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ABSTRACT: A hydrophobic tetrapodal molecule is composed of
carbazole units at the periphery linked by a phenyl spacer on an
adamantane core. Tetrapodal adamantane self-assembles into hollow
spherical aggregates with a multilayer membrane in organic media. The
spherical assembly size is dependent on the organic solvent used.

Hollow spheres can entrap guest molecules within their internal spaces. media
By increasing the concentrations of tetrapodal molecules, hollow
spheres fused into necklace-shaped nanostructures and two-dimensional ,
. Tetrapodal Hollow spherical
networks were obtained. adamantane aggregates
he self-assembly of planar 7-conjugated aromatic molecules organic media. The sizes of the spherical aggregates were
and dyes for the fabrication of nanostructures is an modulated by changes in the N-heterocyclic branches of the
important topic in the diverse fields of materials science and tetrapodal skeleton and the properties of the organic media. The
supramolecular chemistry because of their applications in hollow spheres can encapsulate guest molecules within their
molecular devices of electronics, photonics, and optics.l’2 internal cavities. Furthermore, the tetrapodal adamantane
Different morphological structures including fibers, tubes, rods, exhibited concentration-dependent morphology.
and helices can be obtained as a result of noncovalent To realize the construction of hollow spherical assemblies
interactions. Hollow spherical structures such as vesicles and from hydrophobic molecules, we designed a symmetrical
micelles have attracted significant attention for use in light- tetrapodal molecule 1. It is composed of carbazole units as the
harvesting systems and fluorescence sensors.” > A wide variety of planar z-aromatic molecule at the periphery and is linked by a
amphiphilic molecules bearing planar aromatic parts have been phenyl spacer on the bulky adamantane core (Figure 1).M
used to form vesicles through hydrophobic interactions, Therefore, the tetrapodal adamantane contains two different
hydrogen bonds, and 7-stacking.°~® These amphiphilic mole- types of aliphatic and aromatic divisions in a single molecule, and

cules are composed of both hydrophilic and hydrophobic

segments within a single molecule. A few examples of vesicles
that originate from nonamphiphilic molecules in aqueous and R: O O // \\

polar organic solvents have been reported, and they possess 7- N

aromatic units and polar groups such as amides, hydroxyls, or R
urea groups.” However, the design of vesicular structures from

organic molecules only containing hydrophobic portions without

hydrophilic and polar divisions in organic solvents is challenging. R R

This is because their molecular assemblies afford fundamental

information about the relationship between the packing of

individual molecules and the chemical and physical properties of 1 2
the spherical nanostructures. Moreover, spherical assemblies
such as nanocapsules and nanoreactors may possess an inclusion
ability, and they may possess the catalytic activity of the guest
molecules within their internal cavity in organic solutions.'” We
report that a tetrapodal adamantane bearing carbazole units, a Received: July 26, 2014
hydrophobic molecule, afforded hollow spherical assemblies in Published: August 25, 2014

Figure 1. Adamantane-based tetrapodal molecules bearing carbazole

(1) and pyrrole (2) branches.
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it is thus a hydrophobic molecule. The tetrapodal adamantane 1
was prepared by the copper(I)-catalyzed coupling of tetrakis(4-
iodophenyl)adamantane with carbazole.

The tetrapodal molecule 1 was dissolved in various organic
solvents including tetrahydrofuran, chloroform, and dichloro-
methane. The aggregation behavior of tetrapodal molecule 1 was
examined in three organic solvents. Dynamic light scattering
(DLS) measurements of tetrapodal molecule 1 in tetrahydrofur-
an (0.1 mM) at 25 °C indicated that the tetrapodal molecules
formed large aggregates with an average diameter of 201 nm
(Figure S1, Supporting Information). The diameters of the
aggregates are larger than that of the tetrapodal molecule,
implying that these aggregates are mainly vesicular-like
structures.'> Structural information about the aggregates was
obtained from a solution of tetrapodal molecule 1 by field-
emission scanning electron microscopy (FE-SEM) (Figure 2a).

Figure 2. (a) SEM and (b) TEM images obtained from a
tetrahydrofuran solution of 1. SEM images obtained from chloroform
(c) and dichloromethane (d) solutions of 1.

