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Noncovalent synthesis is an efficient “bottom-up” method-
ology for the construction of organic nanoscale systems by the
self-assembly of covalent molecular building blocks.[1–3] The
design of noncovalent systems takes advantage of encoding
complexity in an economical way: a simple construction unit
elicits the structure and function of the extended supramolec-
ular arrays. This methodology can be further enhanced if a
single generic covalent building block can be utilized for
many structural and functional motifs; such a “molecular
economy” approach being analogous to biological systems.
The economical design of organic nanostructures has there-
fore attracted much interest[3–7] as it can further reduce the
need of time-consuming covalent synthesis, and thus facili-
tates the screening and optimization of organic nanoscale
systems. Herein we report the assembly of nanoscale ribbons,
vesicles, tubes, and platelets, all based on a single generic
covalent building block. Such diversity is achieved by using a
two-stage self-assembly motif that is conveniently regulated
through metal coordination. The nanostructures show good
exciton mobility and can be utilized as light-harvesting
systems.

Efficient generation of diverse nanostructures based on a
single covalent building block requires a built-in functionality
that can be expediently modified, which leads to changes in

overall structure. By utilizing this concept, we have recently
shown that the supramolecular fibers based on amphiphilic
perylene diimide (PDI) units can undergo depolymerization
(micelle formation) upon chemical reduction of PDIs, while
oxidation with air restores the fibers.[8] This represents an
interesting example of reversible supramolecular depolyme-
rization, yet it is based on a single type of input—the
reduction of a PDI unit. To achieve a high degree of diversity,
a system that allows multiple inputs is required. Conse-
quently, we aimed to introduce two levels of self-assembly
encoding in a covalent building block: a general permanent
self-assembly motif, and a tunable motif that has a broad
range of possible modifications. We also aimed to produce a
system in which self-assembly brings about useful photo-
function. In pursuit of this idea, compound 1 (Scheme 1), our
primary building block, was designed to possess an amphi-
philic photoactive moiety and a ligand that is capable of
binding a wide variety of metal centers (a unit for tuning).
Thus, 1 consists of three principal components that are
covalently linked: The strongly hydrophobic PDI chromo-
phore (photofunctional unit), a hydrophilic polyethylene
glycol (PEG) group, and the terpyridine (terpy) as a metal-
coordinating moiety (the syntheses and characterization of
compounds 1–4 are described in the Supporting Information).
PEGylated amphiphilic PDIs are very advantageous self-
assembling units because of strong hydrophobic interactions
between PDI cores in aqueous medium.[7, 9,10]

In a water/THF mixture (9:1 v/v), compound 1 self-
assembles into long fibers (Figure 1a) as evidenced by
cryogenic transmission electron microscopy (cryo-TEM).
The fibers show a ribbonlike structure, and an occasional
twisting of the ribbons from their narrower, high-contrast
edges ((4� 0.6) nm) to their wider, low-contrast faces ((7.9�
1.3) nm) is observed (Figure 1a, white arrows). The length of
the fibers is difficult to estimate as their end caps cannot be
identified. Most of the fibers appear to extend over the entire
cryo-TEM image and probably reach several microns in
length.

The aligned, tightly packed fibers exhibit a fiber-to-fiber
spacing of (7.1� 0.8) nm (Figure 1a), which corresponds to a
high-contrast ordered aromatic core (responsible for fiber
images in cryo-TEM) and low-contrast solvated PEGs
(interfiber area). Individual fibers show a segmented struc-
ture (see inset in Figure 1a), such hierarchical structures with
segmented cores are uncommon.[11, 12] Notably, the 1.9 nm
segment periodicity is almost identical throughout all struc-
tures and corresponds well to the dimensions of the PDI. A
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possible structure of the fibers is presented in Figure 1b (all
schematic structures are based on molecular modeling
studies, see the Supporting Information for details). We
have observed a similar motif for an amphiphilic PDI system
that possesses twofold symmetry.[8] Comparison of the UV/
Vis spectra of assembled and disassembled 1 (Figure 1c)
shows that self-assembly causes changes in the 0!0 and 0!1
transition intensities and substantial broadening of the
spectrum. The complete inversion of 0!0 and 0!1 transition
intensities is typical for face-to-face stacking (H aggregation)
of PDIs.[13] A lesser degree of inversion in the case for 1 may
be due to a less significant overlap of PDI aromatic systems or
structural inhomogeneity in the fibers.

Pd, Pt, and Ag metal centers were chosen to modify the
assemblies as the reaction of terpy with these metals gives
square planar complexes.[14] The similar geometries of the
complexes should allow a better insight into metal-dependent
modification of nanoscale systems. Coordination of Pd, Pt,
and Ag metal centers to 1 resulted in complexes 2–4
(Scheme 1).

