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Controlled Stability of the Triple-Stranded Helical Structure of a §-1,3-
Glucan with a Chromophoric Aromatic Moiety at a Peripheral Position
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Abstract: We synthesized a semiartifi-
cial p-1,3-glucan, curdlan with dialkyl-
aniline groups (CUR-DA), that bears
chromophoric aromatic groups at its
peripheral  positions.  Spectroscopic
studies as well as microscopic observa-

attributes that are similar to those of
the triple-stranded helical structure of
native [3-1,3-glucans such as schizophyl-
lan. Moreover, we found that the sta-
bility of the triple-stranded helical
structure can be easily modulated by

solvent composition and metal-ion
(Zn**) binding. As B-1,3-glucan poly-
saccharides are known to serve as
“polymeric” hosts, including certain
DNA molecules, carbon nanotubes,
and conjugated polymers, and complex-

tions indicate that CUR-DA adopts a
triple-stranded  helical structure in
water- or methanol-rich solutions of di-
methyl sulfoxide (DMSO). This triple-
stranded helical structure exhibits high
thermal stability and resistance to base,

charides -
transitions

Introduction

Nature has evolved multistranded helical architectures such
as double-stranded DNA molecules™ and triple-stranded
polypeptides (collagen!™), which are profoundly correlated
with their biological function and mechanical strength.
Recent progress in supramolecular chemistry has enabled us
to construct such multistranded helical structures through
metal-ligand,” hydrogen-bonding,” and van der Waals in-
teractions.**! However, multistranded helical structures that
consist of more than three strands are still very rare.*®
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ation occurs only with the single-
stranded structure, this information is
very useful for the creation of these at-
tractive polymeric composites, the con-
trolled release of DNA, and so on.

structures .

Lehn and co-workers elegantly demonstrated that a triple-
stranded helical structure can be constructed through metal-
ligand interactions.! Thereafter, several groups reported
that even quadruple- and hexastranded helical structures
can be constructed by skilful utilization of these interac-
tions.”) Apart from the use of metal-ligand interactions,
however, there are only a few examples of multistranded
helical structures that consist of more than three strands,
such as the functionalization of the triple-stranded helical
structure of collagen.®

It is well-known that some stereoregular polysaccharides
also adopt multistranded helical structures in solution as
well as in the solid state.’? Among them, -1,3-glucan, which
is a polysaccharide composed of D-glucose connected by f3-
1,3 linkages, has been extensively investigated, and the re-
sults revealed that it gives rise to right-handed, triple-strand-
ed helical structures in water."”! The OH group at the C2
position of 3-1,3-glucan plays an important role in stabilizing
the triple-stranded helical structure by interstrand hydrogen
bonding, whereas the OH group at the C6 position is orient-
ed toward the outside of the helix (Figure 1). Recently, our
group investigated the molecular-recognition properties of
schizophyllan (SPG), which consists of a -1,3-glucan main
chain with a $-1,6-glucan side chain at every third glucose
unit.'!" Accordingly, SPG can form well-defined macromo-
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Figure 1. a) Synthesis of CUR-DA. b) Schematic representation of the
structural transition of CUR-DA induced by the solvent effect. DMSO =
dimethyl sulfoxide.

lecular complexes with polynucleotides in which two strands
of SPG and one strand of the polynucleotide tie together to
form a hetero-triple-stranded helical structure in aqueous
solution, as evidenced by experimental and theoretical
data." In contrast, curdlan (CUR), which simply comprises
a p-1,3-glucan main chain without any side chains, displays
low solubility; therefore, its functionalization has been very
limited so far. To this end, we exploited new methodologies
for the quantitative, site-specific modification of the C6 po-
sition in CUR by using “click chemistry”,l* which offers
broad possibilities for exploring the functionalization of the
modified CUR (Figure 1a). Notably, the OH group at the
C2 position is not affected during this modification, which is
crucial for the inclusion of guest molecules!"” and essential
for the formation of the triple-stranded helical structure
(Figure 1b).

