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Abstract: Dye aggregates are becoming increasingly attractive
for diverse applications, in particular as organic electronic and
sensor materials. However, the growth processes of such
aggregates from molecular to small assemblies up to nano-
structures is still not properly understood, limiting the design of
materials� functional properties. Here we elucidate the supra-
molecular growth process for an outstanding class of func-
tional dyes, perylene bisimides (PBIs), by transmission elec-
tron microscopy (TEM), cryogenic scanning electron micros-
copy (cryo-SEM), and atomic force microscopy (AFM). Our
studies reveal a sequential growth of amphiphilic PBI dyes
from nanorods into nanoribbons in water by fusion and fission
processes. More intriguingly, the fluorescence observed for
higher hierarchical order nanoribbons was enhanced relative
to that of nanorods. Our results provide insight into the
relationship between molecular, morphological, and functional
properties of self-assembled organic materials.

Molecular hierarchical organization is essential in natural
processes and regulates the self-assembly of small molecules
into a rich variety of functional high-order nanostructures
with precise molecular arrangements such as DNA, pore-
forming proteins, G-quadruplex, and even microorganisms
such as tobacco mosaic virus.[1–3] These natural nanostructures
can be replicated and delivered in biological systems by lipid
fusion and fission processes that are accomplished by self-
assembled natural amphiphilic molecules.[4] The miraculous
bottom-up self-assembly of natural amphiphiles from small
compartments to the formation of tissues inspires chemists to
create new functional, molecularly precise nanostructures in
water.[5–7]

In the last decade, significant progress has been achieved
and a multitude of fascinating architectures formed by the
self-assembly of nonconventional amphiphiles in aqueous
media have been reported,[8, 9] including micelles and bilayer
vesicles,[10, 11] fibers,[12, 13] nanotubes,[14, 15] nanotoroids, and
nanorings.[16] In general, however, these studies focused on
the structures of the final products and not on their formation.
To shed light on the latter, amphiphilic perylene bisimide
(PBI) dyes[17, 18] appear to be the best suited because they

exhibit the largest intermolecular interaction energies of all
dyes,[19] which is further enhanced in water by a pronounced
hydrophobic effect.[20] For this reason, PBI aggregates in
water are quite robust[19, 20] and this raised our expectation to
achieve long-range structural order beyond that achieved for
other smaller and more flexible amphiphilic p-scaffolds which
are packed together by weaker noncovalent interactions.
Here, we elucidate the growth process for PBI 1 (Figure 1)
from a single-component system to small molecular assem-
blies up to large nanostructures by transmission electron
microscopy (TEM) with resolution on the molecular level.
Remarkably, and this observation is unprecedented to the
best of our knowledge, the fluorescence properties of these
dye aggregates were enhanced for the higher hierarchical
order nanostructures.

The molecular structure of PBI 1 consists of a hydrophobic
perylene core (shown in orange in Figure 1 a) with hydrophilic
oligoethylene glycol (OEG) chains on both ends (shown in
blue). Dissolved PBI 1 shows green fluorescence (Figure 1b)
in dilute (2.0 � 10�6

m) THF solution. When the solvent is
gradually changed from THF to water, even at this low
concentration a complete transformation from monomers
into aggregates is observed (Figure 1c). Based on our earlier
work on the self-assembly of structurally related PBI dyes in
organic solvents,[20] we attribute the UV/Vis spectra at low
THF content and in pure water (see Figure S9 in the
Supporting Information) to 1D columnar p-stacks of rota-
tionally displaced PBI molecules. Since the binding constant
for PBI–PBI stacking in water is considerably higher than that
in THF,[20] however, even in very dilute solutions more than
99% of the molecules are aggregated in extended p-stacks.[22]

