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The construction of self-assembled cyclic nanostructures,
especially those based on chromophores, has become an
attractive research field, not only because of the artistic
structural beauty of cyclic dye assemblies, but also from the
viewpoint of mimicking the functions of their natural
archetypes. Chromophoric circular arrays are of pivotal
importance for natural light harvesting (LH). For instance,
light-harvesting complexes LH1 and LH2 in purple bacterial
photosynthetic membranes contain cyclic bacteriochlorophyll
dye arrays embedded in a protein matrix for efficient
collection of sunlight and subsequent energy transfer to the
reaction centers.!! The cyclic topology of these arrays, as well
as their two-dimensional packing in the photosynthetic
membranes, have been confirmed by AFM.? Notably, a
cyclic arrangement of bacteriochlorophyll dyes prevails in
tubular assemblies, even in natural LH systems that lack a
protein matrix, that is, chlorosomes of green bacteria.l’! In
recent years, scanning tunneling microscopy (STM) has
become an important tool for the investigation of cyclic
structures.*! A broad variety of macrocyclic molecules have
been synthesized and their structural features have been
explored by STM with submolecular resolution.™®! In partic-
ular, bioinspired light-harvesting systems that consist of
porphyrins have been extensively studied with regard to
their structural organization and efficient photochemical
properties.’! Furthermore, several self-assembled dye struc-
tures, including macrocycles, have been created on substrates
and investigated by STM.® Various nanostructures such as
honeycomb networks have been constructed on surfaces by
supramolecular interactions, in particular hydrogen bonding
and metal-ion coordination, under ambient conditions.!®
However, to date, self-assembled cyclic structures of semi-
synthetic zinc chlorins, which are appropriate model systems
for natural (bacterio)chlorophyll dyes®? and their two-
dimensional organization on surfaces, reminiscent of that
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found in natural photosynthetic membranes, have not been
realized. To bridge this knowledge gap, we have designed new
zinc chlorin dyes that contain second-generation dendrons
(see Scheme 1). We report herein that, depending on the size
of the dendritic wedges, these zinc chlorins self-assemble on
highly oriented pyrolytic graphite (HOPG) surfaces into
cyclic structures that resemble dye arrays in photosynthetic
membranes, as revealed by scanning probe microscopy (SPM)
studies.

Our strategy for the construction of self-assembled cyclic
structures of zinc chlorins is based on the “dendron wedge”
approach pioneered by Percec and co-workers."” In this
technique, different self-assembled structures, including rows,
columns, and spheres, can be constructed, depending on the
generation number and size of peripheral dendritic wedges.
Self-assembly of such dendrons has also been investigated by
STM."I The construction of 2D self-assembled architectures,
either cyclic or linear, can be controlled by molecular
structures and by variation of the solvents used for STM
measurements. By considering the size of a zinc chlorin unit as
the focal point for the creation of 2D structures, we have
synthesized the dendritic zinc chlorins 1-3 (with 4, 6, and 9
alkyl chains in the dendrons, respectively; Scheme 1).1%

We initially investigated the self-assembly of 1-3 on
HOPG by AFM (Figure 1). For all three compounds, no large
aggregates could be observed on the whole surface, but layers
with interesting structural features were created. For 1, which
bears four alkyl chains in the dendron, linearly ordered
striations with a width of (4.8 +0.3) nm are observed in the
layers (Figure 1a). In contrast, 3, which bears nine alkyl
chains in the dendron, did not form any ordered structures
within the layers (Figure 1c). Pleasingly, 2, which has a
dendron of size between that of 1 and 3, was found to form
highly ordered cyclic structures with a center-to-center
distance of (7.6+£0.3) nm between neighboring circular
arrays (Figure 1b). These results clearly indicate that the
2D packing behavior of these zinc chlorins on HOPG is
dependent on the nature of the dendron wedges. The dendron
of 1, which has the smallest wedge in this series, leads to the
formation of linearly ordered structures. In 2, the dendron
group acts as an effective wedge for the formation of cyclic
self-assembled structures, and both wedges in 1 and 2 can
adopt planar orientations that lead to better interaction of the
aromatic chlorin core with the graphite surface, thus enabling
their visualization as layers by AFM. In contrast, 3 might have
a conical shape, as schematically illustrated in Figure 1f,
owing to the large number of alkyl chains on the periphery.
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Scheme 1. Synthesis of 1-3: a) DCC, DMAP, DPTS, N,N-ethyldiisopropylamine, CH,Cl,, room temperature, 3—4 h, ROH; b) Zn(OAc),, MeOH,
THF, room temperature, 3 h. Molecular dimensions of the zinc chlorin core and dendritic wedges are indicated along the structures.
DCC =dicyclohexylcarbodiimide, DMAP = 4-dimethylaminopyridine, DPTS = dimethylaminopyridinium-p-toluenesulfonate.

