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Two-Dimensional Helix-Bundle Formation of a Dynamic Helical
Poly(phenylacetylene) with Achiral Pendant Groups on Graphite
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The design and synthesis of helical polymers with a controlled
helix sense[1] have been attracting great interest because of
the wide variety of possible applications in materials science,
chemical sensing, separation of enantiomers, and enantiose-
lective catalysis.[2] The detailed structural characterizations of
the helical polymers are essential to explore the relationships
between their structures and properties and to further
develop more sophisticated chiral materials. However, the
determination of helical structures including helical pitch and
handedness still remains very difficult. Conventional spectro-
scopic methods in dilute solution are not straightforward, and
X-ray analysis in the solid state is a laborious task; these
methods may not provide unambiguous helical structural
information, and in particular, the helical sense. The direct
observation of the helical polymers by atomic force micro-
scopy (AFM) on solid substrates should be one of the most
promising methods to settle this problem and has been
extensively studied.[3] Recently, we reported that rigid rodlike
helical poly(phenylacetylene)s bearing l- or d-alanine resi-
dues with a long n-decyl chain as the pendants (poly-l-Ala in
Figure 1a) hierarchically self-assembled on highly oriented
pyrolytic graphite (HOPG) upon exposure to organic solvent
vapors, such as benzene; flat poly(phenylacetylene) mono-
layers losing helical structures epitaxially formed on the basal
plane of the graphite, on which helical poly(phenylacetylene)s
further self-assembled into chiral two-dimensional (2D)
helix-bundles with a controlled helicity.[4] High-resolution
AFM revealed their helical conformations in the 2D crystals
and enabled us to determine the molecular packing, helical
pitch, and handedness.[5] Herein we show that an optically
inactive but dynamically racemic helical poly(phenylacet-
ylene) bearing achiral a-aminoisobutyric acid (Aib) residues

with the same n-decyl chain as the pendants (poly-Aib in
Figure 1a)[6] also crystallizes under an organic solvent vapor
atmosphere on HOPG, resulting in 2D helix-bundle forma-
tion (Figure 1c). Poly-Aib no longer has any stereogenic
centers, but likely consists of an equal mixture of intercon-
vertible right- and left-handed helical segments separated by
rarely occurring helical reversals in solution (Figure 1c, left),
as do polyisocyanates and polysilanes, and therefore, poly-
Aib in dynamic equilibrium is a chiral or dynamically racemic
helical polymer.[1a,h,j, 2e,8] We could successfully visualize such
enantiomeric right- and left-handed helical segments and the
helical reversals of poly-Aib on HOPG by high-resolution
AFM, and the results were quantified by X-ray diffraction of
the oriented liquid crystalline (LC) poly-Aib film.
Poly-Aib formed a lyotropic nematic LC phase in a

concentrated benzene solution (above 10 wt%) as seen in its
polarized optical micrograph (Figure 1b), indicating that
poly-Aib is a rigid-rod helical polymer. This assumption is
supported by its extremely long persistence length of 89.6 nm
in toluene[9] assisted by intramolecular hydrogen bonds as
observed for an analogous helical poly-l-Ala.[12]

The typical high-resolution AFM height images of poly-
Aib deposited on HOPG from a dilute benzene solution
(0.01 mgmL�1) at approximately 25 8C, followed by benzene
vapor exposure at about 25 8C for 12 h, can be seen in
Figure 2a. Poly-Aib self-assembles into well-defined 2D

Figure 1. a) Structures of poly-Aib (red: right-handed, blue: left-handed
helical segments) and poly-l-Ala. b) Polarized optical micrograph of a
nematic LC phase of poly-Aib in 15 wt% benzene solution taken at
ambient temperature (ca. 25 8C). c) Schematic representation of 2D
crystallization of helical poly-Aib on HOPG.
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helix-bundles with a constant height of 1.53� 0.05 nm, most
of which are clearly resolved into individual right- and left-
handed helical blocks packed parallel to each other (Fig-
ure 2a; right).[14] These AFM images, and in particular the
enlarged images (Figure 2b), provide possible helical pitch,
helical sense, and molecular arrangements of poly-Aib. The
periodic oblique stripes observed in each helical block (red
and blue colors in Figure 2b (right)), which originated from a
one-handed helical array of the pendants, were tilted clock-

