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The design of co-organized nanotube systems with controlled curvature radius that are realized by tilt
modulation of co-assembled molecules, induced by the strength of non-covalent interactions in
aqueous media, remains a significant challenge. Here, we report success in utilizing a hydrogen bond
regulation strategy to stimulate molecular tilt for the formation of nanotubes with controlled curvature

radius based on the co-assembly of two kinds of achiral cationic building blocks in agueous solution.
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1. Introduction

Tubular and helical nanostructures with controllable curvature
radius from the co-assembly of achiral molecules in aqueous
solution are attracting attention owing to the need to improve
miniaturization and device performance in the emerging fields
of bio-nanotechnology and related nanotechnologies, and
microchip and microelectronics applications.”” Understanding
how the strength of non-covalent interactions affects nanotube
curvature radius at the molecular level would facilitate a more
efficient and systematic approach to generating rationalized
tubular libraries. Tubular and helical structures with different
curvature radius seem to be rather common in nature. A key
feature of nature's tubular and helical structures via complex
multifunctional co-assembly is that tubular and helical struc-
tures with different curvature radius can play a crucial role in
a vast number of physical, chemical, and biological process in
aqueous environment.®* Thus it is very important to have an
overall understanding of the co-assembly process of tubular and
helical nanostructures with controllable curvature radius in
aqueous solution for materials science and biology.

Over the past years, the growing number of synthesized
monomers has contributed significantly to the development of
general design rules to facilitate the nanotubes with the change
of the diameters for supramolecular assembly in water.*”®
However, to further guide their rational design, it is necessary to
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a drastic change in the nanotube curvature radius.

understand factors that influence the strengths of competing
noncovalent interactions between co-assembled monomers on
the molecular tilt for controlled nanotube curvature radius.
Here, we demonstrate the impact of hydrogen bonding strength
on the molecular tilt for controlled curvature radius of co-
assembled nanotubes in aqueous solution.

We recently found a CO,-triggered co-assembled nanotube
system with controlled chirality through a CO,-bubble-induced
vortex.'® For the co-assembled nanotubes, the -7 interactions
between the aromatic rings of azobenzene and intermolecular
hydrogen bonding interactions (N-H---O=C) between co-
assembled cations play very important roles for forming chiral
helical assemblies, resulting in the emergence and amplification
of supramolecular chirality. Herein, we trigger co-assemblies to
control their nanotube curvature radius using a hydrogen bond
regulation strategy. To achieve this, exquisite molecular design of
hydrogen bond in the molecular structure need to be localized so
as to adjust co-assembled aromatic molecular tilt. To date,
although there are several reports on the supramolecular curvature
regulation based on molecular self-assembly through altering the
packing mode of aromatic molecules,"™* controlled nanotube
curvature radius based on the co-assembled molecular tilt induced
by the hydrogen bond strength in aqueous solution is rather scarce
and remains a significant challenge.

2. Results and discussion

In this paper, to construct the models of hydrogen bond
strength regulation, we have selected 2-(3-dimethylamino-pro-
pylamino)-N-ethyl-acetamide for introducing N,N-dimethyla-
mino species by the activation of carboxylate groups to form
carbodiimide adducts to the azobenzene molecule (Fig. 1a; see
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Fig. S1f for molecular structure of compound 2, as well as for
that of compound 3  based on  1-ethyl-3-(3-
dimethylaminoisopropyl) carbodiimide (EDC),* as hydrogen-
bond donors of molecular coassembly). To investigate co-
assembled tubular nanostructures with controlled curvature
radius via the hydrogen bond regulation, we chose compound 1
as the hydrogen-bond acceptor of molecular coassembly, which
is made up of a hydrophobic tail containing alkyl and azo-
benzene functionalities attached through an ethylene glycol
hydrophilic linker to N,N-dimethylamino head groups (Fig. 1a).
Ureas are excellent hydrogen-bond donors,' and are geomet-
rically compatible with the hydrogen-bond acceptor capability
of compound 1.*°

Compound 2 could be dissolved in CH,Cl, at room
temperature, but the compound was suspended in water, being
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Fig. 1 (a) Molecular structures of cations 1, 2 and 3. (b) Schematic

representation of the formation of CO,-triggered co-organized
nanotubes of 1 + 2 and 1 + 3 systems with controllable curvature radius
by tilt modulation of co-assembled molecules induced by the
hydrogen bond regulation.
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consistent with those of compounds 1 and 3. When CO, gas
was bubbled through the aqueous solution of compounds 1 + 2
system with a molar ratio of 1: 1, they could be dissolved in
water to form a viscous, yellow-orange solution. By introducing
CO, into the solution, the N,N-dimethylamino species were
gradually protonated by the acidic gaseous medium (Fig. 1a),
leading to the formation of cations 1 + 2 system, and a succes-
sive variation of the hydrophilic-hydrophobic balance and
a better dissolution in water.

