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Introduction

The orientational organization of polymers generally arises
through liquid crystal formation in concentrated solutions. The
orientation direction of randomly positioned rodlike polymers
in a liquid crystalline (LC) solution continuously changes by
location in which the polymers are preferentially oriented along
an axis called the “director”. The uniform alignment of rodlike
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Figure 1. Alignment of a helical poly(phenylacetylene) in the electric
field. (a) Structure of helical poly-1 and schematic illustration of the
electric-field-induced alignment of polky-1 molecules. (b) Through-
view WAXD pattern (the incident beam was normal to the film surface)
of a highly oriented poly-1 film prepared from a cholesteric LC
benzene solution of poly-1 (10.4 mg/mL) in an electric field (6000
V/cm). The electric field direction is vertical as indicated by the white
arrow. (c-e) Polarized optical micrographs of oriented po#-film
under crossed polarizers. The horizontal and vertical blue arrows
represent the transmission axes of the polarizer (P) and analyzer (A),
respectively. The film was tilted at45° (c, counterclockwise), 0(d,

polymers is of great interest because the alignments of theparallel), and+45° (e, clockwise) to the transmission axis of the

polymer main chains give rise to remarkable improvements in
the electrical, optical, and mechanical propertidéshas been

analyzer. The white arrows indicate the direction of the applied electric
field.

revealed that the uniform orientation of LC polymers can be of the pendant amide groups are helically arranged in a parallel
achieved by applying a magnetic field, an electric field, and aghion so as to accumulate the large dipole moment along the
spinning? To our knowledge, however, previous studies on the hejical axis. Although the antiparallel arrangement of the two
electric-field-induced alignments of rodlike polymers based on gets of hydrogen-bonded helical arrays of the pendant amide
the electric dipole along the main chain have been confined to groups was proposed as a plausible form in analogous helical
the a-helical polypeptided whereas electric-field-induced align- polyacetylenes, i.e., the poNpropargylamide)s based on
ments of side-chain LC polymers with semirigid backbones have semiempirical molecular orbital calculations, it could accord-
been reported.The cholesteric phase formed by thehelical ingly be ruled out for polye-1.

polypeptides in helicogenic solvents is presumably unwound

by the applied electric field and changes to a nematic phaseResults and Discussion

with the director more or less parallel to the applied fielche
structure of thea-helical polypeptides is such that the polar
amide residues linked to each other by intramolecular hydrogen
bonding regularly align in one direction, parallel to the helical
axis, so that a large electric dipole moment as the vector sum
of all the dipole moments can be generated along the helical
axis® However, an analogous dipole accumulation in fully
synthetic helical polymers has not yet been reported.

We now show that a helical poly(phenylacetylene) bearing
L-alanine residues with a long alkyl chain as the pendants (poly-
L-1) forms a highly aligned cast film in an electric field, as
illustrated in Figure 1a. The structural analyses based on the

polarized optical microscopy, polarized IR spectroscopy, and tion with a very long persistence length of over 100 nm in

X-ray diffraction as well as the molecular modeling suggest nonpolar solvents like benzene, so that the polymer forms a

that two sets of extended intramolecular hydrogen-bonded arrays.p slesteric LC phase in concentrated solutidns.

On the basis of the AFM and X-ray structural analysis results,

Stereoregulardis—transoida) poly(phenylacetylene), poly-
L-1, was prepared according to a previously reported method.
In our previous studies, the circular dichroism (CD) spectra with
characteristic Cotton effects in the polymer backbone region
(250—-450 nm) and the direct atomic force microscopy (AFM)
observations of poly-1 chains at molecular resolution com-
bined with X-ray diffraction revealed that the palyt has a
right-handed 11 units per 5 turns (11/5) main-chain helical
conformation with a helical pitch of ca. 2.4 nm in nonpolar
solvents® Two series of pendant helical arrays firmly linked to
each other by intramolecular hydrogen bonding allow the
polymer to form an unprecedented rigid main-chain conforma-
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kokoshi@ 5 computer-generated plausible model for a helical pelyean