wise or counterclockwise at + 43 and
�458, respectively, with respect to the
main-chain axis. This remarkable 2D
mirror-image relationship suggests
that poly-Aib molecules most likely
consist of right- and left-handed en-
antiomeric helical blocks with a hel-
ical pitch of 2.01� 0.05 (P) and 2.05�
0.09 nm (M), respectively, estimated
from the average distance between
each stripe (Figure 2b). The average
chain-to-chain distance between the
right-handed helical blocks (PP ;
1.86� 0.05 nm) is in good agreement
with that of the left-handed helical
blocks (MM ; 1.90� 0.09 nm). The
chain-to-chain distance between the
helical blocks of opposite sense was
estimated to be 1.81� 0.04 nm (PMP,
Figure 2b; left), which agreed fairly
well with those between the helical
blocks of the same sense. The helical
blocks of the same sense (Figure 2b,
red bars only) packed parallel to each
other, while those of the opposite
sense (Figure 2b, red and blue bars)
shifted to one-third helical pitch rel-
ative to each other with respect to the
main-chain axis (see thin white solid
lines in Figure 2b (right) and the
arrows in Figure 2d). These observa-
tions indicate a difference in packing
structures and energy between homo-
chiral helices and heterochiral helices
in the 2D crystals; if homochiral
chain–chain interactions are favored
over heterochiral counterparts,[15]

chiral domain formations (preferen-
tial resolution) will be expected (dis-
cussed below).
The three-dimensional solid-state

structure of poly-Aib was investigated
by X-ray analysis. In Figure 2c, a
wide-angle X-ray diffraction
(WAXD) pattern is shown of a uni-
directionally oriented poly-Aib film
prepared by casting a concentrated
nematic LC benzene solution in an
electric field. The WAXD pattern of
the highly oriented film shows diffuse

but apparent meridional reflections on the 5th and 11th layer
lines, which are assignable to the turn-layer line and the unit
height, respectively, giving an 11-unit/5-turn helix with a
0.209 nm translational length per unit (for more details, see
the Supporting Information, Table S1).[16] The helical pitch
estimated by AFM is almost identical to the half pitch of the
pendant helical arrangements as determined by the X-ray
analysis (2.30 nm; for comparison between the AFM and X-
ray results, see the Supporting Information, Table S2).

Figure 2. a) AFM height images of 2D self-assembled poly-Aib cast on HOPG. The polymer strands
with clearly identifiable right- and left-handed helical blocks are shown in red and blue, respectively
(right). The cross-section height profile, taken along the white dashed line, and right- (red) and
left-handed (blue) helical polymer models constructed on the basis of the X-ray analysis are also
shown. Unidentifiable strands are uncolored. b) Magnified AFM height images of poly-Aib,
corresponding to the yellow square in (a). The cross-section height profile taken along the white
dashed line and a polymer model with right- and left-handed helical blocks separated by a helical
reversal (yellow arrows) constructed by molecular modeling and molecular mechanics calculations
on the basis of the X-ray analysis are also shown. See text for more details. c) WAXD pattern of an
oriented poly-Aib film. The horizontal direction, which nearly corresponds to the helical axis, is
shown by a yellow arrow. See text for more details. d) Schematic drawings of right- and left-handed
helix bundles of poly-Aib in 2D crystals constructed on the basis of the AFM results and X-ray
structural analysis.
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The right- and left-handed helical block segments sepa-
rated by helical reversals in individual polymer chains could
also be visualized in the 2D crystals (Figure 2b). The cross-
section height profile denoted by a white dashed line in
Figure 2b clearly shows a unidentifiable plateau section with
virtually the same height along with the block segments of the
helices of opposite sense, which is assumed to be a helical
reversal in the polymer chain. Force-field calculations suggest
that a poly-Aib chain having a helical reversal can be
constructed so as to maintain its rodlike structure (Figure 2b;
right). In contrast, in the height profile indicated in Figure 2a,
there is a gap between helical blocks of opposite sense
(Figure 2a, white arrows) which is different from the helical
reversal; in this case, two poly-Aib chains align with a distance
between them of 3.4 nm.[17]