In a water/THF mixture (9:1 v/v), compound 2 self-
assembles into fiberlike structures, as evidenced by cryo-TEM
(Figure 2a). The different contrast of the periphery and
center of these structures is characteristic of the projection
images of tubular aggregates (hollow cylinders). The nano-
tubes show a uniform diameter of (4.7� 0.4) nm and the
internal diameter and the wall thickness are (1.1� 0.2) nm
and (1.8� 0.2) nm, respectively. Similar to 1, the length of the

nanotubes is difficult to estimate,
while most of them appear to
extend over the entire cryo-TEM
image and probably reach several
microns in length. Comparison of
the UV/Vis spectra of the aggre-
gated and the disaggregated 2
(see Figure 2c) reveals an inver-
sion of 0!0 and 0!1 transition
intensities and significant broad-
ening, which is typical of
extended PDI assemblies with
predominant face-to-face stack-
ing (H aggregation). The possible
structure of the tube is presented
in Figure 2 b. In this model, PEG
groups are located at the periph-
ery of the tube and cationic Pd
centers cover the inner part.
Notably, extended supramolec-
ular nanotubes based on transi-
tion metal complexes are
rare.[15,16]

Cryo-TEM images of com-
pound 3 in a water/THF mixture
(9:1 v/v) show mostly vesicular
aggregates. The average diameter
of the vesicles is 26 nm (Fig-
ure 3a) and the largest vesicle
has a diameter of 72 nm. As
vesicles are formed from bilayers

that are closed on themselves, 3 is characterized by a self-
assembly motif that is very different from that of the
isoelectronic Pd complex 2. The structure of the bilayer of 3
is most probably similar to that of 4 (Figure 4b).

A comparison of the UV/Vis spectra of the aggregated
and the disaggregated 3 (Figure 3b) reveals a very significant
broadening, a change in the vibronic bands intensity of PDI
peaks, and a red shift of terpyridine platinum complex
(terpyPt) band, which indicates that, besides strong interac-
tions between PDIs, electronic coupling between terpyPt
units is substantial. This is consistent with the known
propensity of Pt–terpy complexes to interact through Pt–Pt
interactions in solution and the solid state,[17, 18] which appears
to be the reason for a difference in the self-assembly patterns
of 2 and 3.

In a water/THF mixture (9:1 v/v), compound 4 self-
assembles into nanoplatelets, with average dimensions of 60 �
40 nm (Figure 4a). The fine structure of the platelets (see
inset in Figure 4a) reveals an ordered “striped” pattern,
which shows a periodicity of (1.85� 0.05) nm. The UV/Vis
spectrum of the assembled 4 (Figure 4 c) shows an inversion of
the 0!0 and 0!1 transition intensities and significant
broadening, which is consistent with the formation of
extended structures with a face-to-face stacking (H aggrega-
tion) motif. A possible model is presented in Figure 4b.
Molecular modeling studies (see the Supporting Information)
suggest that hydrogen bonding between coordinated water
molecules may contribute to the directionality and strength of

Scheme 1. Complexation of 1 with various metal centers. a) [Pd(MeCN)3Cl]OTf, b) [Pt(MeCN)3Cl]OTf,
and c) AgOTf.
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the assembly, which results in a lower curvature of 4 (to give a
more rigid assembly motif) than 2 and 3.

Our systems strongly absorb visible light, while electronic
interactions between the chromophore units in the assemblies
are expected to promote efficient excitation energy transfer,

which is pertinent to light harvesting. Femtosecond transient
absorption studies on the nanostructures self-assembled from
1–3 (4 was not sufficiently stable under laser light) reveal that
the PDI excited-state feature shows multiexponential decay
(Table 1). The contribution of the fast processes in the
nanostructures is dependent on the laser power (in all cases,
the relative amplitudes of t1 and t2 decrease with decreasing
laser power, see Table 1). This result indicates that exciton
annihilation takes place, which is typical of chromophore
aggregates where a high photon flux of a laser pulse results in

Figure 1. a) Cryo-TEM image of 2 � 10�4
m solution of 1 in a water/THF

(9:1 v/v) mixture. The right inset shows an enlarged image of a
segmented fiber (scale bar 40 nm) and the left inset shows an
enlarged image of a fiber twist (scale bar 20 nm). The white arrows
point at twisting regions (from the narrow edge to the wider face) of
ribbonlike fibers (see Figure S12 in the Supporting Information for an
enlargement of image (a)). b) Suggested structure of fibers of 1. One
fiber segment (which corresponds to the segment observed in cryo-
TEM) and two aligned fibers are presented. The given dimensions are
based on molecular modeling studies (see the Supporting Informa-
tion). c) Normalized UV/Vis spectra of 1 in dichloromethane (disas-
sembled, dotted line) and in water/THF (9:1 v/v) solution (solid line).

