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ABSTRACT: High-speed atomic force microscopy (HS-AFM) is a

powerful tool for video recording the nanoscale dynamics of

samples. Its applications have recently expanded to various fields
from biology to chemistry, including supramolecular chemistry and
polymer science. Furthermore, the development of a stand-alone
tip-scan HS-AFM has offered greater flexibility in installation. As it
can be mounted on an optical microscope for integration with
optical techniques, it holds great promise for supramolecular
chemistry and polymer science. However, tip-scan HS-AFM
observations in organic solvents have been challenging due to
difficulties in holding them with low surface tension. In this study,
we achieved tip-scan HS-AFM observations in organic solvents by developing a glass cell. The cell was carefully designed to be
compatible with tip-scan HS-AFM operation in organic solvents. Using the cell, we successfully demonstrated tip-scan HS-AFM
observations of supramolecular assemblies in various organic systems. In addition, the large and stable design of the cell allowed for a
wider variety of organic solvents than the small wells used in conventional HS-AFM. Tip-scan HS-AFM compatible with organic
solvents will contribute to investigating the complex dynamics of supramolecular assemblies and polymers in their native organic

environments.

B INTRODUCTION

High-speed atomic force microscopy (HS-AFM) is a powerful
technique for visualizing the nanoscale dynamics of biological
samples under physiological conditions with high spatiotem-
poral resolution.' It has significantly advanced life sciences
through the video recording of dynamic conformational
changes of proteins at the single molecular level,” ® such as
walking myosin V,” rotation of rotorless F;-ATPase,® and
cleavage of IgG antibody.9 Moreover, the application of this
excellent imaging capability has recently been expanded to
various disciplines. One of the critical applications is in the
chemical field, particularly in supramolecular chemistry and
polymer science.'’”"” HS-AFM has revealed various dynamics
of supramolecular assemblies and polymers, such as the growth
and self-healing of supramolecular fibers,"' polymerization/
depolymerization of supramolecular toroids,'* and elongation
of supramolecular gels."” These dynamic behaviors have been
successfully observed in organic solvents, such as methyl-
cyclohexane (MCH), dodecane, and dimethyl sulfoxide. While
HS-AFM has already been an essential tool in biological
research, it holds great promise for investigating complex
molecular dynamics in chemistry.

Moreover, the recent development of tip-scan stand-alone
HS-AFM has further enhanced its capability and extended its
applications.”””" The tip-scan HS-AFM adopts the tip-scan
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configuration, whereas conventional HS-AFM scans the sample
stage. One of the most crucial advantages of tip-scan HS-AFM
is flexibility in the installation location. The stand-alone HS-
AFM system can be mounted on, for example, an inverted
optical microscope, as shown in Figure la, which enables the
integration of HS-AFM with various optical techniques to
drastically improve its analytical ability.”> Therefore, tip-scan
HS-AFM holds great potential for observing various samples or
phenomena that cannot be observed with the conventional
type. For example, it allows for the local excitation of samples
by a focused laser and simultaneous observation with HS-
AFM. Also, it is possible to locally detect optical signals from
samples, such as Raman scattering and photoluminescence.
Indeed, we recently reported an HS-AFM movie of dynamic
motions of azo-polymer thin films induced by local laser
excitation.”> In addition, although normal HS-AFM requires
small samples that can be loaded on a small sample stage
(diameter: 1—2 mm) of the high-speed stage scanner, tip-scan
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Figure 1. (a) Overview of the tip-scan HS-AFM. (b) Schematic configuration of tip-scan HS-AFM around the tip scanner. (c) Photographs around
the tip scanner with and without aqueous solution. (d) Schematic configuration and three-dimensional (3D) CAD image of the cell with the tip
scanner. (e) Photograph of the cell filled with ethanol and the tip immersed in it.

Figure 2. Clipped HS-AFM images of CNTs observed at 4 fps in ethanol.
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HS-AFM possesses much fewer limitations to samples. A
normal glass substrate or even a large device is available for tip-
scan HS-AFM to observe their top surfaces.””*