be proposed (see Figure 3a), which shows that all the amide
carbonyl groups are specifically oriented in one direction so
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Figure 2. Polarized IR spectra of an oriented paht film. The film was prepared on a CaBubstrate from a concentrated LC benzene solution
(5.0 mg/mL) in an electric field (6000 V/cm). (a, b) IR spectra with the incident light polarized paitaleld(line) and perpendiculall( blue line)

to the applied electric field. (c) Polar plots of the absorbance against polarization angles with respect to the applied electric field ditbetion for
N—H stretching at 3276 cn (blue line) of the amide group, the=€D stretching of the ester group at 1743 ¢nfgreen line), and the €0
stretching of the amide group (amide 1) at 16367¢rtred line).

120 80

270

—— N-H stretching of amide group
—— C=0 stretching of ester group
—— C=0 stretching of amide group

Figure 3. (a) Optimized 11/5 helical structure of polyl (40-mer) on the basis of WAXD and polarized IR structural analyses followed by
molecular mechanics calculations (see Supporting Information). The structure is represented by ball-and-stick models; two sets of hydrdgen-bond
helical arraysit andn + 2) of the pendants and the main-chain carbon and hydrogen atoms (stick model) are shown in different colors for clarity.
When the main chain of poly-1 has a right-handed helical structure, the polymer has the opposite, left-handed helical array of the pendants. (b,
¢) The detailed structure (8-mer) taken from (a) is also shown by a stick model in (b) (side view) and (c) (top view). The hydrogen bonds between
the neighboring side chains are indicated by the dotted lines. In these modejstfze pendant decyl ester groups of pol¢-are replaced by the

methyl ester groups for clarity. (d) Calculated polar plots of the relative IR absorbance vs polarization angle with respect to the main-chain helica
axis for the N-H stretching of the amide group (blue line), the=O stretching of the ester group (green line), and tkeOCstretching of the amide

group (red line) on the basis of the optimized structure of pely-The absorbance intensities are arbitrarily chosen.

that they can form intramolecular hydrogen bonds to the field-induced macromolecular alignment of palyt. The
neighboring amide NH groups, resulting in two sets of parallel  oriented polyt-1 film was prepared by gradual solvent evapora-
hydrogen-bonded helical arrays; an alternative antiparallel tion of a concentrated LC benzene solution of pol§-in a
arrangement of the hydrogen-bond arfagsuld be sterically benzene vapor atmosphere on a Cafibstrate in an electric
impossible for poly:-1 to form the hydrogen-bonded arrays. field of 6000 V/cm (Figure S1, Supporting Information).
The IR spectra support the formation of such intramolecular  Figure 1e-e shows the polarized optical micrographs of the
hydrogen bonds between the pendant amide residues of poly-oriented polye-1 film observed under crossed polarizers. The
L-1.9 poly-L-1 film is oriented parallel to the applied electric field
The parallel arrangement of the polar amide residues of poly- direction, as evidenced by the fact that the counterclockwise
L-1 may generate a large dipole moment along the main-chain (Figure 1c) and clockwise (Figure 1e) images tilted—at5°
helical axis of the polymer. We then investigated the electric- and+45° with respect to the transmission axis of the analyzer,
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Table 1. IR Absorption Bands and Dichroic Ratio (R) for Selected
Functional Groups of Oriented Poly+-1 Film2

dichroic
wave- raticP
number (cnm?) assignment R (A An)
3276 N-H stretching of amide group 1.94
3065 C—H stretching of disubstituted benzene 2.28
2928 C-H stretch of aliphatic group 1.01
1743 C=0 stretching of ester group 0.73
1636 amide | 1.46
1608 C—C stretching of benzene 0.83
1540 amide Il 0.87
1172 C-0 stretching of ester group 0.80

aThe film was prepared on a CaBubstrate from a concentrated LC
benzene solution in an electric field (6000 V/crhpichroic ratioR (A/
Ap) of designated absorption bands, in which the incident infrared radiation
is polarized parallel|() and perpendicular}) to the direction of the electric
field.
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A polymer model of poly:-1 (70-mer) (70 repeating mono-
mer units) (Figure 3a) was then constructed on the basis of the
X-ray structural analys#¥ and molecular mechanics calculations
(see Supporting Information). Since the IR absorption is
proportional to the squared scalar product of the projected
electric vector of the incident light on the vibrational transition
moment, the relative IR absorption of a particular functional
group in the model is given by

