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In the past decades a vast amount of information has been col-
lected on the photophysical processes of natural and artificial light-
harvesting complexes.1-3 Three features of these complexes play
a key role in the efficient collection of incident light for conversion
into chemical energy: (1) large absorption cross-section of the com-
plex due to a large number of chromophores with high extinction
coefficients and varying spatial orientation and (2) energy hopping
of the exciton along the chromophores at the rim of the complex,
until eventually (3) efficient and uni-directional energy transfer (ET)
of the exciton from a chromophore at the rim to the chromophore
in the center of the complex takes place. This chromophore acts as
the energy sink from which light-driven reactions may occur. We
report here on the photophysics at the single-molecule level of a
dendritic molecule (1) that was designed to display these three
features. Its synthesis will be published elsewhere.4

The dendrimer consists of a terrylenediimide (TDI) unit acting
as the energy sink in the center of the molecule and four
peryleneimide (PI) units as energy donors on the periphery. These
chromophores were chosen because of their photostability, their
high extinction coefficients at convenient absorption wavelengths
(λmax ) 495 nm (ε ) 35.000 L‚mol-1‚cm-1) andλmax ) 673 nm (ε
) 85.500 L‚mol-1‚cm-1) for PI5 and TDI, respectively), and their
high fluorescence quantum yields (φf ∼ 1 for both chromophores
in toluene), and because the emission of PI matches the absorption
of TDI very well (overlap integralJ ) 3.7× 10-13 M-1‚cm3, also
see Supporting Information). This provides an optimal basis for
efficient intramolecular Fo¨rster ET6 (the distance of the chro-
mophores in1 is ∼14 Å, which is well within the Fo¨rster radius of
∼60 Å7 for this donor-acceptor pair).8 Ensemble measurements
in toluene indicate very efficient ET as the fluorescence lifetime
of PI is reduced to∼5 ps9 for 1 compared to 4.2 ns for free PI.

Single-molecule spectroscopy provides an ideal technique to
investigate energy hopping as well as ET in dendritic systems.10

No information is lost by ensemble averaging. In this way a more
detailed picture of physical parameters is obtained, for instance
multimodal distributions can be revealed.11 Furthermore, in multi-

chromophoric systems, upon continuous irradiation the chro-
mophores of the parent molecule are bleached in a stepwise fashion.
When measurements are performed on a large number of molecules,
insight into the role of the various chromophores in the dendritic
system is obtained. In this way the interactions between the
chromophores can be studied in a more detailed way than is possible
by means of bulk measurements.

Single molecule measurements were performed at ambient
temperature using a confocal microscope. All measurements were
performed on films of Zeonex, a polynorbornene, in which
molecules of1 were embedded. In the first set of experiments, the
PI units at the rim of the dendrimer were excited with 488 nm
light (cw). Fluorescence was collected, guided through a hybrid
beam-splitter, and detected with two ADPs. In front of one APD a
700 nm longpass filter was placed, to exclusively detect fluorescence
from the TDI chromophore. In front of the other APD a 600 nm
shortpass filter was placed so only emission from PI was observed.

At the start of all traces of1 (49 molecules studied), TDI emission
is observed exclusively (Figure 1). This demonstrates that Fo¨rster-
type ET from PI to TDI occurs very efficiently. In 70% of the
molecules, emission of PI comes up after the TDI chromophore
has bleached first (Figure 1A,B). In 30% of the traces the molecule
remains inactive after emission from the TDI chromophore has
ceased (Figure 1C).12

Emission spectra at the single molecule level confirm the above
conclusions (also see Supporting Information). All molecules
initially show TDI emission spectra (λmax ∼ 680 nm and a second
peak atλ ∼ 745 nm). For type A, after bleaching of the TDI
emission typical PI emission (λmax ∼ 550 nm and a second peak at
λ ∼ 590 nm) is observed.