Figure 1. AFM images of 1-3 on HOPG spincoated from solutions in THF at approximately
5x107° M. a) Phase image of 1; b, c) height images of 2 and 3, respectively. The inset shows a section
magnification. d—f) Schematic illustrations of 1-3 and their self-assembled structures on surfaces.

This feature is apparently disadvantageous for planarization
on graphite surfaces and thus leads to disordered structures.

To obtain more insight into the molecular ordering of dye
molecules on HOPG surfaces, we performed STM investiga-
tions with the zinc chlorin derivatives.") For 1, lamellar
structures are observed at the phenyloctane-HOPG interface
(Figure 2a). Closer examination of the high-resolution STM
image reveals that both circular brighter spots (indicated by
green circles) ordered in a zigzag fashion and feeble bright
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areas (indicated by pink ellipses)
are present in the lamellae. In the
dark areas, striations with six lines
in a repeat unit are observed (see
Figure S1 in Supporting Informa-
tion). Generally, aromatic moieties
in STM images are detected at
higher tunneling currents than the
alkyl chains; therefore, the images
of aromatic units are much brighter
than those of alkyl groups.'¥! Thus,
in the STM image of 1, the brighter
spots could be attributed to the
chlorin cores, the feeble bright
areas to the phenyl rings of the
dendron, and the striations in the
dark trough to the alkyl chains of
the dendron. Accordingly, a tenta-
tive model for the molecular
arrangement of 1 in the lamellae is
illustrated in Figure 2b. The unit
cell parameters of this arrangement
(marked in Figure 2a) are a=(2.65+0.10) nm, b=(9.40 +
0.19) nm, and a = (92 +2)°. Notably, chlorin dyes may adopt
two different molecular orientations, namely “face-on” and
“edge-on”, on the surfaces."?***! As well as chlorin dyes, other
planar aromatic compounds, particularly phthalocyanine and
porphyrin derivatives, can orient to the surface in both
fashions."”! Based on the above-mentioned STM investiga-
tions, we propose that the “face-on” orientation prevails for 1,
the chlorin cores adopt an offset arrangement, and the
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Figure 2. a) STM image of the self-assembly of 1 at the 1-phenyl-
octane—-HOPG interface; V,,s=—0.9 V and /=50 pA. b) A tentative
model for the molecular arrangement of 1 in lamellar structures.

dendrons of neighboring zinc chlorins are oriented in opposite
directions (Figure 2b). The alkyl chains of 1 molecules of the
neighboring rows are interdigitated at the dark trough, and
three out of four alkyl chains of each zinc chlorin molecule are
in contact with graphite surface, as revealed by the six lines
observed for the repeat unit in STM current image of 1 (see
Figure S1 in the Supporting Information). This observation
implies that some of the alkyl chains are directed toward the
supernatant solution."”

