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Multichromophoric systems can exhibit interesting optical
and electronic properties due to excitonic interactions
between dye units that are near to each other.[1] An exquisite
example found in nature is the light-harvesting antenna
system in photosynthetic bacteria, which allow for efficient
light absorption and unidirectional transfer of energy to the
reaction center during photosynthesis.[2] The design of artifi-
cial multichromophoric arrays that mimic these properties is a
great challenge, the ultimate goal being the construction of
molecular photonic and electronic devices.

Aunique insight into the physical behavior of
multichromophoric systems is obtained with the
help of single-molecule-detection techniques.
Single-molecule force microscopy not only pro-
vides information on the dimensions of the
aggregates but also on the internal organization
of the chromophores,[1a,3] a crucial issue that
governs their excitonic behavior. Single-mole-
cule optical spectroscopy reveals characteristic
features arising from exciton coupling, such as
single-emitter behavior and collective fluores-
cent/nonfluorescent states, properties that oth-
erwise remain hidden when probing the average
behavior of ensembles of molecules.[4–6] In this
work we have combined force and optical
microscopy to investigate at the single-molecule

level the properties of a new class of rigid multichromophoric
polymers intended to act as synthetic antennas.

To attain optimal excitonic behavior in multichromo-
phoric assemblies, a well-defined close packing of the
chromophores is required. Recently, we have used intrinsi-
cally rigid and helical polymers of isocyanopeptides,[7] which
have a persistence length of 76 nm,[8] as scaffolds to anchor
porphyrin molecules. In this way long well-ordered porphyrin
arrays with an average length of 87 nmwere obtained.[9] In the
work presented herein, we have used a similar approach to
prepare perylene isocyano amino acid polymers. Perylene was
chosen because of its: 1) high absorptivity and fluorescence
quantum yield; 2) high thermal and high photochemical
stability; 3) high electron affinity. Perylene-based chromo-
phoric arrays[10] are promising components for the construc-
tion of optical and electronic molecular devices, for instance
as n-type semiconductor material in organic photovoltaic
cells.[11]

Figure 1 shows the structure of the perylene polyisocya-
nide 2, as well as of the precursor perylene monomer 1. A
detailed description of the synthesis and characterization of 2

will be given elsewhere.[12] Briefly, a monoamino perylene was
coupled to Boc-l-alanine by using standard peptide coupling
reagents. The resulting perylene-l-alanine product was for-
mylated to yield product 1, whose terminal N-formyl group
was subsequently converted into an isocyanide. Polymeriza-
tion of the latter species yielded perylene polyisocyanide 2.
Fractionation by the successive precipitation of redissolved
polymer samples was used to purify perylene polyisocyanides
from nonreacted monomers in the reaction mixture. This
process was repeated until no changes in the bulk absorption
and emission spectra of 2 were observed. The rodlike nature
of the purified polymer 2 (see below) prevented us from
obtaining information about its molecular weight and poly-
dispersity by means of the usual techniques, such as MALDI-
TOF, MS, or GPC.

The circular dichroism spectrum of 2 in CHCl3 shows
Cotton effects in the absorption region of perylene, as well as
for the imine groups of the polyisocyanide backbone.[12] The
latter Cotton effect is observed for polyisocyanides with

Figure 1. a) Structures of the perylene monomer (1) and the perylene polyisocyanide polymer
(2); b) schematic 3D drawing of a molecule of polymer 2. One perylene column is shown in
light grey for clarity. Perylene units 1,5,9, and so on, belong to the same column.

