly(phenylacetylene)s bearing non-racemic D- and L-alanine residues
as the pendant groups in a dilute solution, in the cholesteric LC state
and 2D crystal on substrate. The preferred-handed helical-sense and
handedness excess of the copolymers in a dilute solution were sensitive
to the solvent polarity and temperature, and amplification of the

helical-sense excess was significantly affected by the solvents. In
contrast to the poly(phenylacetylene) copolymers consisting of opti-
cally pure 1L and achiral Aib,19 chiral amplification took place at
almost the same level in the LC state and in the 2D crystals. The fact
that the copolymers showed inversion of the helicity in different
solvents implies that the copolymers will form similar 2D helix
bundles with an opposite helical sense when exposed to specific
solvent vapors. The high-resolution AFM technique combined with
the 2D crystal formation on substrate, demonstrated in the present
study, will enable us to observe such opposite helical structures and
also to determine their helical-sense excesses that may be impossible
by other spectroscopic methods. These approaches will contribute to
understanding the substantial nature of dynamic helical polymers
and also provide a unique 2D chiral surface for chiral recognition
composed of helical polymers with a switchable helicity.
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