The SEM images revealed planar disklike shapes with a diameter
of 220 nm after drying on a solid surface. The flattening of the
spherical structures was likely caused by the removal of solvents
within the hollow spheres under high vacaum."® Evidence for the
hollow spherical structures was provided by transmission
electron microscopy (TEM) studies (Figure 2b). The micro-
graphs exhibited spherical forms with a diameter of 210 nm, and
their hollow nature was confirmed by the contrast between the
center and the periphery. The wall thickness was estimated to be
25—-50 nm, indicating that the spherical aggregates possess a
multilayer structure.

The hollow spherical structures were similarly composed of 1
in other organic solvents. In the apolar chloroform and
dichloromethane (0.1 mM) solvents, the SEM images showed
spherical structures with a diameter of approximately 140 nm in
both solvents (Figure 2c,d). Therefore, the aggregate sizes could
be adjusted by the external environment through the properties
of the organic solvents. The most striking feature is that spherical
assemblies were obtained from the hydrophobic tetrapodal
molecule in three organic media. Their spherical structures were
stable without further solids precipitation, and this was
confirmed by small changes in size over a period of 1 month in
the three evaluated solvents.

The structure of tetrapodal molecule 1 was determined by
single-crystal X-ray analysis (Figure 3). Colorless plate-shaped
crystals of 1 were obtained by the vapor diffusion of hexane into
chloroform solutions containing these compounds. X-ray
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Figure 3. (a) Side view of the columnar structure in a space-filling model
and (b) top view of the network structure in a packing diagram of crystal
1. The chloroform molecules were omitted for clarity.

crystallographic analysis revealed that the tetrapodal molecule
has a size of 2.1 nm. The tetrapodal molecules formed one-
dimensional columnar structures with a saddle-type arrangement
(Figure 3a). These assembled into a molecular network via
intermolecular CH/7 interactions between the carbazole
moieties. A rectangular cavity of 4.1 X 7.0 A? in size was formed
by the cyclic dimers of tetrapodal adamantane 1, providing
channel structures (Figure 3b). Two molecules of chloroform
were encapsulated within the rectangular cavity where CH/7 and
CH/halogen interactions are evident between the chloroform
and carbazole units. The chloroform molecules formed part of
the one-dimensional (1D)-zigzag chains via halogen/halogen
interactions directly along the channel axis.

From X-ray analysis and TEM measurements, the tetrapodal
molecule was 2.1 nm in size within the crystal structure, thus
supporting the generation of hollow spherical structures bearing
a multilayer membrane. On the basis of these results, the
tetrapodal molecule self-assembled into vesicle-like structures
that were generated by their alignment on the spherical surface.
This occurred by the two- and three-dimensional packing of 1D
columns of tetrapodal molecules that correspond to the 1D
columns in the crystal structure (Figure 4). Because of the
compatibility of the aromatic parts with the three organic
solvents, the carbazole moieties on the tetrapodal skeleton were
presumably located on the exterior of the spheres, while the

Organic
media

Figure 4. Schematic representation of hollow spherical structures with a
multilayer membrane composed of tetrapodal adamantane 1 in organic
solvents.
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aliphatic adamantane core was located on the interior of the
multilayer membranes. Furthermore, the distance between
carbazole units in the columns of the crystal structure was 4.6
A, which indicates that the carbazole moieties are not closely
packed because of the bulkiness of the adamantane core. The
spherical structures should thus be obtained without the
production of 1D nanostructures such as fibers and tubes
under these conditions.

The entrapment of guest molecules within the internal space
of the hollow spherical aggregates can be achieved by the self-
assembly of tetrapodal molecule 1. Spherical structures including
perylene as a hydrophobic fluorescent probe can be prepared and
purified through dialysis. The inclusion of perylene within the
hollow nanocapsules was verified by confocal laser scanning
microscopy (CLSM), which showed the presence of colored
spherical spots (Figure S2, Supporting Information). SEM
measurements of the spherical assemblies containing the guest
molecules revealed spheres with a diameter of ca. 200 nm, which
is similar to the spherical structures without guest molecules
(Figure S3, Supporting Information).

