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Organic p-conjugated molecules are attractive
objects in the materials sciences.[1–8] The prop-
erties of dye aggregates critically depend on the
degree of structural order. Control of the
precise arrangement of chromophores into
dimensionally and morphologically defined
shapes is a key aspect in the development of
optoelectronic devices.[9–17] Close spatial prox-
imity and in-plane alignment of chromophores
in 2D structural motifs[18–27] often results in
distinct electronic interactions between the
partners[28–36] leading to charge separation and
transport, directional energy transfer, new
optical and photophysical properties not
observed in the separate molecules.[37–46] More-
over, spectroscopic changes often provide valuable informa-
tion about the relative orientation of adjacent chromophores
in a given environment.[39, 47–50] Among the most prominent
examples of electronic interactions with pronounced effects is
the formation of J- and H-aggregates.[51–55] The type of
aggregation strongly depends on the geometry and orienta-
tion of the interacting molecules as described by the theory of
exciton coupling.[56, 57]

Owing to their exceptional optical and electronic proper-
ties, pyrene derivatives find applications as chemical and
biological sensors and labels, as components of dye-sensitized
solar cells, in light-emitting diodes, or for photovoltaic
applications.[58] Despite abundant information about its
behavior in the aggregated state, data on J- and/or H-type
interactions between pyrenes is very limited.[59,60] We inves-
tigate pyrene-modified nucleic acids as biosensors,[61] DNA-
based light-harvesting[62,63] and energy-transfer systems[64] or
as nanoscale templates for chromophore assembly.[65]

Recently, a phosphodiester-linked pyrene heptamer (or
heptapyrenotide[66]) was found to form rod-like structures
by supramolecular polymerization.[67–69] Herein, we present
the synthesis, the self-assembly behavior, morphological
studies, and the spectroscopic properties of a phosphodiester
linked, 1,6-dialkynyl-substitued pyrene trimer (Py3,
Scheme 1). This tripyrenotide exhibits solvent-dependent
aggregation behavior that results in the formation of two-
dimensional supramolecular polymers which is revealed by
the unprecedented simultaneous occurrence of J- and H-type
couplings for different electronic transitions.

Synthesis of the 1,6-dipentynyl pyrene (Py, Scheme 1)
followed reported procedures.[70] This derivative was further
transformed into a suitably protected phosphoramidite build-
ing block and oligomerized by automated solid-phase syn-
thesis. The trimer (Py3) obtained was purified by size-
exclusion chromatography and characterized by mass spec-
trometry (see Supporting Information).

The absorption spectrum of Py3 in ethanol (Figure 1)
shows the first electronic transition in the range from 330–
400 nm. A ratio of the intensities of the vibronic bands

S1
0!0/S1

0!1 = 1.2 is observed. In aqueous medium several
significant changes occur. 1) the ratio of the intensities S1

0!0/
S1

0!1 decreases to 0.8, which shows a high degree of pyrene
aggregation.[70, 71] 2) the intensity of the S0!S1 transition
decreases dramatically and a new blue-shifted band with
a lmax = 335 nm appears (specified as H-band). 3) the S0!S2

signals that were observed in ethanol mostly disappear.
Instead, an intense, narrow and red-shifted band at lmax =

305 nm (J-band) arises. These changes suggest that Py3 units
are involved in a self-assembly process in aqueous medium
leading to supramolecular polymers (SPs).[4,72–77] Evidence for
the formation of aggregates of Py3 was provided by dynamic
light scattering (DLS) experiments (Figure S9) indicating
a medium particle size of 150–200 nm at 20 8C. The presence
of a small amount of alcohol (10 % ethanol was used
routinely) is required to ensure the reversibility of the
assembly/disassembly process.

Scheme 1. Structure of the phosphodiester-linked, 1,6-dipentinyl-substituted pyrene Py
and the trimeric Py3.