We describe herein the construction of a triple-stranded
helical structure based on the (-1,3-glucan scaffold, which
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bears aromatic functional groups at its peripheral positions,
and the control over the formation of the triple-stranded
helical structure by metal-ion binding. This helical array of
aromatic functional groups is of interest from the viewpoint
of electro- and optochemical applications to sensors based
on photoinduced electron transfer, photocurrent-generation
systems, light-harvesting systems, and so on.['¥ In this study,
we introduced dialkylaniline (DA) groups with diethylene
glycol moieties to probe the structural changes by UV/Vis
and CD spectroscopy and to impart solubility in polar sol-
vents (Figure 1a).

Results and Discussion
Characterization of CUR-DA: UV/Vis and CD Spectra

CUR-DA was synthesized from CUR according to the
method reported previously (Scheme 1) and characterized
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Scheme 1. Synthesis of CUR-DA.

by '"H NMR and IR spectroscopy as well as elemental analy-
sis (see Experimental Section). The molecular weight (M,,)
of CUR-DA was 6.0x10° (PDI=1.6), as estimated by size-
exclusion chromatography (SEC). We first evaluated the
structural properties of CUR-DA by spectroscopic measure-
ments. Figure 2a shows typical UV/Vis and CD spectra of
CUR-DA in mixed solvents of water/DMSO and methanol/
DMSO of various compositions. In DMSO, CUR-DA
showed very weak CD signals (Aéssom==1.9, A€ygrpm=
—4.4m'em™) in the wavelength region assigned to the ab-
sorption band of the 4-anilino-1,2,3-triazole moiety (Ap.=
294.5 nm). Interestingly, the CD signals increased signifi-
cantly with an increase in the volume fraction of water (Vy,)
and finally resulted in an inversion from the positive to the
negative Cotton effect. Furthermore, a blue shift accompa-
nied by the hypochromic effect was verified in the UV/Vis
spectra, which suggests that the 4-anilino-1,2,3-triazole moi-
eties are aligned in the manner of H-type aggregation. The
fluorescence of the 4-anilino-1,2,3-triazole moieties was sig-
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Figure 2. a) UV/Vis and CD spectra of CUR-DA (2.1x107°m) in DMSO
(V=0), water/DMSO (Vy=0.5), and methanol/DMSO (V=0.7) at
25°C with a 1-cm cell (see Supporting Information, Figures S4 and S5).
b) Plots of CD signal intensity at the first Cotton effect (Aéyog,,) and
wavelength of absorption maxima (4,,,) of CUR-DA against the volume
fraction of water (Vw="Vyaer/(ViaertVomso); A) and methanol (Vy=
Vmethanol/(Vmelhanol + VDMSO); B)

nificantly quenched by the addition of water, which is con-
sistent with the formation of the H-type aggregates (see
Supporting Information, Figure S8). These results indicate
that the aromatic moieties of CUR-DA are arranged in a
helical, stacked fashion upon addition of water.

The sharp transition (Vy~0.2) observed in the plots of
CD intensity and A, against Vy, (Figure 2b, lines (A)) indi-
cates that the changes in the UV/Vis and CD spectra can be
ascribed to the structural transition between two characteris-
tic structures of CUR-DA. The structural properties of f3-
1,3-glucan polysaccharides such as SPG were investigated by
means of optical rotatory dispersion (ORD) and viscometry
because they contain no useful chromophores for probing
their structures by conventional spectroscopic measure-
ments. These studies revealed that the $-1,3-glucan polysac-
charides changed their structures dramatically from a single-
stranded random coil to a triple-stranded helical structure at
a Vy value of about 0.2."7 This good agreement of the tran-
sition points allows us to consider that CUR-DA adopts a
triple-stranded helical structure in water/DMSO (V,,>0.3).

We found that water can be replaced by methanol to
induce such a structural transition. As shown in Figure 2a,
the UV/Vis and CD spectra in methanol/DMSO at a metha-
nol volume fraction (V) of 0.7 are very similar to those in
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water/DMSO at Vy=0.5. These results are summarized in
Table 1. Furthermore, the presence of a sharp transition (Vy
~0.35) was verified from Figure 2b, lines (B). These results
indicate that CUR-DA also adopts a triple-stranded helical

Table 1. Selected CD and UV/Vis spectral data of CUR-DA in various
solvents.

