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of Single and Double Helices with a Pattern of nt—x Stacking**
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Abstract: From scanning tunneling microscopy (STM) images
of rationally designed helical polymers with a pattern of 7—m
stacking, we successfully identified the single- and double-
helical superstructures. The STM images of the helical
structures revealed the smallest helical architecture (diameter
ca. 1.3 nm) that has been seen so far. Furthermore, the
interconversion of single and double helices was further
underpinned by experimental analyses. Significantly, the for-
mation of double helices induced different supramolecular
chirality to that observed for the single helices.

As the principal structural components of biopolymers,
helices have attracted much attention owing to their impor-
tance in molecular recognition, molecular programming, and
catalysis. Inspired by Nature, chemists have established the
growing research area of foldamer chemistry to mimic the
structures and functions of biopolymers and to explore their
potential application in sensors, enantiomer separation,
asymmetric catalysis, and materials science.? In helical
structures, the strong tendency toward helical folding is
attributed to various driving forces in the form of both
intramolecular and intermolecular interactions, including
electrostatic, solvophobic, n—m, hydrogen-bonding, and van
der Waals interactions. The structural diversity and ample
availability of driving forces provide an ideal platform for the
rational design of enormous covalent and noncovalent helical
structures with aromatic,>! aliphatic,® and even hybrid
backbones.”!

Acrtificial helical structures can be identified by conven-
tional structure-characterization methods, including crystal-
lography®™?®! and various spectrographic techniques. Notably,
corroboration of the conformation of helical polymers has
mainly relied on circular dichroism (CD) spectroscopy.
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Recently, significant progress has been made in the character-
ization of molecular structures by single-molecule imaging
techniques. In particular, atomic force microscopy (AFM) has
been widely used to elucidate molecular structures with
sensitivities approaching those required for the identification
of single molecules and atoms.”! In pioneering studies on the
characterization of helical polymers by AFM imaging,
Yashima and co-workers clearly represented the outside
molecular morphology of helical polymers,'*!! such as
poly(meta-phenylene ethynylene)s, with the current highest
resolution of about 1.03 nm.’! AFM characterization is clearly
restricted to the observation of the inside pattern of helical
polymers."'3) Therefore, scanning tunneling microscopy
(STM) is an important tool to complement single-molecule
imaging techniques.'>!'¥

Herein, we describe the design of a new type of aromatic
helical architecture consisting of the repeating structural
motif 2,5-bis(2-pyridyl)-1,3,4-oxadiazole for STM imaging.
Three conformations described as cisoid I, cisoid II, and
transoid (see Figure S1 in the Supporting Information) seem
to be plausible in the structural motif. Conformational
analysis demonstrated that the cisoid I conformation is the
most stable of the three. The difference in Gibbs free energy
between the cisoid I and cisoid II conformations is remark-
able (AG =20.96 kJmol™', Figure 1a), thus indicating that
electrostatic repulsion in the structural motif plays an
essential role in stabilizing the cisoid I conformation. The
crystal structure of 2,5-bis(2-pyridyl)-1,3,4-oxadiazole also
undoubtedly proved that the structural motif adopts the
cisoid I conformation.”! Repeated sequences of this struc-
tural motif with the cisoid I conformation should give rise to
a helical architecture (Figure 1b,c, see below).

The helical polymer 1 (Figure2a) was prepared by
a straightforward synthetic procedure and fully characterized
(see Figure S2 and comments in the Supporting Informa-
tion)."® The molecular weight of polymer 1 was confirmed by
MALDI-TOF MS to have a value of up to 12000, which
indicated that the degree of polymerization can be up to 30
(see Figure S5). The number-average molecular weight (M,,)
and polydispersity index (PDI) of polymer 1 were estimated
to be 6.0x 10° and 1.16, respectively.

CD measurements were carried out to prove the helical
conformation of polymer 1 in solution. The racemic helical
polymer 1 did not show any CD signal (Figure 2b). When (S5)-
1-phenylethanamine and (R)-1-phenylethanamine were cova-
lently introduced at the termini of polymer 1, CD spectra gave
rise to opposite signals at 370 nm (Figure 2b), which clearly
demonstrated the formation of a right-handed and a left-
handed helix, respectively.!"”
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Figure 1. a) Cisoid | and cisoid Il conformations of the structural motif 2,5-bis(2-pyridyl)-1,3,4-oxadiazole: The
geometries were optimized at the DFT/B3LYP/6-31g(d,p) level. b) Top view and c) side view of the most
stable conformation of the designed polymeric model with 30 repeating units, as calculated with the

COMPASS force field.
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Figure 2. a) Molecular structures of helical polymers 1, 2, and 3. b) CD
spectra of polymers 1, 2, and 3 at the same concentration of 0.23 g™
in dichloromethane at room temperature.