Figure 1. UV/Vis spectra of Py3 (1 mm) in ethanol (broken line) and in
aqueous medium (10 mm sodium phosphate buffer, pH 7.2, 10 mm

sodium chloride, ethanol 10 vol%, 20 8C).
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The formation of supramolecular polymers was unambig-
uously confirmed by AFM experiments. Since oligopyreno-
tides are structurally similar to DNA,[69] we followed the
method developed for AFM investigations of DNA mole-
cules.[78] Supramolecular assemblies were deposited on a mica
surface modified with 3-aminopropyltriethoxy silane
(APTES-mica) from a chosen sample solution (see Support-
ing Information for details). A representative AFM image is
shown in Figure 2. It displays clearly distinguishable, free-
standing 2D objects, like nanosheets. The AFM results with

APTES-mica as a substrate were highly reproducible. We
detected nanosheets of 50–250 nm lateral size as deposited
from the sample solutions (Figures S11, S12). The nanosheets
have a rigid structure, as multiple AFM imaging of the same
area did not lead to any morphological changes of the
assemblies.

The self-assembly process was further studied by temper-
ature-dependent experiments (Figure 3). Heating to 80 8C
disruptes the structure of the SPs and J- and H-bands
disappear concurrently. Intramolecular folding of pyrenes in
Py3 is supported by the ratio S1

0!0/S1
0!1 = 0.8. Cooling of the

solution leads to the reappearance of the J- and H-bands. The
positions of both, the J- and H-band, remain the same over
the whole temperature range.

UV/Vis-monitored cooling curves (Figure 4) reveal
a highly cooperative supramolecular polymerization process
according to the nucleation-elongation model.[79, 80] Absorp-

tion changes were recorded at three different wavelengths
(305 nm, appearance of the J-band; 365 and 385 nm, vibronic
bands of the first electronic transition). Evaluation of the
curves according to the method by Schenning, Meijer, et al.[81]

gives an elongation temperature (Te) of 73 8C (Figure S10).
The observations can be rationalized by the formation of

a two-dimensional supramolecular polymer (2DSP), as illus-
trated in Scheme 2. In ethanol, Py3 exists as random coils. The
addition of water promotes intramolecular folding and
formation of sheet-like supramolecular polymers. Within the
supramolecular polymer, Py3 units are individually folded in
a staircase-like manner which results in the proper alignment
of the corresponding transition moments, as derived from the
appearance of J- and H-bands in the UV/Vis spectra.
Compared to unsubstituted pyrene, the introduction of the
alkynyl linkers in the 1- and 6-position leads to a slight
twisting of the orientation of the electronic transition dipole
moments by approximately 248 relative to the long and 188 to
the short axis of pyrene (see Figure 3, inset) caused by the
interaction of the alkyne substituents with the p system;
configuration interaction plays a less important role than in
the unsubstituted pyrene because of the lower symmetry (see
Figure S3).[82–84] The first intense electronic transition of Py,
S0!S1, is of HOMO to LUMO type while some admixture
HOMO�2, HOMO�1, and LUMO + 1, LUMO + 2 occurs in
the intense S0!S2 transition. The oscillator strength of both
transitions is large, which is important because exciton
splitting is directly proportional to the oscillator strength
(see for example, Eq. (1) in Ref. [49]). Folding of the
amphiphilic Py3 in a staircase-like mode causes the S0!S1

and S0!S2 electronic transition dipole moments to adopt an
H- and a J-type orientation. To our knowledge, this is the first
example of a multichromophore in which the first two
electronic transitions are both very sensitive to excitonic
coupling and lead to the simultaneous appearance of J- and
H-type coupling. This is a different situation with respect to

Figure 2. Left: Tapping-mode AFM images of 2D supramolecular
polymers (Py3)n deposited on APTES-mica from aqueous solution of
Py3 containing 10 % methanol. Right: typical cross-sections of two
nanosheets along the lines shown in the inset of the AFM image.

Figure 3. Temperature-dependent UV/Vis absorption spectra of Py3 in
aqueous medium (conditions see Figure 1; equilibration was allowed
for 20 min at each temperature). Red 20 8C, black 80 8C. Double-
headed arrows illustrate the relative orientations of the electronic
transition dipole moments. Inset: Orientation of the electronic transi-
tion dipole moments (red) in 1,6-dialkinyl pyrene (rotated by ca. 248
relative to the long and 188 to the short axis of unsubstituted pyrene,
shown as dashed lines).

