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m-Conjugated polymers have been developed as advanced -10000 \
materials for photonic or electronic applications. If theonju- '
gated polymer chain can be controlled in the higher order struc-
ture, novel functions at the molecular level will become available
due to the uniquer-electron system. Many studies confirming

the fact that ar-conjugated polymer has a helical structure have 8000
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already been completéd® Most of these studies have provided 'g 6000 ""\ 15C ¢

us with data on molecular aggregates or data on the average of - 4000 \_| 45°C

many molecules. Although we now understand that the main chain 2 2000 T~ - '

of the polymer takes the form of a helix, does one chain have “ 0 - T~ -

both right- and left-handed helices? What is the ratio of the right- B0 300 :'(m ) 500 600
nm,

handed helices to the left-handed ones? What about the regions . .
g7Figure 1. (a) Chemical structure of()-poly(MtOCAPA). (b) Circular

where the helix is reversed, and how does it dynamically chan h - A /
y Y g SdlChI’OI’T‘IISI’T‘I andd) UV —vis spectra of {)-poly(MtOCAPA) in tetrahy-

Igseaggévr? Lsailergaodrﬁyp(r)%v::%i?etaﬁr”et.hfﬁ srfeufcr)lgee,“;:?sn tnael geuse;s;:,?/ntodrofurar_l solution at 15 (blue line), 30 (black line), and°45(red line),
establish a technique that can determine the structure at the singIeEESpeCt'Vely'
molecule level in order to achieve the above-mentioned objective.
Here we show that a scanning tunneling microscope (SFM)
allows us to see ther-electron orbital of a chiral quaternary
structure, where it was directly observed and its size was even
measured with high resolution.

We synthesized a-conjugated polymer, an optically active
polyphenylacetylene bearing menthoxycarbonylamino groups
[(—=)-Poly(MtOCAPA), Figure &]. It was found that {)-poly-
(MtOCAPA) has a high molecular weight, that is, its molecular
weight is of an order of Ix 1(f Da, that thecis content of the
polymer is 90 mol %, and the main chain has a-tignsoidal structure. _ o _
high stereo-regularit§® The primary structure of this polymer Scanning probe microscope imaging was used to directly
was examined using a nuclear magnetic resonance spectrometeﬁ’bserve the structure of a single polymer chain. We initially tried
(H NMR). As is apparent from the spectrum of this polymer O Use an atomic force microscope (AFM) image of a polymer
observed using a circular dichroism spectrometer [CD, Fighfe 1 placed on a mica substrate under amplent condmons. .Each single
and an ultravioletvisible absorption spectrometer [U\Wis, polymer molecule that formed a chain could be distinguished,

Figure I, chirality was detected not only in the side group but @nd intertwined polymer chains could also be observed. An overall
image of the polymer molecules could be directly observed using

* Authors for correspondence. E-mail: shinoken@material.tohoku.ac.jp and the AFM, but thes-conjugated system in the main chain could

also in the main chain, which had expandedonjugation. It
was found from these observations that the optically active men-
thyl in the side group induced chirality in tleeconjugated system

of the main chain. This CD spectrum shows that the main chain
of (—)-poly(MtOCAPA) has a secondary structure having an
excess of the one-sense helix structure, which is stabilized by
the bulky substituent. Because the intensity of this CD signal
increased in reverse proportion to the temperature of the polymer
solution, it is presumed that this main chain has a flexible helix

hidfrcnlig i?‘jﬁfﬁf‘fﬁjﬁéﬁy not be observed by AFM since this polymer had a bulky menthyl
;eraauate School of Engineering, Tohoku University. group and the main chain was hidden behind the side groups on
The University of Tsukuba. the front. To observe the main chain without being obstructed
”LTChsE%q.'YJeS.'TV of Tokyo. by the bulky menthyl group, STM was used, since this allows us
(1) Green, M. M.; Peterson, N. C.; Sato, T.; Teramoto, A.; Cook, R ; Lifson, 10 see molecular orbitals having the low-energy gap of the
S. Sciencel995 268 1860-1866. o ) ~ HOMO-LUMO on which a tunneling current flow®:12 Figure
" %%@ﬁ%ig%éggg' & pkaneto, S.; Sakamald, K.; Shirakawa, H.; Kyotani, - 23 shows a typical low magnification image of the low current
(3) Yashima, E.; Maeda, K.; Okamoto, Wature 1999 399, 449-451. STM of (—)-poly(MtOCAPA) placed on a highly oriented pyro-
zoc()Aé)— /385'2’ T.; Kokai, M.; Shinohara, K.; Oikawa, EChem. Lett.1993 lytic graphite (HOPG) substrate under ambient conditigzur-
5) Aoki,.T.; Shinohara, K.; Kaneko, T.; Oikawa, Flacromoleculed996 ing our Observat.lon'. the sample bias voltage and the tl_mnellng
20 4192-4198. current were maintained &t20.0 mV and 30.5 pA, respectively,
(6) Pu, L.Acta Polym.1997, 48, 116-141. and an STM probe using a Pt/Ir tip was operated at a 3.05 Hz
296(37) Driscoll, R.; Youngquist, M.; Baldeshwieler,Nature199Q 346, 294— scanning raté? In Figure 2, it can be observed that the two

