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Cross-Section Molecular Imaging of
Supramolecular Microtubes with Contact
Atomic Force Microscopy

Toshimi Shimizu,* Satomi Ohnishi, and Masaki Kogiso

Scanning probe microscopies, especially atomic force
microscopy (AFM), are useful methods for obtaining molec-
ularly resolved images of orientation and ordering in organic
self-assemblies."- 2 In particular, AFM has been used to study
two-dimensional, ordered organic molecules adsorbed on
well-defined surfaces and at interfaces.’l While there is an
increasing number of studies on AFM imaging of biological
macromolecules,*-% only a few reports’-'l have described the
morphologies and molecular orientation for synthetic supra-
molecular assemblies. However, no definitive information on
these assemblies, especially along the molecular long axes, has
been obtained at molecular resolution by AFM. Meanwhile,
supramolecular self-organized fibers and their molecular
arrangements have expertly been investigated with scanning
and transmission electron microscopy.l''*31 We recently stud-
ied hydrogen bond directed self-assembly of chiral fibers!'¥
and microtubes!'® > 191 from synthetic sugar- and peptide-
based bolaamphiphiles.['’] In light of the wide applicability of
AFM, we explored vertical profiles along the molecular long
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axes within the microtube!™ made up of glycylglycine
bolaamphiphile 1. Here we report a molecularly resolved
layered structure within the tube membranes that was
observed by contact AFM in air.
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Figure 1a shows a nonfiltered AFM image (19 um x 19 pm)
of supramolecular vesicle-encapsulated microtubes made up
of 1. We can observe a clear image similar to that obtained
with phase-contrast and dark-field light microscopies (Fig-
ure 1b). Spherical, brighter portions (denoted by arrows in
Figure 1a) correspond to topographically higher regions, and
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Figure 1. a) AFM helght image (19 um x 19 um) of vesmle—encapsulated
microtubes (denoted by arrows) made up of 1 and b) phase-contrast light
micrograph of the microtubes (at 25°C in water).

indicate the encapsulation of vesicular assemblies in the
compartment.['S) Cross-section analysis of the portions with
and without vesicle encapsulation provided information on
the thickness of the tube membranes; the value of less than
100 nm corresponds to less than 30 -40 molecular layers.'" In
addition, a high-resolution AFM image of the tube surfaces
also revealed a distorted hexagonal arrangement of the
peptide head groups.'”] These findings indicate that AFM is
a very useful tool for studying the molecular packing as well as
the morphological dimensions of supramolecular assemblies.

The surface morphology of one tube is shown in Figure 2.
The AFM image (1.45 um x 1.45 um) revealed a crack in the
tube membrane. One can see a number of domains arranging
like scales of a fish on the top of the tube as well as rodlike
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microtube
mambrane

E00.0 nm

250.0 nm

Figure 2. AFM height image (1.45 pum X 1.45 pm) of the microtube and the
schematic illustration of the scalelike domains on the top and rodlike
domains at the edge of the tube. A crack in the tube membrane is denoted
by the arrows.

domains aligned parallel to the crack. The surfaces seem to
have no homogeneous crystalline order on the micrometer
scale. The diameters of the domains on the top of the tube are
20-100 nm, which agree well with the widths of the rodlike
domains at the edge. This implies that columnar domains
randomly assemble to construct the tube membranes (Fig-
ures 3a and 3b). Therefore, a high-resolution AFM image of
the edge of the tube can be expected to directly provide

(a} {b) (c)

Figure 3. a) Microtube membrane composed of a number of columnar
domains (b). ¢) A possible molecular alignment within a columnar domain.

information on the vertical molecular arrangement within the
columnar domains. Such a crack in the tube membrane was
frequently observed for this microtube. It occurs upon drying,
not by deformation or damage due to interaction between the
AFM tips and the tube membranes. The validity of this
interpretation is supported by the AFM investigation in
water. The dried microtubes swelled up again and exhibit no
cracks when exposed to aqueous solution.

Figure 4 displays a high-resolution AFM image (friction
mode, 8 nm x 8 nm) for the edge of the tube. The image
revealed parallel rows with a spacing of approximately 0.44 —
0.50 nm. We always observed the same molecular orientation
and alignment, regardless of the image position and scanning
speed. One can see two brighter zones separated by a distance
of 2.9-3.2 nm. Considering the bola structure of 1, the layered
brighter zone was assigned to a terminal peptide head groups.
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Figure 4. High-resolution AFM friction image (8.0 nm x 8.0 nm) of the
edge of the tube.