As a consequence of the strong PBI–PBI stacking in
water, already at a slightly higher concentration
(0.077 mgmL�1; ca. 0.05 mm), PBI 1 self-assembles into
well-defined nanorods, as observed by transmission electron
microscopy (TEM) (Figure 2a). These nanorods have a uni-
form diameter of 4 nm, which corresponds to the length of
one molecule. Interestingly, a segmented structure within
these nanorods was further observed by TEM (Figure 2a,
inset). To the best of our knowledge, such highly resolved
TEM images with precision at the molecular level has not
been achieved so far for organic dye aggregates. We attribute
this unusually high resolution to the preferential positive
staining of the carbonyl and hydrophilic glycol chains of the
PBI dyes.[23] These molecular-level-resolved TEM images give
direct evidence that the planar PBI 1 self-assembles in a very
regular manner into a helically wound columnar p-stack by
cofacial intermolecular p–p stacking interactions (Figure 2c).
Analysis of the cross-section electron density (relative dark-
ness) along these nanorods revealed an average distance of
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2.2 nm between two segments (Figure 2b). According to
previously reported spectroscopic results and theoretical
calculations, the rotational offset between two neighboring
PBI molecules in a columnar p stack is 308.[24] Therefore, six
molecules should form a half turn (1808) and constitute one
repeat unit, that is, a segment with a length of 2.2 nm as
observed by TEM. Thus, the cofacial distance of two
molecules is 0.36 nm (3.66 �). This is the first time that the
p–p stacking distance has been obtained by TEM experi-
ments through real-space analysis.

An interesting hierarchical growth was observed for
planar PBI 1, when the preparation concentration is gradually
increased in water (Figure 3). At an increased concentration
of 0.25 mg mL�1 (ca. 0.16 mm), these nanorods begin to merge
in a “side-to-side” manner into thicker nanostructures, and
“side-to-side” division leads to thinner nanostructures; in
other words, fusion and fission processes are in effect, as
observed by TEM (Figure 3a,d) and confirmed by dynamic
light scattering (DLS), cryogenic scanning electron micros-
copy (cryo-SEM), and atomic force microscopy (AFM)
studies (for details, see the Supporting Information). The
“side-to-side” fusion and fission process can be observed not

only between two nanorods, but also for three and more
nanorods (Figure 3d).

All these intermediate morphologies of nanorod fusion
and fission can be observed at the same sample concentration
in water, suggesting that the nanorod fusion and fission
process is reversible. At a further increased sample concen-
tration of 0.76 mg mL�1 (ca. 0.48 mm) and 1.0 mgmL�1 (ca.
0.63 mm) in water, these nanorods were fused together into
single-molecule-layered nanoribbons with a width of 20–
60 nm (Figure 3b,c). We point out that at this high concen-
tration the TEM substrates were densely covered, leading
now to a negative contrast, that is, a bright specimen, because
the staining agent apparently does not penetrate into the
densely packed supramolecular structure.[25] We attribute the
different staining effect of the uranyl acetate contrast agent
on the nanorod (positive staining) and nanoribbon (negative
staining) specimens to the more open architecture of the
former and the more closed structure of the latter. Cryo-SEM
images taken at an intermediate concentration of PBI 1 (c =

0.25 mg mL�1) showed a film consisting of interconnected thin
nanorods (Figure S8) which could, however, not be resolved
at the same level as that achieved by TEM with staining. The
smallest resolved fibers had a width of (7.0� 2.0) nm. The
cryo-SEM images of the more concentrated samples (c =

1.0 mgmL�1) revealed the formation of a dense network
(Figure S9) with nanoribbon widths of 30 to 300 nm. AFM
measurements for films drop-casted from the same sample
(1.0 mgmL�1) on mica also disclosed nanoribbon structures

Figure 1. a) Chemical structure of PBI 1 and its space-filling (CPK)
model. b) Photograph of a THF solution of PBI 1 (2.0 � 10�6

m) under
a UV lamp. c) UV/Vis spectra of 2.0� 10�6

m PBI 1 in THF/water
mixtures at 20 8C. Arrows indicate spectral changes upon increase of
water content.