Solvent Agy Aéyng e[M'em™]
[Mem™] [Mem™] (Aomax [nm])
(Amax [nm]) (Ammax [nm])
DMSO +16(115)  —37(287) 28000
(294.5)
Water/DMSO (Vy=05)  —95.1 (297.5) +32.4 (273.5) 24000
(287.5)
Methanol/DMSO _83.5(296.5) +266(273) 26000
(Vyy=0.7) (287.5)

structure in methanol/DMSO (Vy>0.5). As van der Waals
interactions and hydrophobic (solvophobic) effects can be
weakened by the addition of methanol, it is reasonable that
the transition in the mixed methanol/DMSO solvent shifted
to a higher V) value than that in water/DMSO.

It is known that the triple-stranded helical structure of 8-
1,3-glucans is stable and remains intact over a wide range of
temperature, pH, and ionic strength.!'”! The thermal stability
of the triple-stranded helical structure of CUR-DA in water/
DMSO and methanol/DMSO was evaluated by CD spec-
troscopy (see Supporting Information, Figures S9 and S10).
The CD signal intensities changed upon raising the tempera-
ture; however, the changes were small relative to those in-
duced by changing the solvent composition. Also, the resist-
ance against base was assessed by the addition of 1.0m aque-
ous NaOH to the solution of CUR-DA. In general, the
triple-stranded helical structure of 3-1,3-glucans is stable up
to pH 13.1'7 Indeed, we observed almost no change in the
UV/Vis and CD spectra upon the addition of NaOH of up
to 60 mm (Figure 3). These features of CUR-DA are consis-
tent with those of the triple-stranded helical structure of
native [3-1,3-glucans.

To explain these spectroscopic properties of CUR-DA, we
constructed a molecular model of a right-handed, triple-
stranded helical structure of CUR-DA by molecular-me-
chanics calculations (Figure 4a; see Experimental Section
for details). The structure obtained implies that the 4-anili-
no-1,2,3-triazole moieties can be aligned in the manner of
H-type aggregation, as evidenced by the UV/Vis spectral
data. The H-type aggregation results from the tight triple-
stranded helical structure brought forth by the 1D architec-
ture of CUR-DA. The helical arrangement of the 4-anilino-
1,2,3-triazole moieties in such a stacked alignment could be
attributed to the origin of the observed enhancement of the
CD signals (Figure 5), whereas the bias of chirality is diffi-
cult to predict from this model. We consider that the hydro-
gen bonding shown in red in Figure 4b may contribute to
the bias of chirality.

Chem. Asian J. 2007, 2, 1290-1298
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Figure 3. UV/Vis and CD spectra of CUR-DA (2.1 x107m) in a) water/DMSO (Vy=0.5) and b) methanol/DMSO (V;=0.5) at 25°C upon the addition
of NaOH (0-60 mm), and c) plots of CD intensity at 298 nm versus NaOH concentration in water/DMSO (Vy=0.5; A) and methanol/DMSO (V=0.5;

B).

a) Top view Side view

3.5nm

© N
H
3 Hydrogen-bonding site
n for triple-stranded

- H = «— helical structure

Figure 4. a) Computer-generated Corey-Pauling—Koltun (CPK) model
for the right-handed, triple-stranded helical structure of CUR-DA.
b) Possible hydrogen-bonding mode between glucose in the main chain
and the 4-anilino-1,2,3-triazole moiety. The diethylene glycol groups were
substituted by methyl groups for clarity.

Microscopic Observations by AFM and TEM

To obtain further insight into the structural properties of
CUR-DA in various solvents, we carried out microscopic
observations by means of atomic force microscopy (AFM).
Figure 6a and b shows typical AFM images of the samples
spin-cast from DMSO and water/DMSO (Vy=0.5), respec-
tively, on highly oriented pyrolytic graphite (HOPG). CUR-
DA spin-cast from DMSO (single-stranded structure) ap-
pears tangled on the AFM images as a result of its flexible
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Figure 5. Schematic representation of the possible assignment of the
UV/Vis and CD spectral data.