We used wide-angle X-ray powder diffraction (XRD) to
obtain structural information about polymer 1. Several
structurally characteristic reflections (2.50, 1.18, 0.49, and
0.36 nm) in the XRD pattern (Figure 3a; see also Table S1 in
the Supporting Information) provided detailed structural
information about polymer 1 that related well to its helical
structure (Figure 3b,c). The peak position at 2.50 nm most
likely corresponds to the spacing distance between two
proximal parallel helical polymers (Figure 3d). As expected,
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besides electrostatic repul-
sion, the occurrence of the
peak position at 0.36 nm
corresponding to the dis-
tance of a m—m interaction
was evidence that polymer
1 forms a stable helical
conformation with the assis-
tance of intramolecular m—mn
interactions.

Considering the struc-
tural features in the
repeated sequences of poly-
mer 1, we used a polymeric
model with 30 repeating
units to calculate the most
stable conformation by two
different types of force-field
analysis on the basis of the XRD data (see Figure S7).
Computational results indicated that the most stable con-
formation of the 30 mer had a helical shape with a diameter of
(2.4 £0.1) nm, an inner backbone diameter of (1.4 £0.1) nm,
a helical pitch of (0.39+0.05) nm, and (3.2+£0.1) units per
turn (Figure 1b,c). The vertical distance between two adja-
cent helical planes corresponding to the spacing distance of
mi— interactions should be less than 0.39 nm (see Figure S13),
in accordance with the XRD result (0.36 nm; Figure 3b).
Molecular simulation supported the hypothesis that the peak
positions at 1.18 and 0.49 nm in the XRD pattern correspond
to the spatial distances between the side chains of the helical
polymer 1 (Figure 3¢), in analogy with a previous observa-
tion."!

STM is a powerful tool for the direct observation of
helical structures of polymers. The STM images of polymer
1 deposited on a graphite surface demonstrated a well-
organized self-assembled monolayer of straight and uniform
helical columns packed in parallel to each other with a spacing
distance of (2.3+0.1) nm (Figure 4a—¢), which is in good
agreement with the result found by XRD (2.5 nm; Figure 3d).
The width of the bright part of columns was measured to be
(1.3+0.1) nm, which is attributed to the aromatic backbone
of polymer 1 with higher electron density, whereas the dark
area between these columns corresponds to the side aliphatic
groups. These periodic oblique stripes, clearly the result of
a one-handed helical array, are addressed as either left-
handed helices or right-handed helices (see Figure S8). A
high-resolution STM image revealed single-stranded helices
of polymer 1, in which the helical pitch was measured to be
(0.42 £0.09) nm (Figure 4b). Importantly, when the concen-
tration of polymer 1 increased, the high-resolution STM
images (Figure 4¢,d), in which the emerging helical confor-
mations showed a similar diameter and twofold larger helical
pitch (mean value: (0.96 +0.09) nm) as compared to those of
the single helices, revealed a double-stranded helix structure.
This conclusion was supported by a previous crystallographic
study!®*® and also by different STM patterns (Figure 4). In
the STM images, the calculated distances ((0.42+0.09) nm;
see Figures 89, S10, and S13) of intramolecular m—m inter-
actions in single helices seem to be slightly bigger than those
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a) - b) helices when adsorbed to the
400 - 250 nm highly ordered pyrolytic graphite
1.18 nm (HOPG) surface (see Fig-
) ure S12).  Significantly,  the
3001 0.49 nm image in Figure4e directly
%‘ 0.36 nm proved that the polymer 1 can
é 200 0.22 nm self-assemble from single helices

to double helices through dime-
rization driven by intermolecular
n—m stacking interactions. More-
over, a transmission electron mi-
croscopy (TEM) image of poly-
mer 1 (see Figure S16) is com-
pletely consistent with the STM
measurements. Furthermore,
owing to the self-assembly of 1,
supramolecular helical polymers
of more than 100 nm in length
were observed on the surface
(Figure 4¢). Dynamic light scat-
tering (DLS) experiments also
demonstrated the occurrence of
supramolecular assemblies (see
Figure S17).