In the AFM image, we can also find darker striations which
correspond to the alkyl spacers. They align with their oligo-
methylene axes oriented at approximately 28° with respect to
the normal of the layer plane. The image clearly shows that
bolaamphiphilic molecules adopt a bent conformation at each
end of the alkylene chain (Figure 3c). Relatively darker
images at the middle of the molecules stem from smaller
molecular volumes of the methylene group as compared with
those of the peptide head groups. The observed features are in
good accord with that in the crystal lattice (ac plane) of the
same molecule.l8! Alternatively, we might be able to assign
the layer zone to two sets of peptide head groups of
neighboring layers adjacent to each other. The bolaamphi-
philic molecules should then require crystalline dense packing
through interlayer acid —acid hydrogen-bond formation. Fur-
thermore, the evaluated molecular length (1.9 +£0.1 nm) for
this model is too short with respect to that obtained for the
single crystal (2.72 nm). Therefore, the possibility of this
molecular arrangement would be ruled out.

The distance between two head groups of neighboring
layers varies from 0.5 to 0.7 nm. This finding implies that
intralayer interactions rather than interlayer interactions
determine the supramolecular tube structure. This also
suggests the predominance of intralayer acid—anion hydro-
gen-bond networks in the microtube, as supported by FT-IR
studies.l'> 13 Interlayer interactions between the head groups
will enforce crystalline order to form a three-dimensional
crystal.l'- 181 Only one single-crystal analysis has been so far
reported for a long-chain carboxylate with a potassium
cation.["”l The carboxylate groups of potassium palmitate face
each other with a distance of approximately 0.3 nm. There-
fore, the soap crystal sheet is extremely slippery due to the
rejection of the charged carboxylate groups.?! A similar
situation can be imaged for the bolaamphiphile sheet within
the supramolecular tube membranes by AFM. Actually, the
monolayered sheets of 1 seems to be slightly distorted to form
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a rippled structure. It has a good resemblance to the P; phase
observed for lecithin —water phases.?!!

In conclusion, by contact AFM we directly observed for the
first time a hierarchical formation of structures (bent mole-
cule —distorted layer — columnar domain) as a vertical profile
of the microtube membranes.

Experimental Section

Supramolecular vesicle-encapsulated microtubes were prepared with a
weak alkaline aqueous solution of glycylglycine bolaamphiphile 1 (10 mm,
pH~8).l The formation of microtubes with uniform diameter (1.5-
2.2 um) was confirmed by phase-contrast and dark-field light microscopy
(Figure 1b). Droplets (20—-30 uL) of the solution containing the micro-
tubes were placed with a pipette on to a clean glass substrate (Matsunami
micro slide glass, precleaned, S-1111) and allowed to air-dry slowly (14 h) in
an electric desiccator (Toyo Living auto dry, type FHO, humidity 15+ 5%).
All AFM measurements were performed with a commercial atomic force
microscope (Digital Instruments Inc., Santa Barbara, CA, Nanoscope 11Ia)
at room temperature in air. We used the contact-mode AFM with a
microfabricated silicon nitride cantilever (spring constant 0.12 Nm™).
Images were recorded in the height or friction mode.
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A New Look at the Diels — Alder
Transition State**

Claude Spino,* Marc Pesant, and Yves Dory*
In relation to the unexpectedly high reactivity of 2-carbo-

methoxy-1,3-butadiene (1) in Diels—Alder reactions
(Scheme 1), we recently suggested the presence of a strong

{ , 2C0:Me
4 / \ 1
1

Scheme 1. Dimerization of 1. The reaction is fast at or below room
temperature.

double-bond character between C2 and C3 in the transition
state (TS).[ To gain better insight into the mechanism of the
Diels— Alder reaction, we reconstructed the whole buta-
diene —ethylene reaction pathway by means of the intrinsic
reaction coordinate (IRC) approach.! Then, selected struc-
tures were extracted to obtain their orbitals, geometries, and
energies. We were surprised to witness that the various orbital
interactions do not occur simultaneously during the Diels—
Alder reaction. The four-electron interaction of symmetric
orbitals (Figure 1, green and red curves) begins well in
advance at a distance of over 3.0 A between the diene and
dienophile.’! By comparison the two-electron interaction
between the antisymmetric orbitals (blue curve) commences
at a distance near 2.4 A! The reason behind this chronology is
not yet clear. Remarkably though, many of the geometrical
features observed in most (if not all) calculated concerted TS
(Scheme 2) of the ethylene —butadiene reaction (and indeed
of other systems) reflect perfectly this asynchronicity of
molecular orbital interactions.! Shorter C2—C3 and longer
C5—C6 bonds reflect an advanced HOMO gienophite = LUMO giepe
interaction, while short C1—C2/C3—C4 and long forming o
bonds are indicative of an emerging HOMO 4o, — LUMOy;.
nophile interaction.P! In effect, the long ¢ bonds reflect an early
TS, while the well-developed C2—C3 m bond is reminiscent of
a late TS, as we suggested earlier.[!!

Fukui’s frontier molecular orbital (FMO) theoryl®! has
proved to be a valuable tool in predicting the rate and
selectivity of organic reactions, in particular pericyclic reac-
tions and cycloadditions.[] This principle was used to predict
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