[*] Dr. J. Hernando, Ir. E. M. H. van Dijk, Ing. J. Korterik,
Dr. M. F. Garc0a-Paraj2, Prof. Dr. N. F. van Hulst
Applied Optics group
Faculty of Science and Technology
University of Twente and MESA+ Research Institute
P.O. Box 217, 7500AE Enschede (The Netherlands)
Fax: (+31)53-489-3511
E-mail: m.f.garciaparajo@tnw.utwente.nl

P. A. J. de Witte, Prof. Dr. R. J. M. Nolte, Dr. A. E. Rowan
Department of Organic Chemistry, NSRIM
University of Nijmegen
Toernooiveld 1, 6525ED Nijmegen (The Netherlands)
Fax: (+31)24-365-2929

[**] The authors thank E. E. Neuteboom, S. C. J. Meskers and R. A. J.
Janssen for providing with the monomer precursor for the perylene
polymer synthesis and their help with the ensemble fluorescence
lifetime measurements. Financial support from the EC SMARTON
network is gratefully acknowledged. J.H. thanks the EC Program
IHP-99 for a Marie Curie Fellowship (HPMF-CT-2002-01698).
E.M.H.P.v.D. thanks the support by Dutch Foundation for Funda-
mental Research of Matter (FOM). M.F.G.P. acknowledges support
from KNAW.

Angewandte
Chemie

4045Angew. Chem. Int. Ed. 2004, 43, 4045 –4049 DOI: 10.1002/anie.200453745 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



alanine dipeptide sidegroups that form hydrogen-bonding
arrays along the polymer.[13] This provides us with a clear
signature indicating that polymer 2 has a rigid helical
backbone, which is stabilized through a hydrogen-bonding
network between the amino acid side chains, as shown
schematically in Figure 1b. The perylene chromophores are
attached to this backbone in four parallel stacks. For the
previously synthesized porphyrin polyisocyanides,[9] the adja-
cent dye molecules in one stack were found to be 4.2 > apart
with a twist angle of 228. Similar values are expected for the
perylene polyisocyanide 2. For such a chromophoric close-
packing, an optical behavior governed by excitonic interac-
tions is anticipated. This is demonstrated by the bulk
absorption and fluorescence emission spectra of 1 and 2 in
CHCl3 (Figure 2). Compared to the monomer, the peak

positions in the absorption spectrum of the polymer and their
relative intensities have changed. These differences indicate
that interaction between the perylene units in 2 already occurs
in the ground state, pointing to the existence of excitonic
effects. According to exciton theory[14] we assign the blue-
shifted peak at l= 492 nm to the interaction, parallel to the
axis of the system, between the nearly face-to-face 1st, 5th,
9th, etc. perylene units, while the slightly red-shifted band at
l= 536 nm is ascribed to coupling between the 1st, 2nd, 3rd,
and 4th dyes in the plane perpendicular to the axis of the
polymer. The overlay of these two exciton bands and their
vibronic peaks explains the broadening and apparent loss of
structure of the polymer absorption spectrum. The fluores-
cence properties of the polymer are even more distinct: a
broad structureless red-shifted band is visible, the quantum
yield has decreased (F= 0.11) and the fluorescence decay is
multiexponential, with a minor contribution from a decay
time equal to that of 1 (t1= 3.9 ns) and a major contribution
from a much longer decay time (t2= 19.9 ns).[12] These
features demonstrate that emission mainly arises from intra-
molecular excimer-like species in the polymer, a phenomenon
known to occur in stacks of perylene molecules.[6, 15] Although
interaction in the ground state may also contribute to the
formation of excimer-like species in the polymer,[16] this
process essentially occurs upon irradiation of proximal
chromophores, whose conjugation paths fully or partially
overlap, as perylene units 1, 5, 9, etc. do in polymer 2.

Diluted solutions of 2 in CHCl3 were investigated by
atomic force microscopy (AFM) after spin-coating on mica.
Isolated single perylene polyisocyanide polymer molecules of
different lengths were observed in the AFM images as shown
in Figure 3. Fibers up to a few hundreds of nanometers in

length and about 2.5 nm in height are present, consistent with
single helical perylene polyisocyanide polymer fibers being
probed. In the absence of well-defined helical structure the
height of the polymers should be much lower and thus not
resolvable with AFM.