Interestingly, cations 1 + 2 system (protonated monomers)
could format co-assembled tubular structures with the different
curvature radius in aqueous solution, compared with cations 1
+ 3 system (Fig. 1b). Representative cryogenic transmission
electron microscopy (cryo-TEM) images showed the CO,-trig-
gered co-assembly of high aspect ratio nanotubes in aqueous
solution, which were straight and discrete. In comparison with
the inner diameter of ~100 nm for cations 1 + 3 system," the
nanotubes had a uniform inner diameter of ~900 nm for
cations 1 + 2 system (Fig. 2a). Considering the molecular
structure of cations 1 + 2 system, the wall thickness of the
nanotube of cations 1 + 2 system (~25 nm, indicated by the red
arrows in Fig. 2b) suggests a multilayer structure, being
different from a bilayer structure of cations 1 + 3 system.' For
a control experiment with the presence of only cation 1 or 2 or 3,
no tubular and helical nanostructures could be detected in the
TEM observations, indicating that molecular interactions
between cations 1 and 2 system (or cations 1 and 3 system) may
play very important roles for co-assembled nanotubes.

Another observation was to monitor the formation of co-
assembled nanotubes of cations 1 + 2 system based on the
change in electronic absorption spectra in water over CO,
aeration time (Fig. 3). For cations 1 + 2 system, a weak signal was
observed before CO, treatment, and the absorption increased in
intensity upon bubbling CO,, and a further increase of intensity
was observed upon prolonged CO, aeration time. For
a comparison of the spectra of the aggregates, the UV/vis spectra
of the protonated monomer (cation 2) and the non-protonated
monomer (compound 2) in water as control experiments are
also displayed in Fig. S2a.t A weak signal of compound 2 before

a) b)

500 nm
—

Fig. 2 (a) Cryo-TEM images of co-assembled nanotubes of cations 1
+ 2 system generated by exposure to CO, under aqueous conditions.
(b) Summed cryo-TEM images of a cross-section of the co-assembled
nanotubes of cations 1 + 2 system. Dark regions are multilayer walls.
Red bar indicates an approximate thickness of ~25 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Monitoring the formation of co-assembled nanotubes of
cations 1 + 2 system based on the change in electronic absorption
spectra in water over CO, aeration time at room temperature.

CO, treatment and the increase of absorption band intensity
upon CO, stimulation were also observed, being consistent with
those of the aggregates in Fig. 3.

Exciton coupling of azobenzene-based chromophores results
from the interaction of their transition dipole moments in
space to promote the alignment of molecules and the formation
of a well-organized bilayer. In DMSO solution, an absorption
maxima of the non-protonated and protonated monomer 2
appeared at ~360 nm, characteristic of -7 * transition of trans-
azobenzene derivatives (see Fig. S2b¥)."” For the co-assembled
bilayer structure of cations 1 + 2 system formed upon CO,
stimulation in water, the absorption maximum of ¢rans azo-
benzene blue shifted to ~327 nm (see Fig. S37) relative to
cations 1 + 2 system (Anax = 362 nm) in DMSO solution. This
hypsochromic shift is indicative of an increase in the m-m
stacking of the azobenzenes within the tubules in water.” In
comparison with cations 1 + 2 system, this further blue shift of
cations 1 + 3 system is characteristic of an increase in the
intermolecular electronic coupling between the stacked
azobenzene-based chromophores of cations 1 + 3 system.™ It
was also found that no absorption peaks appear at ~450 nm
which is ascribable to the n-7t* transition of the cis isomer,
suggesting the absence of cis-azobenzene during the co-
assembly. When CO, gas was bubbled through the aqueous
solution of compounds 1 + 2 system under illumination, any
assembly morphologies could not be observed by TEM, indi-
cating that cis-azobenzene of the system could not form any
assembly morphologies.

In addition, we employed Fourier-transform infrared spec-
troscopy (FTIR) to provide direct evidences on hydrogen
bonding between O=C bonds of monomer 1 and N-H bonds of
monomer 2 for 1 + 2 nanotube system by observing the spectral
absorption region (1692-1758 cm ') of free carbonyl groups
(Fig. 4). Generally, the infrared absorption spectra of the
carbonyl groups might be shifted toward a lower frequency
upon the formation of the hydrogen bonding (N-H:--0O=C).>*
Infrared spectroscopy of monomer 1 displayed that 1714 cm ™"
is the peak of the vibration associated with the free carbonyl

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 IR spectra (2250 to 750 cm™) of monomer 1 (a), monomer 2
(b), and 1 + 2 nanotube system (c).

group (Fig. 4a), while the carbonyl absorption peak of the amide
group of monomer 2 in Fig. 4b is approximately located at
1638 cm ™. Fig. 4c showed that the original »(C=O0) band at
1714 cm ' observed almost disappears for 1 + 2 co-assembled
nanotube system, suggesting the formation of favorable inter-
molecular hydrogen bonding between O=C bonds of monomer
1 and N-H bonds of monomer 2 for 1 + 2 nanotube system.
Thus, we attribute the formation of the co-assembled nano-
tubular structures to the crystalline domain formation of the
hydrophobic moieties in water, to m-stacking of the azobenzene
moieties, to intermolecular hydrogen bonds (N-H:--O=C)
between cations 1 and 2 and to electrostatic screening by
condensed HCO;  counterions.