The superior versatility and analytical capability of tip-scan
HS-AFM are highly desirable for studying supramolecular
assemblies and polymers; however, its application to these
samples remains challenging. Figure 1b shows a schematic
around the tip scanner in the tip-scan HS-AFM. In the case of
the tip-scan HS-AFM observation in an aqueous solution, we
added a solution that forms a meniscus between the sample
substrate and glass window, as shown in Figure lc. This
ensures proper optical access of the tip-scan HS-AFM laser
through the glass window for the optical level system.
However, the dynamic processes of supramolecular polymers
often occur in organic solvents, where a meniscus cannot be
formed due to its low surface tension. This limitation has
prevented us from observing samples in organic solvents. In
contrast, owing to a small well that holds the solvents,
conventional HS-AFM has been used in organic solvents. By
making the well compatible with tip-scan HS-AFM, direct
observation of chemical reactions in organic solvents becomes
possible, which further expands its applicability and contributes
to chemistry, especially to supramolecular chemistry and
polymer science.
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In this study, we achieved tip-scan HS-AFM observations in
organic solvents by designing and developing a cell for holding
an organic solution. The cell structure was optimally designed
to secure optical access for the HS-AFM laser but not to
spatially interfere with the tip-scan HS-AFM components. We
successfully demonstrated tip-scan HS-AFM observations in
ethanol. We further applied it for the observation of different
types of supramolecular assemblies in different organic media.
Importantly, it was found that our cell is compatible with more
various types of organic solvents compared with the small well
used in conventional HS-AFM. This technical development is
crucial for future applications of tip-scan HS-AFM in organic
chemistry and related fields.

B EXPERIMENTAL SECTION

Figure 1d shows a schematic of the cell, including a side view and its
3D design, illustrating its dimensions of 7 mm in height, 30 mm in
width, and 20 mm in length. The detail of the cell structure was
described in Section 1.1 of the Supporting Information. The height of
the cell is a critical parameter that requires optimization. If the value is
too high, it spatially interferes with the tip scanner and disturbs the
measurement. If it is too low, then the solution poured into the cell
cannot touch the glass window for proper optical access. We chose a
height of 7 mm, as it satisfies both conditions. We chose glass as the
cell material, with a thickness of 1 mm, owing to its chemical stability
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Figure 3. (a) Molecular structure of monomer 1. (b) Aggregation scheme of curved supramolecular polymers. (c—e) Clipped HS-AFM images of
curved supramolecular polymers in (c) n-octane, (d) n-hexane, and (e) 2,2,4-trimethylpentane. (f) HS-AFM image of the ring-shaped
supramolecular polymer in n-hexane. (g) HS-AFM image of the supramolecular polymer in an infinity-symbol-like shape observed in n-octane.

against organic solutions and optical transparency. Figure le shows a
photograph of a glass cell (manufactured by ASONE) installed in a
tip-scan HS-AFM system. The glass cell was filled with 2.5 mL of
ethanol, and an end portion of the Z piezo scanner, which holds the
cantilever, was immersed in the solution. We confirmed that the cell
stably held the organic solvent. Furthermore, the upper part of the
scanner did not touch the rim of the cell, and therefore did not
interfere with the HS-AFM operation. In addition, the glass window,
positioned on the laser optical path, was sufficiently immersed in
ethanol for proper optical access.

B RESULTS AND DISCUSSION

To assess the compatibility of the cell with tip-scan HS-AFM
observations in organic solvents, we observed carbon nano-
tubes (CNTs) as samples in ethanol. CNTs (IsoNanotubes-S,
Nanolntegris) dispersed in 2-propanol were spin-coated on a
cleaned glass substrate. This substrate was then placed in the
glass cell and observed by tip-scan HS-AFM in ethanol. As
shown in Figure 2 and Supporting Movie S1, we successfully
achieved HS-AFM observation in ethanol at 4 frames per
second (fps). The CNTs were clearly observed without any
obvious issues. There were no noticeable differences in the
operation of HS-AFM compared to that in an aqueous
solution. Furthermore, the resonance frequency of the
cantilevers in ethanol was found to be approximately 400
kHz, which is almost identical with that in water. The
experimental details of HS-AFM measurements were described
in Section 1.2 of the Supporting Information.

As we confirmed that cell-equipped tip-scan HS-AFM was
available for synthetic samples in organic solvents, we
expanded the observation target toward supramolecular
polymers. Supramolecular polymers are promising polymeric
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materials that are formed through weak intermolecular
interactions between monomers.”*">* Precisely designed and
organized interactions allow supramolecular polymers to
exhibit various interesting characteristics. Through meticulous
molecular design and supramolecular polymerization proto-
cols, we can create supramolecular polymers with a variety of
interesting shapes, such as fibers,*” rings,36 helicoids,”” and
catenanes.”” As they are assemblies of numerous monomers,
they can be relatively easily observed through AFM, which also
makes supramolecular polymers a great candidate that HS-
AFM can effectively contribute to. Although the dynamic
behavior of supramolecular polymers has been reported by
several research groups, such studies remain relatively
scarce.' 7'® In particular, there have been no reports on the
observation of supramolecular polymers using tip-scan HS-
AFM.

