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The study of the structure and morphology of biologi-
cal1 and synthetic2-4 polymers on a solid surface using
atomic force microscopy (AFM) has aroused considerable
interest in recent years and has been extended to the
design and construction of novel nanostructured materi-
als.5 Single chains of synthetic macromolecules, for
instance, homopolymers, block polymers, and graft
polymers,2 hyperbranched polymers,3 and polyelectro-
lytes,4 have been visualized and examined by AFM
regarding their structures and conformations. However,
very few attempts have been made to observe synthetic
helical polymers using AFM6 and scanning tunneling
microscopy (STM).7

We previously reported that optically inactive, ster-
eoregular poly(phenylacetylene)s bearing various func-
tional groups can form a one-handed helix and exhibit
an induced circular dichroism (ICD) in the UV-visible
region of the polymer backbone spectrum upon com-
plexation with chiral molecules interacting with the
polymer’s functional groups in organic solvents8 as
well as in water.9 The changes in conformation of the
poly(phenylacetylene)s with or without chiral small
molecules in solution have been studied by means of
CD and 1H NMR spectroscopies.8,9 In this study, we
report the AFM studies of poly((4-carboxyphenyl)-
acetylene)s with low (poly-1L) and high molecular
weights (poly-1H) and their complexes with (R)-(+)-
1-(1-naphthyl)ethylamine ((R)-Nap) on solid sub-
strates. Single molecules of these polymers can be
directly visualized, and changes in the conformation
and morphology of poly-1 upon complexation with
(R)-Nap, resulting in an induced helical structure, were
examined on a mica surface using AFM. An optically
active poly(phenylacetylene) having an (R)-Nap residue
covalently bonded as the pendant, poly((R)-(-)-(4-
((1-(1-naphthyl)ethyl)carbamoyl)phenyl)acetylene) (poly-
(R)-2), was also prepared as the model polymer,10

and its structure was also investigated by AFM for
comparison.

Figure 1 shows the structures of poly-1, poly-(R)-2,
and (R)-Nap and the calculated helical conformation of
poly-(R)-2 (20-mer) together with a helical poly-1 model

(20-mer) for comparison. The cis-transoidal stereoreg-
ular poly-1L and poly-1H were prepared according to a
previously reported method using a water-soluble rhod-
ium complex in water.9b The number average molecular
weights and polydispersities of poly-1L and poly-1H
were Mn ) 3.3 × 104 and Mw/Mn ) 2.8 and Mn ) 1.3 ×
105 and Mw/Mn ) 4.3, respectively. Poly-(R)-2 bearing
the chiral (R)-Nap group connected to the poly(phenyl-
acetylene) backbone via an amide bond was also pre-
pared in the same way (Mn ) 3.0 × 105 and Mw/Mn )
1.8).10c

AFM analyses of poly-1L and poly-1H with and
without (R)-Nap on a freshly cleaved mica surface or a
highly oriented pyrolytic graphite (HOPG) were con-
ducted to observe changes in the morphology and
conformation of the polymer main chains. Figure 2
shows typical AFM images of poly-1L and poly-1H with
and without (R)-Nap on mica. Under a relatively high
poly-1H concentration (0.5 mg/mL), the mica substrates
were covered with a nanostructured network and worm-
like poly-1H chains (Figure 2A), while individual poly-
1H chains complexed with (R)-Nap can be visualized
on mica (Figure 2B).11 The average height of the poly-
1H-(R)-Nap complex in Figure 2B was estimated to be
0.87 ( 0.25 nm, which was shorter than that of the
networked poly-1H (1.22 ( 0.23 nm) observed in Figure
2A. The difference in the height of the poly-1H and the
poly-1H-(R)-Nap indicates that poly-1H deposited from
a highly concentrated solution on mica forms an inter-
chained polymer network, probably through hydrogen
bonding of the intermolecular carboxy groups of the
polymer, and such an intermolecular network could be
released upon complexation with (R)-Nap.