We carried out UV/Vis titra-
tions to monitor the interconver-
sion of single and double heli-
ces.2 %181 A5 the amount of water
increased, the absorbance grad-
ually decreased at 250, 280, and
402 nm; however, the intensity at
about 450 nm increased (Fig-
ure 5b). In accordance with
a previous study,"®! this observation clearly
indicated a transition from single helices
1 to double helices (1),. At the same time,
a temperature-dependent UV/Vis titration
(see Figure S18) revealed an opposite
change corresponding to a transition from
double helices (1), to single helices 1 as the
temperature increased. Fluorescence titra-
tions also showed that this transition took
place. As the concentration of polymer
1 increased, the fluorescence intensity
increased almost linearly at first, and then
decreased in steps at an excitation wave-
length of 402 nm (see Figure S19). When the
excitation wavelength was changed to
462 nm, a similar change was observed
(Figure 5c¢). Remarkably, when the concen-
tration of polymer 1 was increased, the
maximum fluorescence emission wave-

Figure 3. a) XRD pattern of polymer 1. The d spacing corresponding to each peak is listed. b) Inner
aromatic helical backbone in the model 30 mer. The spacing distance of the - interaction is 0.36 nm.
c) Arrangement of the side chains of the helical polymer, as represented by space-filling models.

d) Spacing distance between two adjacent helical polymers.

Figure 4. a) STM image and partial enlarged view of polymer 1 (0.10 gL™"); scale bars:
20 nm, 5 nm (inset). b) High-resolution STM image of 1 (0.10 gL™"); scale bar: 5 nm.

c) STM image of 1 (1.0 gL™"); scale bar: 20 nm. d) High-resolution STM image of length changed from 529 to 549 nm, and
1 (1.0 gL™"); scale bar: 5 nm. e) High-resolution STM image: single helices (upper left) and  then remained constant above a concentra-
double helices (lower right); scale bar: 5 nm. f) Schematic illustration of a regenerated tion of about 2.0 gL‘l (Figure 5d). A bath-
arrangement of single-helical backbones with right-handedness. ochromic shift up to 20 nm implied a clear

transition from single helices 1 to double
found by XRD and molecular modeling. This result could be  helices (1), involving intermolecular w—m aromatic interac-
attributed to the existence of a possible different mode of the  tions. According to the results of fluorescence titrations, the
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Figure 5. a) Schematic representation of the interconversion between single and double helices. b) UV/Vis titration of polymer 1 in which the
volume fraction of H,0O in CH;CN was increased at 25°C. c) Fluorescence titration of polymer 1 at different concentrations from 0.2 to 4.2 gL' in
pyridine at an excitation wavelength of 462 nm. d) Variation in the fluorescence intensity at 529 nm (triangles) and the wavelength of the
maximum fluorescence emission (squares) versus the concentration of polymer 1 in pyridine at 25°C. e) CD spectra of polymer 2 at various

concentrations from 0.4 to 4.0 gL'

(squares) of 2 versus its concentration in pyridine at 25°C.

dimerization constant (K,,) was calculated to be above 5.0 x
10* Lmol ™' at 25°C in pyridine (see Figure S20). Temper-
ature-dependent NMR spectroscopic experiments with poly-
mer 1 provided further evidence of the interconversion
between single and double helices. When the temperature
was increased to 80°C, new signals corresponding to single
helices appeared (see Figure S21) owing to the dissociation of
double-stranded helices.

To further underpin the interconversion between single
and double helices, we carried out concentration-dependent
CD titrations in pyridine (Figure Se). When the concentra-
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1

in pyridine at 25°C. f) Variation in the CD intensity at 370 nm (triangles) and in the CD maximum wavelength

tion of the right-handed polymer 2 was increased from 0.4 to
1.6 gL', the CD intensity at 370 nm increased almost linearly
(Figure 5f). When the concentration of 2 was increased
further beyond 2.0 gL', a turning point emerged, and the CD
intensity at 370 nm decreased significantly. Moreover, a re-
markable intensity decrease (see Figure S22) at the maximum
absorption wavelength and a large bathochromic shift in the
CD spectrum (Figure 5 f) both illustrated the process of single
helices converting into double helices through the dimeriza-
tion of helical polymers by intermolecular m—m aromatic
interactions as the concentration changed.
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In conclusion, we have designed and prepared a type of
aromatic helical polymer for STM imaging. Strikingly, we
observed the STM images of single and double helices at the
single-molecule level. The STM images clearly showed helical
architectures in which the distance between the turns was
defined by m—m interactions. Furthermore, the interconver-
sion between single and double helices was clearly corrobo-
rated by various spectrographic characterization techniques.
The formation of double helices from single helices gave rise
to a remarkable change in the supramolecular chirality.
Moreover, self-assembly of helical polymers into well-
ordered supramolecular assemblies was clearly visualized on
the surface. The synthetically accessible system will be
available for the development of nanometer-scale single
molecules that might be applicable in controllable self-
assembly as well as potential functional materials.
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