Here, we explored the applicability of tip-scan HS-AFM to
curved supramolecular polymers formed by monomer 1 shown
in Figure 3a.'* Supramolecular polymers were prepared in
MCH following a previously reported protocol.'* The
monomers first formed cyclic hexamers, which were sub-
sequently piled up through z—r stacking to form curved
supramolecular polymers, as shown in Figure 3b. For the HS-
AFM observation, the polymers were spin-coated onto a highly
oriented pyrolytic graphite (HOPG) substrate. Subsequently,
the substrate was placed in the cell and imaged in n-octane. As
shown in Figure 3¢ and Supporting Movie S2, long and clearly
curved supramolecular polymers were successfully visualized in
the organic solvent. This demonstrates that tip-scan HS-AFM,
when combined with the developed observation cell, enables
high-resolution imaging of supramolecular structures even in
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Figure 4. (a) Molecular structure of monomer 2. (b) Aggregation scheme of the supramolecular fiber. (c) Clipped HS-AFM images of
supramolecular fibers observed in the methanol/water mixture (methanol/water = 2:8 v/v).

organic media—a significant step toward broadening its utility
in soft matter and supramolecular polymer materials.'*

We also tested other organic solvents such as n-hexane and
2,2,4-trimethylpentane for tip-scan HS-AFM observations.
Curved supramolecular polymers were also observed in these
organic solvents, as shown in Figure 3d,3e and in Supporting
Movies S3 and S4. However, the substrate was not clean, and
the HS-AFM images were not so clear in the case of n-hexane.
This is probably because the monomers were attached to the
substrate due to its relatively low solubility in n-hexane.
Furthermore, we found that the supramolecular polymers were
more densely attached to the substrate in 2,2,4-trimethylpen-
tane, as we could easily find different supramolecular polymers
(Supporting Movies S5 and S6). This phenomenon is likely
attributable to the weaker interaction between 2,2,4-
trimethylpentane and the supramolecular polymers surrounded
by n-dodecyl chains, compared with n-octane and n-hexane. It
is also worth noting that n-hexane and 2,2,4-trimethylpentane
have been unsuitable for use in conventional HS-AFM. This
unsuitability stems from the reliance of the conventional
system on a small (volume: ~80 L) and slightly tilted (several
degrees) well to hold the observation solvent. With low surface
tension and volatile solvents such as n-hexane and 2,2,4-
trimethylpentane, the liquid often fails to remain stably in the
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well, making consistent and stable imaging difficult. In contrast,
our custom cell used in tip-scan HS-AFM features a flat base
and a much larger volume (~2.5 mL), thereby allowing for the
stable retention of a wider variety of organic solvents, including
those previously incompatible. This enhanced compatibility
represents a key advantage of our cell, especially given that
supramolecular behavior is often highly dependent on the
nature of the solvent environment.”®™*!

We found not only open-ended (randomly coiled) curved
supramolecular polymers but also closed-ended circular species
at different locations in n-hexane and n-octane (Figure 3f3g,
and Supporting Movies S7 and S8). Figure 3f shows a closed
ring-shaped structure, whereas Figure 3g shows a longer closed
fiber with an infinity-symbol-like shape. Here, we also
confirmed that the supramolecular polymers could be observed
at most at an imaging rate of 5 fps in an organic solvent, as
shown in Supporting Movie S9.

To confirm that our apparatus combining tip-scan HS-AFM
with the cell is reliable and versatile, we investigated another
supramolecular polymer consisting of monomer 2 (Figure
4a).*” Dumbbell-shaped monomer 2 contains hydrophobic
9,10-bis(phenylethynyl)anthracene as the fluorescence core. In
this molecule, 2 hydrophilic dendrons having 12 hydroxy
groups at the peripheral positions were introduced to the
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fluorophore via amide groups that form intermolecular
hydrogen bonds. Therefore, monomer 2 is ampbhiphilic.
Amphiphiles are known to form supramolecular assemblies
in aqueous solutions.””~*” The detailed synthetic procedures,
analysis of the molecular assemblies in the supramolecular
fibers, and stimuli-responsive luminescence properties are
described in a previous study.”” Monomer 2 was first dissolved
in methanol, and Milli-Q water was then added so that the
methanol/water ratio was 2:8 v/v, resulting in the formation of
supramolecular fibers through hydrogen bonding due to the
ampbhiphilic nature, as illustrated in Figure 4b. We dropped and
spin-coated the solution on a HOPG substrate and observed it
in a mixture of methanol and water (ratio = 2:8 v/v). Even
though the solvent mostly consists of water, 20% methanol is
already a concentration high enough to lower the solvent’s
surface tension, preventing the formation of a stable meniscus.
Therefore, the glass cell is critical, even with such a solvent
mostly composed of water. Using the glass cell, as shown in
Figure 4c and Supporting Movie S10, we clearly observed
supramolecular fibers in the water/methanol mixture. This
successful observation confirmed that the short supramolecular
fibers were densely distributed on the substrate. We also found
that the supramolecular fibers were largely fluctuating in this
solution, which could be revealed owing to the high-speed
observation of tip-scan HS-AFM. We confirmed that our cell-
equipped tip-scan HS-AFM is applicable to different types of
supramolecular assemblies.