(8) Shigekawa, H.; Miyake, K.; Sumaoka, J.; Harada, A.; Komiyama, M. z-conjugated polymer chains are intertwined to form a right-
J. Am. Chem. So@00Q 122 5411-5412.

(9) Lee, D.-H.; Lee, D.-H.; Soga, KMakromol. Chem., Rapid Commun (10) Porath, D.; Bezryadin, A.; de Vries, S.; Dekker: Nature200Q 403
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Figure 3. (a) STM height image of{)-poly(MtOCAPA), Bar: 5.0 nm,
Vs = +20.0 mV andl; = 30.5 pA. p) Molecular mechanics calculated
optimized model of 20-mer of cistransoidal ¢)-poly(MtOCAPA). Side-
view (upper). Top-view (bottom).

Figure 2. (a) Low current STM height image of intertwined twe-)-
poly(MtOCAPA) chains on HOPG at room temperatuxg € +20.0
mV and |y = 30.5 pA). ) String model of the intertwining polymer
chains.

handed double helix structure, as in the case of the model shown
in Figure D, and the right-handed helix structure can also be
observed. The analytical result is shown in Figures 3 and 4. The
width of one right-handed helix chain was 0.9 nm [Figugd. 3
This width of 0.9 nm matched the width of the main chain back-
bone of polyphenylacetylene in theelectronic system of the
cis—transoiddl main chain structure 20-mer which was obtained
by optimization using the molecular mechanics calculation [Figure
3b]. This corroborated the observations that the STM image
displays ther-electron orbital of the main chain of a polymer
and that the helix of the secondary structure is a super-helix

20 nm

tertiary structure [Figured]. As a result of the analyses [Figure o

4D, the pitch of this super-helix is 2 n#i.It is shown to be a b A B
super-helix with a close-packed structure, because the pitch agrees P
with the width of the model in Figuret3 In addition, it was shown - Uﬁl .

in Figure 4 that the super-helix width is 2 nm, that the helix A4 ,nf\_ {J VT Jf\‘_ \

sense is right-handed, and that this precisely controlled super- MY, VA \ Jf R
helix tertiary structure extends over a range of more than 10 nm. i S /b .
When the polymer structure in Figura @as turned over, it could 0z 4 6 81012 14 16

be observed that the twa-conjugated polymer chains are Figure 4. (a) A close-up view of STM height image of)-poly-
intertwined to form a right-handed double helix structure, as in (MtOCAPA) (Vs = +20.0 mV and { = 30.5 pA), f) Analytical result
the case of the model shown in Figure This substantiated the  of super-helix pitch in the cross section of the STM image.
presence of a quaternary structure, which is much higher in the
chiral hierarchical structure. It was also found that the quaternary
structure is so soft that its form can be changed during probe
scanning. That is, we proved that the main chain of thegoly-
(MtOCAPA) was flexible despite tha-conjugated system.

In the present study, it was shown that it was possible to
determine the structure of a single polymer chain using STM.
We observed that it has a higher-order structure, and the fine

structure of the single-conjugated polymer chains was confirmed
for the first time. However, in our current method, the molecule
itself is changed by the STM measurement, and the helical stru-
cture becomes loosened. Therefore, to determine the electronic
structures and the ratio of the two different helical-senses by the
effect of the chiral pendant groups, we need to take an approach
where we stabilize the STM measurements by fixing the mol-
ecules on the substrate, which is currently in progress. Finally,
(11) Magonov, S. N.; Bar, G.; Cantow, H.-J.; Paradis, J.; Ren, J.; Whangbo, this unique higher-order structure of theelectronic system is

M.-H.; Yagubskii, E. B.J. Phys. Cheml993 97, 9170-9176. expected to provide novel photonic or electronic functions that
(12) Yoshimura, M.; Shigekawa, H.; Nejoh, H.; Saito, G.; Saito, Y.; .p P P .
Kawazu, A.Phys. Re. B 1991, 43, 13590-13593. will lead us toward molecular devices.
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probe scanning. In this study, STM parameters were chosen as to obtain the . ' . . ) ) .
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of the'STM probing shows that it is not the well-known artifact image observed CD, STM, molecular mechanics (MM) calculation, and synthesis of the
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