Stretched single molecules of poly-1H and the poly-
1H-(R)-Nap complex can be directly visualized on
mica prepared from a dilute solution of poly-1H
(0.05 mg/mL) (Figure 2C and D). We note that the
poly-1H and poly-1L complexed with (R)-Nap showed
a full ICD under the dilute concentrations in a 0.34
M DMSO solution of (R)-Nap. The average height of
the separately adsorbed poly-1H molecules was deter-
mined to be 0.67 ( 0.10 nm from ∼100 cross section
profiles in Figure 2C, which increased to 0.83 ( 0.15
nm after complexation with (R)-Nap (Figure 2D).
These values were shorter than the computer-generated
molecular diameters of a helical poly-1 (1.5 nm) and
poly-1H-(R)-Nap complex (2 nm). The strong interac-
tion of the polymer with the mica surface and the
decompression of the polymer due to solvent vaporiza-
tion as well as a tip-induced deformation of the samples
should be taken into consideration for the reduced
heights of poly-1H and the poly-1H-(R)-Nap complex
on mica.12

AFM images of poly-1L with and without (R)-Nap
are shown in Figure 2E and F. As observed for poly-1H
and the poly-1H-(R)-Nap complex, single molecules
with stretched chains of poly-1L and poly-1L complexed
with (R)-Nap were observed prepared from a diluted
solution (0.05 mg/mL). The average height of poly-1L
(0.60 ( 0.15 nm) increased through the helix formation
induced by (R)-Nap (0.78 ( 0.14 nm). In the AFM
analysis, the vertical resolution of the AFM images
is much better than the horizontal resolution because
of overestimation due to the broadening effect of the
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tip.13 To exclude the difference in the broadening effect
of the tips, we measured the AFM images of poly-1L
and the poly-1L-(R)-Nap complex using the same tip
under the same conditions and then obtained almost the
same results, so that it is concluded that the difference
in the height observed for both the polymers is a
valuable fact.

To further investigate in detail the differences in the
average heights between the poly-1L and poly-1H and
their complexes with (R)-Nap, the structure and con-
formation of poly-(R)-2, a model polymer of the poly-1-
(R)-Nap complex on mica, were investigated with AFM.
Figure 3 shows the AFM images of poly-(R)-2 deposited
on mica from a DMF solution (0.025 mg/mL).14 The
average height of single stranded poly-(R)-2 was esti-
mated to be 0.88 ( 0.14 nm from ∼100 cross section
profiles. This height value was close to those of the poly-
1L and poly-1H complexed with (R)-Nap (poly-1L, 0.78
( 0.14 nm; poly-1H, 0.83 ( 0.15 nm). These results
indicate that the increased height of the poly-1 mol-
ecules complexed with (R)-Nap on the mica surface is
ascribed to the complexation with (R)-Nap through an
acid-base interaction, and this complexation results in
the one-handed helical structure, which can be detected
by AFM.15

The more detailed observation of the AFM images in
Figures 2 and 3 gave us useful information regarding
the structures of the polymers. The height and
phase images of the poly-1H-(R)-Nap complex (Figure
4A and B), which were obtained by expanding the
images in Figures 2D and 3, respectively, feature a
particularly interesting conformation and supramo-
lecular structure of the complex. An extended single
strand of the poly-1H-(R)-Nap complex can be visual-
ized on mica (a). Double strands of the poly-1H-(R)-
Nap complex with a 1.54 nm height agglomerate to
form the toroidal structure (b). A single chain of the
poly-1H-(R)-Nap complex marked by (c) in Figure 4B
seems to adopt a left-handed helical structure. Such a
helical shape image may be closely correlated to the
macromolecular helical chirality of the poly(phenyl-
acetylene)s. In Figure 4D, a helically twisted, single
stranded, right-handed helical structure was observed
for poly-(R)-2 in part on mica in the phase image by
taking into consideration the height (Figure 4C, 0.83
nm). The helix-sense observed for poly-(R)-2 (right-
handed) is opposite that observed for the poly-1H-(R)-
Nap complex (left-handed), which is consistent with the
CD data of the polymers; the second Cotton CD intensity
([θ] × 10-4 deg cm2 dmol-1) is -3.08 (poly-1H-(R)-Nap)
and+2.74(poly-(R)-2) inDMSOandDMF,respectively.10c