B CONCLUSIONS

In this study, we successfully developed a novel glass cell for
tip-scan HS-AFM, which enables stable imaging in organic
solvent systems. We demonstrated the excellent applicability of
this cell through the successful imaging of various supra-
molecular assemblies in diverse organic solvents, including
ethanol, n-hexane, n-octane, and 2,2,4-trimethylpentane. A key
finding was the enhanced compatibility of our large and stable
cell with a wider variety of organic solvents compared to the
small wells typically used in conventional HS-AFM, which are
often limited by low surface tension and volatility. Any organic
solvents, except those with extremely high solvency, can be
applied to our glass cell. It should also be noted that the glass
cell significantly enhanced solvent retention time owing to its
larger solvent volume compared with the small well used in
normal HS-AFM. For example, stable imaging in n-octane was
possible for at least 30 min without refilling the solvent when
using our glass cell, whereas solvent replenishment was
required approximately every S5 min for normal HS-AFM
measurements. This greatly improves practical usability.
While the present study focused solely on tip-scan HS-AFM
observations in organic solvents, it is important to emphasize
that a significant advantage of tip-scan HS-AFM is its inherent
compatibility with various optical techniques. We expect that
the developed cell, when combined with tip-scan HS-AFM, will
contribute significantly to elucidating the complex dynamics of
supramolecular assemblies and other systems by enabling
integrated optical measurements in the future. Indeed, the
supramolecular polymers investigated in this study exhibit
characteristic optical properties, making them particularly
promising targets for such combined investigations. One of
the potential limitations in the present glass cell is that it
requires the use of a low numerical aperture objective due to
the 1 mm-thick glass at the bottom, which compromises both
spatial resolution and detection sensitivity. We expect that this

issue can be addressed either by thinning the bottom glass or
by creating an aperture to attach a thin coverslip underneath
the cell. We believe that this advancement will broaden the
applicability of tip-scan HS-AFM, allowing its application to a
wider range of research fields, including supramolecular
chemistry and polymer science.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.Jangmuir.5c04454.

Detailed structure of the glass cell, experimental
conditions of tip-scan HS-AFM, and HS-AFM movies
of CNTs and supramolecular assemblies (PDF)
HS-AFM movie of CNTs in ethanol, shown in Figure 2;
the movie was captured in a 500 X 500 nm? range, 150
X 150 pixels, at 4 fps (MP4)

HS-AFM movie of curved supramolecular polymers in n-
octane shown in Figure 3¢, captured in a 500 X 500 nm’
range, 150 X 150 pixels, at 2 fps (MP4)

HS-AFM movie of curved supramolecular polymers in n-
hexane shown in Figure 3d, captured in a 500 X 500 nm”
range, 150 X 150 pixels, at 2 fps (MP4)

HS-AFM movie of curved supramolecular polymers in
2,2,4-trimethylpentane shown in Figure 3e, captured in a
500 X 500 nm? range, 150 X 150 pixels, at 2 fps (MP4)
HS-AFM movie of curved supramolecular polymers in
2,2,4-trimethylpentane shown, captured in a 500 X 500
nm? range, 150 X 150 pixels, at 2 fps (MP4)

HS-AFM movie of curved supramolecular polymers in
2,2,4-trimethylpentane shown, captured in a 500 X 500
nm?” range, 150 X 150 pixels, at 2 fps (MP4)

HS-AFM movie of a ring-shaped supramolecular
polymer in n-hexane shown in Figure 3f, captured in a
150 X 150 nm? range, 150 X 150 pixels, at 2 fps (MP4)
HS-AFM movie of the supramolecular polymer in an
infinity-symbol-like shape in n-octane shown in Figure
3g, captured in a 200 X 200 nm” range,150 X 150 pixels,
at 2 fps (MP4)

HS-AFM movie of the supramolecular polymer in an
infinity-symbol-like shape in n-octane, captured in a 200
X 200 nm” range,150 X 150 pixels, at S fps (MP4)
HS-AFM movie of supramolecular fibers in a mixture of
methanol and water (methanol/water = 2:8 v/v) shown
in Figure 4c, captured in a 500 X 500 nm” range, 150 X
150 pixels, at 2 fps (MP4)
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