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The chemical synthesis and the supramolecular assembly of an
aromatic oligoamine are described. The self-assembly of the
cationic oligomers in aqueous solution leads to the formation of
vesicular objects. The assembly process of the oligomers is
monitored by absorption and fluorescence spectroscopy and the
formed vesicles are characterized by atomic force and
microscopy. The electrostatic
complementarity of anionic supramolecular polymers sheets and
the cationic vesicles is used for a layered assembly process.

transmission electron

The field of supramolecular polymers is rapidly expanding.l_4 The

properties of supramolecular polymers, such as self-healing,
remouldability and easy recyclability, may lead to future-oriented
types of application.‘r’_8 In addition to the commonly used organic
solvents, also aqueous conditions can be used for the self-assembly
of supramolecular polymers.9 In particular, the employment of
water as a medium opens the possibility of using highly polar and
even ionic compounds as building blocks for the assembly of
supramolecular systems. Supramolecular polymers assembled in

. . . . . . . . . 2,9-16
aqueous medium find applications in biomedical engineering B

. 17 . . 18 . . 19-23
sensing™’, organic electronics,” light harvesting and solar
energy conversion.”*® For the assembly of supramolecular
structures with special spectroscopic and light-harvesting
properties, m-conjugated and aromatic molecules are of particular
interest.”® We have previously observed light-harvesting properties
in various types of supramolecular assemblies of oligophosphates
based on phenanthrenes and tetraphenylethylene in aqueous
medium.”* ™ Further, pyrene trimers showed interesting
spectroscopic properties due to their self-assembly into
26 . . ..

nanosheets.” These polyaromatic oligomers were joined by
phosphodiester linkages and, thus, were of anionic nature.’>?*%

Besides these examples of polyphosphoester oligomers,zg’_32 amine-
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linked polyaromatic oligomers have not been studied in this
context. Under physiological conditions, an amine-based connecting
unit will lead to the formation of cationic oligomers with,
presumably, different chemical properties. In addition, access to
cationic oligomers would bring the further option of forming and
studying composites with anionic phosphodiester-linked oligomers.
The method of electrostatic layering was first applied in the 60’s by
ller® and Kirkland,34 who both made use of microparticles. Around
30 years later, Decher revived the method by the application on a
wide range of poneIectrontes.a‘r"36 The method has since been used
for the preparation of ultrathin-layers and is of high interest for the
production of optics and sensors.”™ Herein, we present the
synthesis, the self-assembly and the spectroscopic properties of a
3,6-dialkynyl-substituted, amine-linked phenanthrene-trimer (N-
Phe;, Scheme 1). Additionally, the cationic oligomer was used for
the formation of nanometer-scaled aggregates in an electrostatic
layered assembly%'38 in  combination with an anionic
supramolecular polymer.

The synthesis of the target compound N-Phe;, the amino-linked
trimer of 3,6-dipentynyl substituted phenanthrene, is depicted in
Scheme 1. First, 4,4’-dibromo-trans-stilbene (1) was converted into
3,6-dibromophenanthrene (2) via oxidative photochemical
cyclization in analogy to the literature.** A Sonogashira cross-
coupling reaction afforded a mixture of compounds 3 and 4, which
were separated by flash column chromatography. Treatment of
compound 3 with hydrazine afforded the amine 5. Separately, the
diol 4 was converted into the bis-aldehyde 6 by a Dess-Martin
oxidation. A reductive amination reaction with compounds 5 and 6
finally yielded the oligomer N-Phe;, which was purified by
preparative TLC (ESI).
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Scheme 1 Synthesis of the 3,6-disubstituted phenanthrene trimer with amine-bridges
(N-Phej).

Figure 1 shows the absorption spectra of N-Phe; under different
conditions. In ethanol, N-Phe; exhibits a spectrum with three major
absorption maxima at 253 nm, 314 nm, and 329 nm (black). N-Phe;
is soluble in ethanol and the spectrum closely resembles the one of
phenanthrene monomer.” In aqueous medium (sample
preparation see ESI), a distinct shift in the long-wavelength
absorption bands is observed when the spectra are taken at
elevated (75 °C) or at low (15 °C) temperature, which suggests a
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Figure 1 UV-vis spectra of N-Phe;s (1 uM) in ethanol (black) and in an aqueous medium
(10 mM sodium acetate buffer pH 4.7, containing 10 vol% ethanol) at 75 °C (red) and
15 °C (blue).
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Figure 2 AFM images of self-assembled structures obtained from amine-oligomer N-
Phe; at 1 uM and 10 pM sample concentrations (images A and B, respectively).
Conditions: 10 mM sodium acetate buffer (pH 4.7), 10 vol% ethanol.

self-assembly process of N-Phe; in this temperature range. At 75 °C
the maxima (315 and 329 nm) correlate well with the ones
observed in ethanol, which indicates that the oligomer is not
assembled. Lowering the temperature leads to the self-assembly of
N-Phe; and a bathochromic shift of approximately 3 nm (317 and
332 nm). This redshift is explained by a structural change during the
self-assembly of trimers upon lowering the temperature. Stepwise
temperature-dependent recording of the spectrum reveals that the
red-shift, and thus the self-assembly process, occurs in the range
between 35 °C to 45 °C (ESI).