Figure 1. Structures of poly-1, poly-(R)-2, and (R)-Nap (A) and possible right-handed helical structures of poly-1 (B) and poly-
(R)-2 (20-mer) (C). The helix-sense of poly-(R)-2 is tentative, but the polymer should have a helical conformation, as it exhibits an
ICD in the main chain region.
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These experimental results demonstrate that a helical
conformation induced on the poly-1 backbones in the
presence of the (R)-Nap and poly-(R)-2 could be observed
directly using AFM, although the assignments of the
CD bands with respect to the polymer conformations
cannot be completely understood. Apparently, a further
study using STM may be necessary to detect the atomic
level conformation of these polymers.7

In conclusion, the present studies showed that mor-
phological changes and a one-handed helical structure
of poly(phenylacetylene)s can be observed on a solid
substrate using AFM. Therefore, AFM may be ap-
plicable as a novel analytical tool for directly detecting
the macromolecular helicity of optically active polymers.
We have prepared a number of helical polymers bearing
various functional groups,8-10 and their chiroptical
properties on a solid substrate can be investigated using
AFM. We believe that the AFM technique combined
with helical polymers induced by chiral molecules is
expected to offer a specific sensory system for the direct
detection of the chirality of small chiral molecules and
biomolecules.
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Figure 2. AFM tapping mode images of poly-1H (A and C), the poly-1H-(R)-Nap complex (B and D), poly-1L (E), and the
poly-1L-(R)-Nap complex (F) on mica. The concentrations of poly-1H are 0.5 (A and B) and 0.05 mg/mL (C and D) in DMSO (A
and C) and a 0.34 M DMSO solution of (R)-Nap (B and D). The concentration of poly-1L is 0.05 mg/mL (E and F) in DMSO (E)
and a 0.34 M DMSO solution of (R)-Nap (F).

Figure 3. AFM tapping mode image of poly-(R)-2 on mica.
The concentration of poly-(R)-2 is 0.025 mg/mL in DMF.
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Geerts, Y.; Müllen, K.; Brédas, J. L.; Lazzaroni, R. Adv.
Mater. 2000, 12, 1042-1046. (b) Lashuel, H. A.; LaBrenz,
S. R.; Woo, L.; Serpell, L. C.; Kelly, J. W. J. Am. Chem. Soc.
2000, 122, 5262-5277.

(14) Under a relatively high poly-(R)-2 concentration (more than
0.05 mg/mL), poly-(R)-2 intermolecularly aggregates on the
basis of the height analysis, whereas individual poly-(R)-2
molecules can be visualized on mica prepared from a dilute
solution of poly-(R)-2 (0.025 mg/mL).

(15) We attempted to determine the average molecular lengths
of poly-1H (calculated length as 203 nm based on its Mn
and computer simulation (Figure 1B)) and poly-1H com-
plexed with (R)-Nap, but it was impossible because we
unexpectedly observed long polymer chains (Figure 2C and
D) probably through a partial interchain interaction or the
“sticky end” biting. See: (a) Mao, C.; LaBean, T. H.; Reif, J.
H.; Seeman, N. C. Nature 2000, 407, 493-496. (b) Pandya,
M. J.; Spooner, G. M.; Sunde, M.; Thorpe, J. R.; Rodger, A.;
Woolfson, D. N. Biochemistry 2000, 39, 8728-8734.

MA035290T

9674 Notes Macromolecules, Vol. 36, No. 25, 2003