The tetrapodal adamantane with pyrrole units 2 is a reduced
version of the N-heterocyclic moieties of 1. In a tetrahydrofuran
solution of 2 (0.1 mM), we observed the generation of hollow
spherical assemblies with a multilayer membrane and with a
diameter of ca. 110 nm. This was also confirmed by DLS, SEM,
and TEM experiments (Figure S and S1, Supporting

Figure 5. (a) SEM and (b) TEM images obtained from a
tetrahydrofuran solution of 2 (0.1 mM).

Information). Colorless plate-shaped crystals of 2 were obtained
by the vapor diffusion of hexane into a chloroform solution of the
compound. X-ray analysis revealed that the diameter of
tetrapodal molecule 2 is 1.8 nm. Similarly, the 1D columnar
structures derived from 2 were assembled into network
structures through CH/7 interactions. The small square cavities
of 0.9 X 3.0 A” in size were composed of cyclic tetramers of 2
(Figure S4, Supporting Information). Therefore, hollow
spherical structures were generated from 1D columns, and this
is supported by the columnar arrangements of 2, as shown by X-
ray analysis. Remarkably, the sizes of the spherical structures
were modulated by altering the N-heterocyclic parts on the
tetrapodal skeleton.

To explain the formation of hollow spherical structures from
tetrapodal adamantanes with N-heterocyclic parts, we inves-
tigated the assembly behavior of tripodal adamantane bearing
carbazole units (3) and N-phenylcarbazole (4) in tetrahydrofur-
an (0.1 mM) (Figure 6). DLS and SEM studies of the tripodal
adamantane 3 supported the production of spherical structures
with a diameter of ca. 180 nm (Figure S1, S, Supporting
Information). However, spherical aggregates from N-phenyl-
carbazole (4) were not found by DLS and SEM measurements.
Thus, the adamantane moieties in the tetrapodal molecule play
essential roles in sphere formation in organic solutions.
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Figure 6. Tripodal adamantane containing carbazole branches (3) and
N-phenylcarbazole (4).
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For insights into the driving force for the formation of
spherical structures, UV—vis absorption measurements were
obtained for 1, 3, and 4 in tetrahydrofuran (0.1 mM) (Figure S6,
Supporting Information). Absorption bands were observed at
293, 327, and 340 nm for 4 and at 293, 328, and 342 nm for both
1 and 3."* Fewer 7—7 stacking intermolecular interactions are
evident between the carbazole moieties of the tetra- and tripodal
molecules in the spheres owing to the slight shift in the
absorption bands. As a result, the driving force for the
aggregation of adamantane-based molecules is mainly a
solvophobic effect.

The morphology that results from the amphiphiles generally
depends on the concentration in addition to the nature of the
solvents. When tetrapodal molecule 1 afforded hollow spheres at
a low concentration (0.1 mM) in tetrahydrofuran, a fusion
phenomenon between the spherical assemblies was partly
observed by SEM. It is thus likely that other highly aggregated
structures will form at high concentrations of tetrapodal
molecule 1. For a concentration of 1 in tetrahydrofuran of 0.2
mM, from FE-SEM measurements necklace-like aggregates
partially appeared in addition to spherical structures (Figure
7a). These are possibly produced by the fusion of individual

Figure 7. SEM images obtained from a tetrahydrofuran solution of 1 at
(a) 0.2 mM and (b) 0.5 mM.

spherical assemblies. For an even higher concentration (0.5
mM), SEM images revealed two-dimensional network assem-
blies composed of fibrous structures with a width of 200—400 nm
(Figure 7b). Increasing the concentration of 1 facilitates the
fusion of spherical assemblies, which induces necklace-shaped
aggregates and these progressively form 1D fibrous assemblies
leading to two-dimensional network structures.'> Higher
aggregates were generated by minimizing the interfacial free
energy between the spherical assemblies and the organic solvent.

In conclusion, we designed tri- and tetrapodal adamantanes
with carbazole and pyrrole moieties as hydrophobic molecules
and examined their self-assembly behavior in organic solvents.
We succeeded in the creation of tunable hollow spherical
assemblies consisting of columnar structures from component
molecules. The sizes of the hollow spherical structures were
subject to the number of branched compartments, the character
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of the N-heterocyclic moieties, and the organic solvents. Studies
into the exploitation of other tetrapodal adamantanes containing
large 7-aromatic molecules including pyrene and porphyrin and
their self-assembly phenomenon in organic media are interesting
subjects worthy of further investigation.
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