Cryo-TEM measurements showed helical nanoribbons
during the course of the nanotube formation, which indicated
the helical stacking of the azobenzene units of cations 1 + 2
system (and cations 1 + 3 system) on a molecular level. As shown
in Fig. 5, cations 1 + 2 system (or cations 1 + 3 system) could
predominantly produce helical ribbons with the pitch angle ¢
45° (or ¢ 55°) by cryo-TEM observations, respectively. The
results show that the pitch angle ¢ of the helical ribbon could be

Fig. 5 Cryo-TEM images of co-assembled helical ribbons with the
pitch angle for (a) cations 1 + 2 system and (b) cations 1 + 3 system®®
generated by exposure to CO, under aqueous conditions.
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regulated by hydrogen bond, indicating the alternation of the
co-assembled molecular tilt by hydrogen bond regulation.

Theoretical calculations were applied to further clarify the
co-assembled molecular tilt for the controlled nanotube curva-
ture radius of 1 + 2 and 1 + 3 systems based on the hydrogen
bond regulation strategy in water phase. The energy-minimized
structures of all the building blocks (1, 2 and 3) were obtained
by the density functional theory (DFT) at B3LYP/6-31++G (d, p)
level. And the energy-minimized geometries of co-assembled
structures (1 + 2 and 1 + 3 systems) were obtained by dihedral
scan at M06-2X/6-31G (d) level. The polarizable continuum
model (PCM) with water as solvent was invoked, see the ESIT for
more comprehensive calculations details.

The interaction energies of the co-assemblies (1 +2 and 1 +3
systems) were obtained after scanning of the dihedral angle,
and the related energetic features are listed in Table S1.1 For
better comparison with experiments, we analyze the calculated
results in aqueous phase. It is noteworthy that the interaction
energies of 1 + 2 and 1 + 3 systems are all less than zero, indi-
cating that the formation of the co-assemblies are thermody-
namically favorable and stable. The most stable co-assembled
conformations of 1+ 2 and 1 + 3 systems occur at 13°, and —19°,
respectively. Structures of the co-assemblies with the strongest
interaction energy in Fig. 6 show the hydrogen bond distances
and the tilt angles. In the two co-assembled systems (1 +2 and 1
+3 systems), the N-H---O=C distances are 2.057 A and 1.903 A,
respectively. Furthermore, the tilt angle 6 of co-assembled
molecules in a membrane were 18.041° and 21.737°, respec-
tively. Both the N-H:--O=C hydrogen bond strength and the tilt
angle ¢ of co-assembled molecules showed the same trend, i.e. 1
+ 2 <1 + 3, indicating that the tilt angle ¢ of co-assembled
molecules increases with an increase of hydrogen bond
strength. Furthermore, according to the blue shift observed in
the above absorption spectra of cations 1 + 2 and 1 + 3 systems
in water, we believe that the observed further blue shift of
cations 1 + 3 system is caused by greater w- overlap of adjacent
azobenzene molecules induced by an increase of hydrogen

0=21.737°

142

143

Fig.6 Optimized structures (in A) of two co-assembled systems in the
aqueous phase at M06-2X/6-31G (d) level of theory.
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bond strength, which probably promotes a better alignment of
the transition dipoles across co-assembled azobenzene mole-
cules of cations 1 + 3 system. Taken together, the increase of
hydrogen bond strength results in stronger excitonic coupling
between the co-assembled azobenzene molecules, as well as
greater -1 overlap, leading to an increased tilt angle 6§ of co-
assembled molecules.

The theoretical calculation results show good correlation
among hydrogen bond strength, the tilt angle 6 of co-assembled
molecules in a membrane and the curvature radius of co-
assembled nanotubes. As the tilt angle 6 of co-assembled
molecules increases with an increase of hydrogen bond
strength, the nanotube curvature radius drastically decreases,
being consistent with this prediction of these mathematical
models and the elastic theories.'»*»*' And a slight change in the
co-assembled molecular tilt causes a drastic change in the
nanotube curvature radius. Computations and experiments
suggest that the controlled nanotube curvature radius could be
realized by regulating co-assembled molecular tilt of 1 + 2 and 1
+ 3 systems with hydrogen bond strength.

3. Conclusions

We have demonstrated co-assembled tubular nanostructures
with controlled curvature radius in water that are realized by co-
assembled molecular tilt modulation based on a hydrogen bond
regulation strategy. This is the example of how the sense of the
co-assembled molecular tilt induced by hydrogen bond strength
can determine the curvature radius of a co-assembled nanotube
system, and such studies could provide a new strategy to regu-
late the nanotube curvature radius of nanostructures based on
the study of co-assembled molecular tilt induced by the strength
of non-covalent interactions.
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