For 2, which contains six alkyl chains in the dendron, two
different self-assembled structures are observed at the
solution-HOPG interface, depending on the concentration
of the solution (Figure 3, see also Figure S2 in the Supporting
Information). STM images of a 1 x 10~ M solution of 2 in 1-
phenyloctane/octanoic acid (1:1) on HOPG show highly
ordered cyclic structures with hexagonal packing (Figure 3a),
which are similar to those observed by AFM for 2 (see

Low

High

Concentration dependency

Figure 3. STM images of self-assembly of 2 at different concentrations
in 1-phenyloctane/octanoic acid (1:1). a) 1x 107> m solution (STM
conditions: V,;,;=—1.8 V and =5 pA). The inset shows a magnified
image of the cyclic structure. b) 2x 107> m solution (STM conditions:
Vhies = —1.5 Vand I=6 pA). ¢,d) Schematic illustrations of the corre-
sponding molecular arrangements in (a) and (b).
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Figure 1b). The center-to-center distance between the neigh-
boring cyclic structures is 7.4 nm, which is in good agreement
with the value ((7.6 +0.3) nm) observed for cyclic structures
of 2 on HOPG in air by AFM. Moreover, a single cyclic
structure is composed of six molecules of 2, as six brighter
spots that correspond to the chlorin cores can be seen in the
STM image (Figure 3 a, inset). The structural order of cyclic
arrays of 2 is shown schematically in Figure 3c. A unit cell
with the parameters a=b=(7.37+£0.08) nm and a=(60+
5)°, which are in good agreement with hexagonal packing, is
marked in Figure 3 a. In addition, the centers of the hexameric
cyclic structures appear to possess holes since the alkyl chains
of the dendrons surround the chlorin cores, as indicated by the
dark areas in the STM image (Figure 3a). As the chlorin core
does not possess any additional functional groups such as
hydroxy groups, which can stabilize 2D structures, it is
reasonable that these cyclic structures are established by the
steric hindrance imposed by the dendron wedge that bears a
large number of alkyl chains and leads to nanosegregation.
Therefore, the chlorin cores tend to stay near the center and
the side chains at the periphery of the structure.

At higher concentrations (2x107°-5x107°m) of 2 in 1-
phenyloctane/octanoic acid (1:1), linear structures are
observed at the solution-HOPG interface. From the high-
resolution image in Figure 3b, it is evident that the bright
rows are composed of dimeric units of 2 in two orientations,
and that the dimers are alternately aligned in the neighboring
linear structures (Figure 3d). The center-to-center distance in
the dimers is approximately 1.4 nm. A unit cell with the
parameters a=(3.9+0.2) nm, b=(72+0.1) nm, and a=
(85 +5)° is marked in Figure 3b.

The concentration-dependent formation of two different
types of self-assembled structures of dendritic zinc chlorin 2
may be explained in terms of molecular packing at the
interface by considering the areas of the molecules in the unit
cells. The unit cell areas divided by the number of molecules
per unit cell in linear structures and in cyclic structures can be
estimated to be 7.0 nm? and 7.8 nm?, respectively. The linear
structures have a slightly smaller area per molecule than that
of the cyclic structures, thus implying that the molecular
packing density is higher in the former case. Therefore, the
molecular packing change at the interface can occur through
concentration control. At low concentrations of 2, cyclic
structures with a “face-on” molecular orientation are formed.
Upon increasing the concentration of the solution, 2 adopts a
dimeric linear structure because of increasing adsorbate
concentration at the interface. However, the transition from
cyclic to linear structures has not been observed at any
concentration, therefore indicating that the phenomenon is
not kinetically driven. Recently, De Feyter and co-workers
have reported such concentration-dependent behavior for
self-assembled structures at the solution—solid interface.!"”
This behavior shows that the balance of interactions between
solvent, molecule, and substrate is very important for
supramolecular 2D structures at the interface.

In summary, the self-assembly of zinc chlorins 1-3 that
bear second-generation dendrons has been investigated by
SPM on HOPG. The formation of self-assembled structures
can be controlled by the dendron wedge effect, and 2 forms
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cyclic structures without common intermolecular interactions
such as hydrogen bonding, but by steric hindrance of the
dendron with an appropriate wedge. The cyclic arrays of 2
possess holes at the center, which provide further opportu-
nities for the incorporation of other functional molecules.
This cyclic arrangement of zinc chlorins with dendron wedges
is reminiscent of the light-harvesting systems LH1 and LH2 in
nature, hence the present results might provide a promising
path toward the realization of light harvesting with such
semiartificial systems.
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