Detailed insight into the photophysical properties of
individual perylene polyisocyanides was obtained by perform-
ing single-molecule fluorescence imaging of diluted solution
of 2 in CHCl3 after spin-coating on glass. Subsequently, the
evolution of the emission intensity and fluorescence spectra
of individual polymer fibers was recorded as a function of
time. Two different species with distinct emissive behaviors
were distinguished in the polymer sample. In the following
discussion, we refer to these two types of molecules as green
and red species owing to their different fluorescence spectra.
The intensity time trajectories for two typical green and red
species are shown in Figure 4 together with their fluorescence
spectra integrated over the whole t= 0–25 s time window. A
decrease in the fluorescence intensity with time was observed
for both species, a process known to occur for multichromo-
phoric systems due to successive photodegradation of the
multiple emitting sites in the aggregate.[4–6] However, whereas
a continuous decrease in fluorescence was measured for the
red species, distinct and discrete intensity levels occurred for
the green-fluorescent spot. These observations indicate that
the latter species consisted of a few emitting units, while the
former species contained a large number of independent
fluorescent sites, as observed in conjugated polymers.[5b] The
occurrence of a collective nonfluorescent state (t= 3.5–7.5 s)
for the highest intensity level of the green species may arise
from the photodriven generation of a long-lived trapped
species fully quenching the fluorescence of the system, a

Figure 2. a) Absorption (A, arbitrary units) and b) fluorescence (F, arbi-
trary units) emission spectra of monomer 1 (dashed line) and polymer
2 (continuous line) in CHCl3.

Figure 3. AFM image of a diluted solution of polymer 2 spin-coated on
mica. Inset: enlargement of an individual fiber (bar=500 nm).
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behavior usually ascribed to radical formation in perylene
aggregates.[6,17] Spectral measurements were found to cast
some light on the nature of these two types of fluorescent
compounds. For the green species, the fluorescence spectrum
resembled that of monomer 1, which display the characteristic
vibronic peaks for perylene emission. The red species,
however, showed a broader red-shifted fluorescence spectrum
indicating that the emission mainly arose from excimer-like
sites, as observed for polymer 2 in solution. No significant
spectral changes were observed during the emission period of
both molecules.

The spread in fiber lengths as shown in Figure 3 suggests
that the two emissive behaviors may arise from heterogeneity
in the polymer structure. To investigate such a situation,
simultaneous topographical and optical measurements on
individual perylene polyisocyanides were performed. Figure 5
shows AFM and fluorescence images recorded on the same
area of a spin-coated sample 2 on glass. Single polymer fibers
with helical backbones (height � 2.5 nm) are observed in the
AFM picture; the length of these fibers vary between 20 to
120 nm. The emission arising from single fluorescent species is
displayed in the fluorescence image. Green and red spots
correspond to species emitting at l< 590 nm and l> 590 nm,
respectively, which allowed us to distinguish between green
(l< 590 nm) and red species (l> 590 nm). Clearly, a corre-
lation between topography and fluorescence signal is only
observed for those molecules emitting in the red, while green-
fluorescent species do not show any counterpart feature in the
AFM image.

As the red emission originates from the single polymer
fibers visualized in the topography image, we conclude that
the helical perylene polyisocyanides emit through multiple
independent excimer-like sites created along the fiber. After
excitation of the polymer, we expect strong coupling between

Figure 4. Fluorescence intensity trajectory for green (a) and red (b)
single molecules; their emission spectra integrated over the whole
t=0–25 s time window are given in plots c) and d), respectively.

Figure 5. a) AFM and b) confocal fluorescence images from the same
3.8E3.8 mm2 area of a diluted solution of polymer 2 spin-coated on
glass (bar=500 nm); c) height profile (Z) for a line section of the
AFM image; d) bulk fluorescence emission spectrum of polymer 2 in
CHCl3 (continuous line) and transmitance spectrum of the dichroic
beam splitter used to distinguish between green (l<590 nm) and red
(l>590 nm) fluorescent molecules (dashed line).
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proximal perylene units, thus allowing exciton delocaliza-
tion.[18] However, this process would be rapidly quenched by
the formation of excimer-like species caused by the inter-
action between two or a few nearly cofacial perylenes. These
perylenes act as a sink for the exciton, thus limiting the extent
of the delocalization of the electronic excitation, and ulti-
mately they are responsible for the polymer emission.
Exploiting our combined single-molecule topography and
fluorescence technique, we investigated the correlation
between polymer length and emission intensity. The results
obtained are presented in Figure 6, which shows the depend-