conformation (Figure 6a). In contrast, CUR-DA spin-cast
from water/DMSO at Vy=0.5 (triple-stranded structure)
displays a rodlike, fibrous structure in the AFM images (Fig-
ure 6b). The height of these structures is approximately
1.7 nm, which can be ascribed to the diameter of the ideal
triple-stranded helical structure of CUR-DA (3.5 nm) esti-
mated from theoretical calculations (Figure 4a). The tip-in-
duced deformation of the sample might reduce the height of
the polymers.'® From the average molecular weight (M,,) of
CUR-DA estimated by SEC and the length of one pitch
(=~1.8nm as a 6, helix) of the triple-stranded helical struc-
ture of B-1,3-glucan, we estimated the average molecular
length of the triple-stranded helical structure of CUR-DA
to be about 380 nm. This length is almost comparable to the
length of the fibrous objects observed in Figure 6b and c.
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Figure 6. AFM height images of CUR-DA on HOPG spin-cast from
a)DMSO and b, c)water/DMSO (Vy=0.5) (10 pugmL™", 5uL,
5000 rpm). The cross-sectional analyses along the dotted lines in the
images are shown.

These results support the view that CUR-DA adopts the
triple-stranded helical structure in water/DMSO (Vy=0.5).

If CUR-DA adopts the triple-stranded structure, the ini-
tial concentration that is set for the preparation of the
triple-stranded helical structure should exert a strong influ-
ence on the morphology. First, we increased the amount of
CUR-DA that showed individual fibrous objects by spin-
casting an appropriate amount of the solution. As shown in
Figure 7b, CUR-DA spin-cast from water/DMSO (Vy=0.5)
displayed a significant change in morphology from individu-
al rodlike fibrous objects to a sheetlike structure composed
of aligned rodlike fibrous objects with the same height as
that of the rodlike fibrous objects in Figure 6b (see also
Supporting Information, Figure S12). In contrast, CUR-DA
spin-cast from DMSO became highly tangled due to the
flexible nature of its single-stranded random coil structure
(Figure 7a). Second, we increased the initial concentration
of CUR-DA from 10 to 100 pgmL™". Figure 7 c shows a typi-
cal AFM image of the sample spin-cast from a 1:10 diluted
solution of CUR-DA in water/DMSO (100 uygmL™", Vy=
0.5) on HOPG:; the original solution (100 ugmL™") covered
almost the whole surface of the HOPG substrate. This AFM
image is different from Figure 7b: it shows a network struc-
ture with almost the same height as that of the rodlike ob-
jects in Figure 6b. As the changes in the UV/Vis and CD
spectra were nearly independent of concentration from 2 x
107° to 4x107*m (i.e., from 10 to 200 ugmL™") (see Support-
ing Information, Figure S13), the fundamental structure in
this concentration range should be the same. Therefore, this
morphological difference caused by a change in the initial
concentration indicates that CUR-DA adopts a multistrand-

1294 www.chemasianj.org
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Figure 7. AFM height images of CUR-DA on HOPG spin-cast from
a) DMSO, b) water/DMSO (Vy=0.5) (10 ygmL~", 25 uL , 3000 rpm),
and c) water/DMSO (Vy=0.5) (1:10 diluted solution of 100 ugmL™',
25 uL, 3000 rpm). The cross-sectional analysis along the dotted line in c)
is shown. d) TEM image of CUR-DA on carbon-coated copper grid cast
from water/DMSO (Vy=0.5) (1:10 diluted solution of 100 pgmL',
10 uL).

ed structure, most probably triple-stranded, in water-rich
DMSO solvents.

To obtain further information on the structure of the net-
work, we carried out microscopic observations by means of
transmission electron microscopy (TEM). Figure 7d displays
a typical TEM image of a sample of CUR-DA prepared ac-
cording to the method used for the AFM observations (Fig-
ure 7¢). The image clearly shows the presence of the net-
work structure, including several diverging points demon-
strated by the arrows (three or four branches). These diverg-
ing points can be explained by formation of the network
structure connected by the triple-stranded helical structure
(Figure 8). With the pieces of evidence obtained by spectro-
scopic and microscopic investigations, it is reasonable to
consider that CUR-DA adopts the triple-stranded helical
structure in water- and methanol-rich DMSO solvents, al-
though we cannot exclude the possibility of formation of
some other fibrous structures. This point would be clarified
by X-ray diffraction measurements of the oriented fiber sub-
strate, the preparation of which is still unsuccessful.