Figure 2. a) Cryo-TEM image of a solution of 2 (2 � 10�4
m) in water/

THF (9:1 v/v). The inset shows an enlarged image of a nanotube
(scale bar 20 nm). b) Suggested structure of the nanotubes (nanotube
cross section; see Figure S13 in the Supporting Information for an
enlargement of image (a)). c) Normalized UV/Vis spectra of a solution
of 2 in dichloromethane (disassembled, dotted line) and in water/THF
(9:1 v/v) solution (solid line).
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multiple excitations and enables exciton annihilation pro-
cesses. Accordingly, disaggregated 1–3 (in chloroform solu-
tion) do not show power-dependent behavior. It should be
noted that the presence of two power-dependent components
may be attributed to the annihilation processes of delocalized
(faster time) and localized excitons, as well as complex high-
order multiexciton processes,[19] which complicate the eluci-
dation of energy transfer patterns. By employing a widely
used approximation, the site-to-site exciton hopping time
constant, thop , can be estimated from the annihilation time
constant, tan (which corresponds to t1 and t2), by using an
“exciton random walk” model that has been shown to give

satisfactory results for both natural and artificial chromo-
phore aggregates.[20,21] According to this model, tan =

(p�1NlnN + 0.2 N�0.12)thop, where N is the number of hop-
ping sites. In our experiments, the photon flux (the highest
energy pulse) corresponds to one photon per six molecular
units, which gives thop values of 360 fs, 890 fs, and 220 fs
(which correspond to t1) and 10 ps, 18 ps, and 4 ps (which
correspond to t2) for 1, 2, and 3 respectively. For comparison,
the hopping time constant observed for PDI aggregates in an
organic medium is 5 ps.[21] Overall, good exciton mobility in
the assemblies of 1–3 was observed. In-depth studies on the
exciton dynamics in 1–3 are currently underway.

In conclusion, we have demonstrated that a single
covalent generic building block can be used for the formation
of diverse photofunctional self-assembled nanostructures
such as ribbons, tubes, vesicles, and platelets. Such nano-
structural diversity is achieved by using a design where
noncovalent self-assembly is based on a two-level encoding—
a permanent self-assembly motif that bears a unit capable of
multiple “assembly controlling” inputs through metal coor-
dination. The possibility to coordinate a wide variety of metal
centers provides great latitude in structural control. Studies
on the self-assembly of 1 regulated by coordination of various

Figure 4. a) Cryo-TEM image of a solution of 4 (2 � 10�4
m) in water/THF (9:1 v/v). The inset surrounded by a white frame shows an enlarged

image of a nanoplatelet (scale bar 10 nm) and the inset in a black square (scale bar 0.5 nm�1) shows a fast Fourier transform image (performed
on the region in the white frame), which shows high crystallinity with the pattern that corresponds to 1.85 nm spacing (see Figure S14 in the
Supporting Information for an enlargement of image (a)). b) A model of the bilayer formed by 4. c) Normalized UV/Vis spectra of a solution of 4
in dichloromethane (disassembled, dotted line) and in water/THF (9:1 v/v) solution (solid line).

Table 1: Time constants for the 1*PDI decay (probed at 735 nm) at
various pump fluences in water/THF (9:1 v/v) solution (relative
amplitudes are given in parentheses).

Pump fluences
2.26 mJcm�2 1.70 mJcm�2 1.10 mJcm�2

1 t1/ps 1.6 (0.46) 1.8 (0.41) 2 (0.37)
t2/ps 45 (0.44) 45 (0.41) 45 (0.31)
t3/ps 1160 (0.10) 1160 (0.16) 1160 (0.33)

2 t1/ps 4 (0.36) 4 (0.30) 4 (0.22)
t2/ps 80 (0.55) 80 (0.55) 80 (0.49)
t3/ps 1600 (0.09) 1600 (0.15) 1600 (0.29)

3 t1/ps 1 (0.30) 1 (0.18) 1 (0.14)
t2/ps 20 (0.38) 20 (0.36) 20 (0.28)
t3/ps 1400 (0.32) 1400 (0.46) 1400 (0.58)

Figure 3. a) Cryo-TEM image of a solution of 3 (2 � 10�4
m) in water/

THF (9:1 v/v). b) Normalized UV/Vis spectra of a solution of 3 in
dichloromethane (disassembled, dotted line) and in water/THF (9:1 v/
v) solution (solid line).
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metal centers and modification of their coordination sphere
are currently underway.
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