Figure 4. Supramolecular polymer formation curves (cooling rate
0.1 8Cmin�1) recorded in aqueous medium (conditions as in Figure 1).

.Angewandte
Communications

11490 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 11488 –11493

http://www.angewandte.org


the simultaneous occurrence of H- and J-coupling of degen-
erate states, known from porphyrins.[39,47, 48]

The supramolecular polymerization process follows
a nucleation-elongation pathway. The high degree of cooper-
ativity may arise from the adoption of a defined staircase-like
intramolecular fold of Py3 within the assemblies. This well-
defined fold is absent at temperatures above. Once formed
(T= Te), the nucleus serves as a template that facilitates
proper folding and assembly of additional Py3 units (elonga-
tion). The 2D polymeric structure further implies that the
negatively charged phosphodiesters are arranged on the
outsides of the nanosheet, while the pyrene units form
a hydrophobic inner layer in an aqueous environment.
AFM visualization demonstrates that the nanosheets have
a highly uniform height of 2.0� 0.1 nm (Figure 2, right),
which represents the thickness of the monolayer assembly
(Scheme 2). The value is equal to the length of the long
molecular axis of a phosphate-linked pyrene unit and, thus, in
a good agreement with the proposed model.

Pyrenes form excimers when the association of two
monomers is geometrically possible.[85–87] The most favorable
geometry is a slightly slipped, sandwich-like orientation.[88]

The fluorescence spectrum of Py3 in ethanol (Figure S5)
shows a strong excimer signal (lmax = 509 nm). In aqueous
medium, at 20 8C however, Py3 exhibits predominantly

monomer fluorescence (380–450 nm) and only very
weak excimer emission (Figure 5). Upon heating, the
excimer signal increases and at 80 8C it is the
dominant band of the spectrum. This observation is
consistent with a rigid two-dimensional structure at
20 8C, in which pyrene units are arranged at fixed
positions and, hence, cannot adopt the sandwich-like
arrangement of two pyrene units required for excimer
formation. Residual excimer emission may originate
from pyrene units located at the edges of the nano-
sheets, where the structure would be expected to be
less rigid because of the dynamic nature of the
supramolecular polymers. Increasing temperatures
lead to dissociation of the aggregates and the higher
flexibility of the pyrene units in separate trimeric
units allows the formation of excimers. In addition,
aggregation results in a general reduction of pyrene
fluorescence. This is consistent with the quenching
effect of H-aggregates.[89]

In conclusion, we have demonstrated that phos-
phodiester-linked trimers of a 1,6-dialkynyl-substi-
tuted pyrene behave as staircase-like foldamers,
which cooperatively self-assemble into two-dimen-
sional supramolecular polymers in aqueous medium.
Folding and aggregation processes are accompanied
by simultaneous development of J- and H-bands
caused by the second and the first allowed electronic
transitions, respectively, and significant changes in
the fluorescence properties. In the amphiphilic sheet-
like polymers, the negatively charged phosphodiester
groups are arranged on the outsides of the layer
formed by the hydrophobic pyrene units. The data

presented herein differ significantly from findings with 1,8-
disubstituted pyrene carboxamides, which give rise to quasi-
one dimensional supramolecular polymers.[69,90] Effects of
different linker types and substitution patterns are the topic of
further investigations.

Received: August 9, 2013
Published online: September 25, 2013

Scheme 2. Illustration of 2D supramolecular polymerization. Amphiphilic Py3

units self-assemble in a temperature- and solvent-controlled process to form
nano-sized sheets. The polymerization follows a nucleation-elongation pathway.
Individual Py3 units are folded in a staircase-like fashion forming a hydrophobic
pyrene layer (gray). Negatively charged phosphodiesters (red) are arranged on
the outsides of the sheet.

Figure 5. Fluorescence spectra of Py3 at 20 and 80 8C; excitation:
365 nm; conditions as in Figure 1; monomer: 380–450 nm; excimer:
450–700 nm.
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