Influence of Metal-Ion Binding on the Triple-Stranded
Helical Structure

Control over multistranded helical structures, such as the in-
terconversion of the double- and single-stranded structures
of DNA, by means of external stimuli plays important roles
in biological processes. Moreover, such a structural change

Chem. Asian J. 2007, 2, 1290-1298
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)

Figure 8. Schematic representation of the morphology of CUR-DA on
HOPG, which depends on the preparation conditions: formation of the
triple-stranded helix in a dilute solution (A) or in a concentrated solution
(two types of diverging point are shown) (B), and aggregation of the
triple-stranded helix prepared from the dilute solution on HOPG (C).

attracted much attention in the field of supramolecular
chemistry with the aim of exploiting the mechanical mod-
ules used in nano- as well as
biotechnology.'*?!! Herein, we
evaluated the influence of

CHEMISTRY

AN ASIAN JOURNAL

of the absorption band (292 —294 nm). In contrast, in meth-
anol/DMSO at V\;=0.5 (Figure 9b), the CD signal intensity
decreased with an increase in the concentration of Zn** and
finally resulted in an inversion from the negative to the posi-
tive Cotton effect, which was accompanied by a distinct red
shift of the absorption band (286—294 nm). This spectral
change is very similar to that observed for the structural
transition from the triple-stranded helical structure to the
single-stranded structure. Figure 9c shows the plots of CD
signal intensity against the concentration of Zn?* for both
solutions. The plot for DMSO shows a conventional binding
curve, and the CD signal intensity was saturated at approxi-
mately 1.0 mm of Zn**. In contrast, the plot for methanol/
DMSO at Vy=0.5 has an induction period, and the CD
signal intensity increased suddenly from 1.0 mm and saturat-
ed at approximately 5.0 mm of Zn**. This result can be ex-
plained thus: the binding of Zn?* to CUR-DA in the triple-
stranded helical structure is suppressed because of its rigidi-
ty, whereas, once Zn** binds to the triple-stranded helical
structure, the transition to the single-stranded structure can
occur in a concerted manner to result in cooperative binding
of the Zn** ion.

To obtain further insight into these spectral changes, the
structural-transition curves of CUR-DA in the presence of
Zn** and Na* ions were evaluated. As shown in Figure 9d,
the presence of Zn>* strongly affected the structural curve.

metal-ion binding on the struc-
ture of CUR-DA. The experi-
ments were conducted by using
a mixed methanol/DMSO sol-
vent, because metal-ion-ligand
interactions are stronger in
methanol/DMSO than in water/
DMSO. Furthermore, as the
structural-transition curve ob-
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Figure 9. UV/Vis and CD spectra of CUR-DA (2.1 x107°m) in a) DMSO and b) methanol/DMSO (Vy,=0.5) at
25°C upon addition of Zn(OAc),"(H,0), (0—6.4 mm). c) Plots of CD signal intensity at 308 nm in DMSO (A)
and at 298 nm in methanol/DMSO (Vy=0.5) (B) versus the concentration of Zn(OAc),(H,0),. d) Plots of
CD signal intensity at 298 nm in the absence (A) and presence of Zn(OAc),(H,0), (10 mm) (B) and NaSCN
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In contrast, the presence of Na*t showed almost no influence
on the transition (Vy=0.35), thus indicating that the inter-
action between Nat and CUR-DA is negligible under these
conditions. It was reported that 1,2,3-triazole can bind tran-
sition-metal ions,” and the OH groups of sugar moieties
can participate as second binding sites in metal-ion bind-
ing.” We thus presume that Zn>* could be bound to the
1,2,3-triazole and OH groups at the C2 and C4 positions. To
obtain some insight into the binding mode of Zn** to CUR-
DA, the '"H NMR spectral changes were evaluated; howev-
er, serious broadening of signals made it difficult (see Sup-
porting Information, Figure S14) .

In view of this behavior, the modulation of the formation
of the triple-stranded helical structure of CUR-DA was in-
vestigated. As 1,4,8,11-tetraazacyclotetradecane (cyclam) ex-
hibits extremely high affinity to transition metals,* the ad-
dition of cyclam would remove the Zn?* ions bound to
CUR-DA in the form of the single-stranded structure, and
CUR-DA would recover the triple-stranded helical struc-
ture. As a result, alternate addition of Zn(OAc),(H,0), or
cyclam would lead to interconversion between the triple-
stranded helical structure and the single-stranded structure
at V=0.5. Figure 10a shows the UV/Vis and CD spectral
changes of CUR-DA upon the alternate addition of Zn-
(OAc),2H,0 and cyclam. The results clearly indicate the re-
versible modulation between the triple-stranded helical
structure and the single-stranded structure (Figure 10c).