n

A0 Y codq,

whereq; denotes the angle between the vibrational transition
moment of the functional group in thieh monomer unit and
the polarization axis which was rotated in the plane containing
the main-chain helical axis in increments ¢t The relative

respectively, showed a clear birefringence, whereas the upright!/R absorptions for selected functional groups were then calcu-

image (Figure 1d) showed complete extinction. The oriented
poly-L-1 film also exhibited a highly birefringent optical texture

lated using the central part of the optimized pokt-(50-mer),
and the calculated values were plotted vs the polarization angles

with a characteristic banded pattern perpendicular to the appliedWith respect to the direction of the main-chain helical axis

electric field. The average bandwidth was ca—20um (Figure
S2, Supporting Information), in which the dark lines turned into

bright ones when the sample was properly rotated between

(Figure 3d). The calculated polar plots are roughly identical to
the observed ones (Figure 2c).

In summary, we have demonstrated that a poly(phenylacety-

crossed polarizers. These observations also support the orientalene) bearing -alanine residues with a long alkyl chain as the

tion of the polymer along the electric field direction, since a pendants could be highly aligned in the electric field due to the
similar shear-induced banding has been frequently observedlarge electric dipole moment along the main-chain helical axis.
perpendicular to the shearing direction for a wide range of main- The molecular modeling based on the polarized IR spectroscopy

chain LC polymerg?

A through-view pattern of the wide-angle X-ray diffraction
(WAXD) for the uniaxially oriented poly-1 film revealed the
exact direction of the orientation of the polymer main chains
(Figure 1b). A diffuse, but apparent, equatorial reflection with
a spacing of 1.95 nm is attributed to the lateral packing of the
polymer molecules; thus, the polymer chains likely align in the
meridional direction corresponding to the applied electric field
direction because the electric field direction in the film was
placed parallel to the meridional direction.

The orientation of each functional group in the monomer units
of poly-L-1 was further elucidated by polarized IR spectroscopy
(Table 1 and Figure 2a,b). The polarized IR spectra of the
oriented polye-1 film showed sharp signals assigned to the
amide NH and carbonyl stretching (amide I) bands at 3276 and
1636 cntl, respectively, which suggested the formation of
intramolecular hydrogen-bonding netwof&.

Since polyt-1 has a one-handed helical structfifdhe static
orientational distribution of the functional groups must be
symmetrical about the helical axis, and therefore, the orientation
of the vibrational transition moment can be described in terms
of an angle between the particular vibrational transition moment
and the helical axis. To elucidate the orientation directions of
the vibrational transition moments for selected functional groups
of poly-L-1, the IR absorbance ellipsoids of each functional
group in the film plane were drawn in the polar plots, which
were generated by rotating the polarizer fnricrements during
the polarized IR measurements (Figure 2c). The polarization
angled = 0° corresponds to the direction of the applied electric
field, and the dichroic ratioR) (Ay(@ = 0°)/Ax(6 = 90%)) for
selected functional groups of polyl were then calculated
(Table 1). The results indicate that the vibrational transition
moments of the amide NH and carbonyl groups of poly-1
appear to lie parallel to the electric field applied to the film,

whereas the ester carbonyl groups tend to be oriented perpen-

dicular to the applied electric field.

combined with an X-ray structural analysis revealed that all the
amide groups were unidirectionally oriented in large part so as
to form helically arranged intramolecular hydrogen-bonding
networks, resulting in the accumulation of a large electric dipole
moment along the helical axis. To the best of our knowledge,
this may be the first example of the hydrogen-bonding-driven
spontaneous formation of a large electric dipole based on a fully
artificial helical polymer, leading to an electric-field-induced
alignment of the polymers. The present results including the
uniformly aligned rodlike helical polymers with a large electric
dipole will contribute to developing a novel nonlinear optical
device due to its polar structure.

Supporting Information Available: Full experimental details.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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