Statistical analysis of a series of high-resolution AFM
images of poly-Aib helix bundles and height profiles along
with each polymer chain may provide the average lengths of
right- and left-handed helical blocks and the population of
helical reversals. According to Lifson, Green, and co-work-
ers,[1a,18] the length of the helical-sense blocks (L), in other
words, the number of monomer units between the helical
reversals, can be calculated as a function of the free-energy
difference between the helical (DGh) and the helical reversal
states (DGr), the most important thermodynamic stability
parameters for representing a unique feature of dynamic
helical polymers, L= exp(DGr/RT) (R and T are the gas
constant and the absolute temperature, respectively). Poly-
Aib is an equal mixture of right- and left-handed helices, and
therefore, DGh= 0. This fact suggests that if the helical sense
blocks of poly-Aib could be measured with certainty by the
AFM, theDGr value for poly-Aib in the 2D crystal state could
be calculated. However, the average molecular length of poly-
Aib determined by single-molecular AFM measurements
(216 nm which corresponds to 1034 monomer units) (Sup-
porting Information, Figure S7)[10d,19] is longer than each side
of the high-resolution AFM images (ca. 60 nm; Figure 2a),
and it was difficult to determine the average lengths of helical
blocks (L) between the helical reversals in individual polymer
chains in such a limited area. We measured the sequential
high-resolution AFM images of poly-Aib deposited on
HOPG such that each AFM image partially overlapped
with the scan area (100 @ 100 nm) in which the helical
structures of poly-Aib could be clearly observed. The four
or five sequential high-resolution AFM images thus obtained
were then overlapped to reconstruct the whole images
covering a wider area with maintaining the high-resolution
(Supporting Information, Figure S3 and S4).
On the basis of an evaluation of 375 helical-sense blocks

between the helical reversals and those between the polymer
end and the helical reversal in individual polymer chains in
the AFM images including the images in the Supporting
Information, Figure S3 and S4, the number-average length of
helical blocks (Ln) was estimated to be 60 nm, which
corresponds to 287 monomer units (Supporting Information,
Figure S5). Based on the Ln value, the free energy difference
between the helical reversal states (DGr) of poly-Aib was
calculated to be approximately 3.4 kcalmol�1. Previously, this
key free energy (DGr) was experimentally determined to be

about 2.5–3.7 kcalmol�1 on a monomer-unit basis for helical
poly(phenylacetylene)s with different chiral or achiral pen-
dant groups in bulkiness on the basis of the temperature-
dependent changes in their CD (circular dichroism) inten-
sities in solution.[20] The estimated DGr value of poly-Aib in
the 2D crystalline state is in fair agreement with those of
helical poly(phenylacetylene)s determined in solution. As a
consequence, the results revealed a rarely occurring helical
reversal along with the long helical blocks with the opposite
sense which appeared only once in every 287 monomer units
on average in dynamic helical poly-Aib.
We investigated a possibility of spontaneous resolution of

dynamically racemic poly-Aib helices into homochiral
domains with the same helical sense in the 2D crystals
prepared at different temperatures.[21] Careful observations of
the AFM images (Figure 2a; Supporting Information S3, S4,
and S6) reveal that poly-Aib tends to self-assemble into small
domains composed of several helical blocks of the same sense
under benzene vapor exposure. However, the average
homochiral domain size appears to be small at the macro-
scopic level.
In conclusion, we have successfully and directly observed

the unique structure of a dynamically racemic helical
poly(phenylacetylene) on HOPG upon exposure to organic
solvent vapors. In particular, the helical reversals along with
the long helical blocks with the opposite sense as well as the
helical pitch and handedness were clearly visualized for the
first time based on the 2D self-assembled helix-bundle
formation using AFM with molecular resolution. Poly-Aib
forms a lyotropic nematic LC phase in concentrated benzene
solution. We anticipate that the nematic LC poly-Aib phase
will convert into the cholesteric counterpart by doping with
optically active small molecules or helical poly(phenylacety-
lene)s, such as cholesteric liquid-crystalline poly-l-Ala in
solution. The dynamically racemic helical poly-Aib may be
transformed into an excess of one helical sense in the
cholesteric state, which can be visible and quantified by the
change in its helical pitch in the cholesteric liquid crystal and
further visualized by high-resolution AFM.[22] The work along
this line is now in progress.
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