S. Shinkai et al.

ance to base; these attributes are similar to those of the
triple-stranded helical structure of native f3-1,3-glucans such
as schizophyllan. Interestingly, we succeeded in modulating
the formation of the triple-stranded helical structure sequen-
tially upon the addition of Zn** ions or cyclam to a solution
of CUR-DA.

It is already known that 3-1,3-glucan polysaccharides are
capable of including various 1D objects such as certain
DNA molecules, carbon nanotubes, conjugated polymers,
and so on as “polymeric” hosts.'"'?! In the inclusion process,
however, it is necessary to dissociate the triple-stranded hel-
ical structure into the single-stranded structure, which can
interact with these 1D objects. The present findings there-
fore imply that this process can be easily controlled by using
B-1,3-glucan polysaccharides with introduced functional
groups. Furthermore, the creation of 2D, 3D, and aligned
1D composites would become possible by the skilful utiliza-
tion of these introduced functional groups. We therefore be-
lieve that the information obtained in this study are useful
for the further development of “polymeric” supramolecular
chemistry in the field of 3-1,3-glucan polysaccharides.

Experimental Section
Materials and Methods

'"H NMR spectra were obtained on a Brucker DRX600 or AV300M spec-
trometer. Tetramethylsilane (TMS) was used as the reference. IR spectra
were obtained on a Perkin—-Elmer
Spectrum One FTIR spectrometer.
UV/Vis and CD spectra were obtained
in 1-cm or 1-mm quartz cells on a

Jasco V-570 spectrometer and a Jasco
J-710 spectropolarimeter, respectively.
Fluorescence spectra were obtained on
cyclam a Perkin-Elmer LS-55 luminescence
spectrometer. AFM measurements

cyclam
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Figure 10. Formation of the triple-stranded helical structure of CUR-DA modulated by metal ions (Zn**).
a) UV/Vis and CD spectra of CUR-DA (2.1 x 10 °m) in methanol/DMSO (V,=0.5) at 25°C upon the addition
of Zn(OAc),-(H,0), (5.0 mm) or cyclam (5.0 mm) in cycles. b) Plot of CD signal intensity at 298 nm versus the
number of cycles. ¢) Schematic representation of the control over the formation of triple-stranded structure by

zinc(II) ions.

Conclusions

We have demonstrated that CUR-DA adopts a triple-strand-
ed helical structure in water- or methanol-rich DMSO sol-
vents and that the chromophoric groups introduced at the
peripheral positions are aligned helically in the manner of
H-type aggregation, as evidenced by spectroscopic measure-
ments and microscopic observations. The triple-stranded
helical structure exhibits high thermal stability and resist-
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were performed with a Nanoscope Illa

s microscope (Veeco Instruments, Santa
® e Barbara, CA) in air at ambient tem-
perature with standard silicon cantile-
vers (RTESP, Veeco Instruments, San-
tabarbara, CA) in tapping mode.
Nanoscope image-processing software
cyclam was used for image analysis. TEM
images were acquired with a JEOL
TEM-2010 transmission electron mi-
croscope (accelerating voltage 120 kV,
beam current 65 nA). SEC was per-
formed with a Jasco PU-1580 Plus
liquid-chromatography system
equipped with a UV/Vis detector
(UV-1570 Plus), a refractive-index
(RI) detector (RI-2031 Plus), and a
column oven (CO-2060 Plus). An SEC column (TSKgel a-4000, Tosoh)
was connected, and DMSO was used as the eluent at a flow rate of
0.3 mLmin~" at 40°C. The molecular-weight calibration curve was ob-
tained with pullulan standards (Shodex). Molecular modeling was per-
formed on SGI WS by using the Insight II/Discover 3.0 program with the
CVFF force field. The starting main-chain conformation of CUR-DA was
based on the crystal structure of the triple-stranded helical structure of
CUR," and the right-handed, triple-stranded helical structure was con-
strained. The constructed model was optimized by the conjugate-gradient
method until the root-mean-square value became less than

Chem. Asian J. 2007, 2, 1290-1298
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0.1 kcalmol ' A~ CUR (M,,=1000000), 4-ethynylaniline, and cyclam
were obtained from Wako Chemicals, TCI, and Aldrich, respectively.
Spectroscopic-grade DMSO was obtained from Kishida Chemicals and
used for all measurements. All other starting materials and solvents were
purchased from chemical companies and used as received.