ence of the fluorescence intensity (at t= 0) arising from
helical perylene polysisocyanides as a function of the polymer
length. A clear linear correlation between these two param-
eters is found, which indicates that the longer the polymer, the
higher the absorption and the number of excimer-like sites
susceptible to be formed and, therefore, the stronger the
polymer emission. Furthermore, the linear trend found in
Figure 6 demonstrates that there are no saturation effects at
the power density used to excite the molecules.

On the other hand, we assign the green emission to short
polyisocyanides oligomers consisting of only a few perylene
units.[19] For these species, no helical structure of the polymer
backbone is expected.[20] Accordingly, their height is much
lower than the height of the helical polyisocyanides and
therefore below the sensitivity of our AFM head (� 1 nm[21]),
thus explaining why no correlated topography signal is
obtained.[22] As there is an absence of a helical conformation,
the interchromophoric distances between adjacent perylene
units in polymer 2 will be much longer; consequently weaker
(if any) excitonic effects without formation of excimer-like
species are expected. This accounts for the fact that their
fluorescence spectrum is the same as that of monomer 1. The
quantum yield of fluorescence for the short perylene oligom-
ers undergoing weak excitonic interactions is expected to be
similar to that of the monomer; however, the quantum yield
of perylene excimer-like species is known to bemuch lower.[15]

This partially explains why the overall fluorescence count rate
arising from helical perylene polyisocyanides that contains
hundreds to thousands chromophore units is in the same
order of magnitude as that for the few-perylene nonhelical
oligomers, as observed for the green and red species in
Figure 4. In addition, the low fluorescence yield of the long

helical polymers may also be due to charge separation and
intramolecular electron transfer upon optical excitation, as
recently suggested for perylene dimers with short interchro-
mophoric distances.[17]

In summary, we have combined single-molecule confocal
fluorescence and atomic force microscopy to unambiguously
characterize a new class of multichromophoric polymers,
namely perylene polyisocyanides. Our single-molecule meas-
urements show that the synthesized perylene arrays are
heterogeneous in nature, which we ascribe to distinct
structures of the polymer backbone. Thus, short nonhelical
perylene oligomers display monomer-like fluorescence prop-
erties, whereas long helical perylene polymer emission arises
from multiple and independent excimer-like sites. Although
the formation of the latter species prevents delocalization of
the excitation energy along the polymer backbone over large
distances, its long fluorescence decay time may favor the use
of the polymers as n-type semiconductor in bulk-heterojunc-
tion solar cells.

Experimental Section
Atomic force microscopy : AFM experiments were performed by
using a Nanoscope IIIa instrument from Digital Instruments. All
images were recorded in tapping mode in air at room temperature.

Combined confocal fluorescence and atomic force microscopy:
Fluorescence from single molecules was detected by means of a
confocal scanning fluorescencemicroscope, as described elsewhere.[5c]

Circularly polarized excitation light at l= 488 nm with a power
density at the sample 1–2 kWcm�2 was used. The fluorescence signal
was detected by two avalanche photodiodes (APD, SPCM-AQ-14,
EG&G Electro Optics) and a CCD camera (Andor, DV437-BV). A
dichroic beam splitter (Omega, 590DRLP) in front of the APDs
splitted the fluorescence into two distinct spectral windows (APD1:
l< 590 nm; APD2: l> 590 nm; see Figure 5). A direct vision prism in
front of the CCD camera spread the emission light over its wave-
length components. Fluorescence spectra were collected by using an
integration time of 1 s. A home-made AFM head[23] was placed on top
of the confocal microscope to perform combined topography and
fluorescence measurements for single molecules. All images were
recorded in tapping mode in air at room temperature.
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