The morphology of the objects formed by self-assembly of N-
Phe; was investigated by atomic force microscopy (AFM) on mica.
As shown in Figure 2, the sample concentration has a strong effect
on the course of the self-assembly. At a 1 uM concentration (Figure
2A), the formation of a layer was observed in which coherent areas
are separated by intervening holes. The average height of 5-6 nm
suggests that the covered areas correspond to a bilayer of trimers
(Figure 3). After the increase of the N-Phe; concentration to 10 uM,
vesicles were observed (Figure 2B). This type of concentration
dependence in AFM imaging was already noticed in previous
work.” Apparently, vesicles formed in the solution first, form the
mentioned bilayer deposition on mica. At higher
concentrations (10 uM), vesicles are further adsorbed on this

after

preformed bilayer. The vesicles exhibit a height of 6-30 nm and a
width of 50-100 nm (Figure 2B).

The aqueous environment and hydrophobic effects favor
stacking interactions between the phenanthrenes in the bilayer.
The linkers with the amine and hydroxyl groups are pointing to the
inner and outer side of the vesicles, as illustrated in Figure 3. Under
the experimental conditions (pH 4.7), the amino groups are
protonated, hence the vesicles are positively charged (zeta-
potential = +3.72 £ 0.14 mV).

This journal is © The Royal Society of Chemistry 20xx
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Figure 3 Graphical illustration of vesicle formation by N-Phes;. Blue dots indicate
amines, red dots hydroxyl groups. A bilayer of trimers has a calculated height of ~6 nm.

The structural observations made by AFM were supported by
transmission electron microscopy (TEM) experiments, which
confirmed the formation of vesicles by N-Phe; (Figure 4). The
vesicles exhibited a diameter range from 50 nm up to 100 nm,
which closely correlates with observations made by AFM. Dynamic
light scattering (DLS) measurements revealed an average particle
size of around 150 nm at 20 °C (ESI).

The above described positively charged vesicular assemblies of
amine-linked oligomer N-Phe; were next used for electrostatic
layered assembly experiments in combination with negatively
charged supramolecular nanosheets. The latter were assembled
from a phosphodiester-linked, 1,6-disubstituted pyrene trimer (Pys,
see ESI), as described previously.26 The 2-dimensional shape of this
supramolecular polymer was considered as an ideal starting
platform for the subsequent layering process. For the electrostatic
assembly, the supramolecular objects, cationic vesicles and anionic
nanosheets, were prepared independently with the trimers Py; and
N-Phe; (Figure 5A and ESI). Figure 5B illustrates the formation of an
electrostatic assembly, starting from an anionic Pys-nanosheet on
APTES-modified mica (positively charged). This first Pys-layer is
followed by a layer of positively charged N-Phe; which adsorbs on
the Py3—sheet.45 Unlike the vesicular shape on the unmodified mica
(Figure 2A), N-Phe; appears as a layer of discs on the negatively
charged Py;-sheets (Figure 5B). We attribute this difference to the

change of the surface charge.

Figure 4 TEM images of vesicles assembled from N-Phe; (left: 3 puM; right: 5 pM).
Conditions as in Figure 2.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5 Graphical illustration of the electrostatic layered assembly preparation. A) Py;
self-assembles into negatively charged sheets (blue) and N-Phes into positively charged
vesicles (grey). B) First the Pys-sheet (blue) is adsorbed on the substrate (APTES-
modified mica, brown), followed by the adsorption of N-Phes-vesicles (grey).
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Figure 6 Electrostatic assembly starting with Py; sheets and leading to a two-layered
structure. Left: graphical illustration of layering; middle and right: AFM images and
height profiles. Conditions: 1% layer 2 uM Pys, 10 mM sodium phosphate (pH 7.1), 10
mM NaCl and 10 vol% ethanol; 2" layer 10 uM N-Phes, 10 mM sodium acetate buffer
(pH 4.7) and 10 vol% ethanol.

Figure 6 shows the AFM images of the layering process
according to Figure 5B. The first layer consists of Pys-sheets
adsorbed on APTES modified mica®® with a height of 2 nm (Figure
6A). In a next step the second layer, N-Phej-vesicles, is added,
which results in a total height of 8 nm for the two layers (Figure 6B).
The height of 8 nm consists of the Pys-sheets (2 nm) and the N-
Phe;-vesicles, which are adsorbed as bilayer discs (6 nm).

In conclusion, we have described the synthesis and self-
assembly  properties of a water-soluble amine-bridged
phenanthrene oligomer (N-Phes). The oligomer self-assembles into
vesicles in aqueous medium as shown by atomic force and electron
microscopy. In addition, the cationic vesicles give rise to novel types
of electrostatically controlled layered assemblies in combination
with anionic supramolecular two-dimensional polymers, which was
confirmed by AFM. Electrostatically controlled deposition of
supramolecular polymers enables the buildup of layered
nanomaterials. With well-defined dimensions and properties of the
individual tiers, such nanocomposites are of interest for the field of
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molecular electronics, as sensors or as components of light-
harvesting materials.
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