Sample Preparation for AFM and TEM

The following provides a typical example of the approach. A solution
was spin-cast on freshly cleaved HOPG with a spin-coater (K-359 S1,
Kyowariken). The substrate was dried under reduced pressure for at least
6 h and subjected to AFM observation. The same solution was placed on
a copper TEM grid on an elastic carbon-support film (20-25 nm) with
filter paper underneath, and the excess solution was removed with the
filter paper immediately. The TEM grid was dried under reduced pres-
sure for at least 6 h prior to TEM observation.

Syntheses

1: Compound 1 was synthesized according to the reported method for
similar compounds (Scheme 1).” 2-(2-Chloroethoxy)ethanol (4.0 mL,
2.2 equiv) was added to a solution of 4-ethynylaniline (2.0 g, 17 mmol),
K,CO; (5.2¢g, 22equiv), and KI (283 mg, 0.1 equiv) in 1-butanol
(20 mL), and the mixture was heated under reflux and argon atmosphere
for 3days. The reaction mixture was diluted with dichloromethane
(100 mL) and washed with water (2x50 mL). The organic layer was
dried over sodium sulfate, and the solvent was removed under reduced
pressure. The residue was purified by column chromatography (SiO,,
CH,Cl,/acetone =4:1 v/v) to afford 1 (1.5 g, 30 %) as an orange oil. FTIR
(neat): #=3393, 3277, 3096, 3041, 2869, 2097, 1605, 1515, 1353, 1181,
1116, 1055, 816, 532 cm™'; "H NMR (600 MHz, CDCl;, 25°C): 6="7.34 (d,
J=8.6 Hz, 2H, ArH), 6.64 (d, J=8.8 Hz, 2H, ArH), 3.71-3.66 (m, 8H,
CH,), 3.61-3.56 (m, 8H, CH,), 2.97 (s, 1H, C,CH), 2.59 ppm (d, J=
5.0 Hz, 2H, OH) (see Supporting Information, Figure S1); MS (MALDI-
TOF, dithranol): m/z caled for C;¢H,3sNO,: 293.16 [M]*; found: 293.14.

CUR-DA: Water (0.7mL), propylamine (0.7 mL), CuBr, (7.6 mg,
5mol %), ascorbic acid (30.0 mg, 25 mol%), and 1 (500 mg, 2.5 equiv
(monomer unit)) were added to a solution of Cur-N;'™ (127 mg,
0.68 mmol (monomer unit)) in DMSO (7mL) (stirred for 2h at room
temperature to dissolve Cur-N; in DMSO completely). The solution was
stirred at room temperature for 12 h and dialyzed by distilled water with
a SpectraPor membrane (MWCO: 8000, wet with 0.1% sodium azide)
for 2 days, and the resulting solid was collected by filtration and dried in
vacuo to afford CUR-DA (160 mg, 49 %) as a pale-brown powder. FTIR
(powder): 7=3444, 3017, 2970, 2923, 1739, 1617, 1505, 1366, 1217, 1054,
813, 527cm™' (see Supporting Information, Figure S3); 'H NMR
(300 MHz, [D¢]DMSO, 25°C): 0=8.53 (s, 1H, triazole H), 7.71 (br, 2H,
ArH), 6.74 (br, 2H, ArH), 5.82 (br, 1H, OH), 5.23-4.80 (m, 2H, OH and
1-H), 4.58 (s, 2H, OH), 3.75-3.30 ppm (m, 22H (overlapped with water),
NCH,CH,0CH,CH,0H, 2-H, 3-H, 4-H, 5-H, and 6-H) (see Supporting
Information, Figure S2); elemental analysis: caled (%) for C,H3N,Oy
(H,O)p75: C 5349, H 6.83, N 11.34; found: C 53.67, H 6.62, N 11.52;
SEC: M, =6.0x10°, M,/M,=1.6.
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