Figure 2. a) TEM images of segmented nanorods from PBI 1 aggre-
gates in water, [PBI 1] = 0.077 mgmL�1. Inset: magnified TEM images
showing segmented nanostructures. b) Electron density (relative dark-
ness) curve of the cross-section along one nanorod. c) Schematic
space-filling models illustrating the self-assembly of PBI 1.
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(Figure 4). Cross-section analysis of these structures reveal
a height of about 4 nm in accordance with the length of PBI
1 and nanoribbon widths of 20–60 nm (Figure 4, inset).[26]

The fact that the hydrophobic scaffolds of the original PBI
nanorods are, according to our molecular modelling, not
entirely buried in the aqueous environment is thought to be
the driving force for the formation of nanoribbons at higher
concentration where the whole hydrophobic core is enwrap-
ped by the OEG chains (Figure 3e). It is interesting that the
fusion of two helical PBI columns with side-by-side organ-
ization of PBIs has been reported recently for a structurally
very similar molecule in the solid-state by Percec and co-
workers based on XRD and solid-state NMR investiga-
tions.[27] These authors as well as Yagai et al.[28] furthermore
described the subtle balance between columnar and lamellar
liquid-crystalline phases for this class of dyes.[29] What
distinguishes our work from these previous studies is the
direct visualization of the hierarchical growth process in
a solvent environment which was possible due to the ultra-
strong PBI–PBI stacking forces in water.

Like PBI micelles[30] and vesicles[17,31] these water-dis-
solved columnar PBI dye aggregates are light-emitting in the
red and near-infrared region from 500 nm up to 850 nm under
ultraviolet or visible-light irradiation (Figure 5). The pro-
nounced red-shift and broadening of the emission band is

characteristic for closely cofa-
cially stacked planar PBIs and
has been attributed to a struc-
tural relaxation process of
excited PBI aggregates, leading
to a localization of the excita-
tion energy on an excimer
unit.[24] Most interestingly, for
PBI 1 aggregates the fluores-
cence intensity increases con-
siderably with the hierarchical
growth from nanorods (fluores-
cence quantum yield FF =

1.7%) to nanoribbons (FF =

6.8%). At the same time the
fluorescence lifetime changes
from a bi-exponential decay
(main component 11 ns) for
concentrations up to
0.1 mg mL�1 to a mono-expo-
nential decay with a longer life-
time of 20 ns (for details see
Table S1 in the Supporting
Information). These observa-
tions are in contradiction to
the common perception that
fluorescence quantum yields
(and concomitantly lifetimes)
decrease with increasing con-
centration due to self-quench-
ing, reabsorption, and other
fluorescence-quenching pro-
cesses;[32] however, also the
opposite, that is, aggregation-

induced emission (AIE), has been reported for a number of
dyes more recently.[33] Despite the significant interest in this
field, to the best of our knowledge an AIE effect has never
been traced back to the specific supramolecular reorganiza-
tion of dye molecules, as given here upon hierarchical growth

Figure 3. a–c) TEM images of PBI 1 aggregates prepared from water, [PBI 1] = 0.25 mgmL�1 (a),
0.76 mg mL�1 (b), and 1.0 mgmL�1 (c). d) TEM images of the fusion and fission of two, three, or more
nanorods; arrows indicate the segmented nanostructures, [PBI 1] = 0.25 mgmL�1; scale bar: 10 nm.
e) Schematic illustration based on space-filling (CPK) models for the hierarchical self-assembly from
nanorods to nanoribbons by fusion and fission.

Figure 4. AFM image of nanoribbons of PBI 1 aggregates deposited
from water, [PBI 1] = 1.0 mgmL�1. Inset: cross-section analysis along
the dotted line.
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from nanorods to nanoribbons. Because this reorganization is
not accompanied by obvious changes in the UV/Vis spectra
(like that seen, for example, for the transformation from H- to
J-aggregates) the most likely explanation is that the more
dense packing arrangement of the PBI molecules in the
nanoribbons disfavors structural relaxation pathways in the
excited state that are known to afford less fluorescent
aggregates for this class of dyes.[24, 34]

In conclusion, we have observed the sequential self-
assembly of PBI 1 dyes from nanorods to nanoribbons upon
increasing concentration in water by TEM and UV/Vis, DLS,
cryo-SEM, and AFM analysis. Concomitant with the fusion of
nanorods to nanoribbons, a pronounced increase in fluores-
cence quantum yields was observed, which is attributed to the
denser packing of the dyes which disfavors the structural
relaxation into less fluorescent excimer species. Our elucida-
tion of PBI assembly from the molecular level to small and
large supramolecular nanosystems constitutes a bridge
between molecules and their morphologies and functions,
and thus provides a guideline for the design of advanced
molecular materials.
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