The intensity traces of type A and B also show that upon
photobleaching of the TDI chromophore, the PI chromophores start
to emit. Thus, the photoproduct of TDI is not a quencher for this
emission. Several intensity steps in the PI emission may be
observed, corresponding to one by one bleaching of the PI
chromophores. A striking feature from the fluorescence traces is
that no emission of the PI chromophores is observed during the
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Figure 1. Exemplary fluorescence traces for single molecules of1. The
TDI (black) and PI emission channels (gray) are depicted.
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short (ms range; Figure 1A at 13 s) or long (s-range; Figure 1C at
41 s) off periods of the TDI chromophore. It is generally accepted
that the short off periods correspond to the chromophore in its
triplet-excited state.13 This demonstrates that ET from PI occurs to
the ground state as well as to the triplet state of TDI. Such Fo¨rster
ET from a singlet-excited state to a triplet state has recently been
demonstrated for single-excited PI to triplet PI at the single molecule
level.10,14 Long off periods have previously been reported.10 Al-
though their origin is still unknown, it is clear that the intermediate
that causes them quenches the PI emission. Let us now concentrate
on the features that are observed in the traces of type C. They
display stepwise bleaching of the TDI emission, upon excitation
of the PI chromophores (Figure 1). Three explanations come to
mind. (1) Twisting of the chromophore.15 Such twisting should be
accompanied by shifts in the emission spectrum. Spectral jumps
and bleaching steps were however not simultaneously observed.
(2) Rotation of the entire dendrimer molecule. We regard this
explanation as unlikely because it occurs too often for such big
molecules in a rigid polymer matrix. Moreover the emission inten-
sity always decreases whereas rotation of the entire molecule should
lead to increases as well as decreases of the intensity with (almost)
equal probability. (3) Bleaching of PI prior to bleaching of TDI.
Evidence for the latter explanation comes from three experiments.

First, upon excitation at 633 nm (in the absorption band of TDI)
no stepwise bleaching is observed. This is in agreement with (3),
but not with (1) or (2). Second, upon excitation at 488 nm, the
polarization of the emitted light does not change after a step in the
intensity of the TDI emission has occurred (Figure S3, Supporting
Information). This falsifies mechanism (2) as this would lead to a
change in polarization.

In the third experiment the setup is modified to excite the same
molecule with 514 or 633 nm light. First the intensity of the TDI
emission upon excitation of TDI (633 nm) is measured. Then the
excitation source is changed to 514 nm and PI is excited until a
step in the intensity occurs. The excitation source is changed back
and the intensity of the TDI emission upon excitation of TDI is
measured again. This is repeated until full bleaching at either
excitation wavelength occurs. In Figure 2, a typical example is given
for a trace of type B for1. It is clear from this figure that the
intensity of the emission atλexc ) 633 nm does not change after
an intensity jump atλexc ) 514 nm has occurred. This proves that
the intensity jump at 514 nm is not caused by a reorientation of
the molecule. Five intensity levels atλexc ) 514 nm are observed,
corresponding to 4, 3, 2, 1, and 0 active PI chromophores,
respectively. Small changes in intensity after changing the excitation
source are due to refocusing.

The third experiment gives definite proof that the stepwise
bleaching of TDI emission is caused by deterioration of the PI
chromophores. This is an unexpected result because most of the
time the excitation energy is located on the chromophore from
which emission occurs (i.e., TDI). Therefore, it was anticipated
that TDI would generally photoreact first. If bleaching of PI occurs
prior to bleaching of TDI, this also means that in such cases the
triplet state is not involved in bleaching. Given the efficient ET, it
is unlikely that (slow) triplet formation occurs at a donor chro-
mophore. Bleaching from the singlet-excited state in this system is
most likely not caused by photooxidation, which is corroborated

by the observation that upon removal of oxygen stepwise bleaching
still occurs (results not shown). To the best of our knowledge, this
is the first time that photobleaching from the singlet-excited state
is demonstrated at the single-molecule level.16

Bleaching of PI and TDI, thus, are competing processes and the
five chromophores may bleach in any order (see also Figure S2,
where first a PI bleaches, next the TDI, and after that the rest of
the PIs). Stepwise bleaching of the TDI emission (Figure 1C) is
caused by photoreaction of the PI chromophores, whereas bleaching
of the TDI emission followed by PI emission (Figure 1A,B) is
caused by photoreaction of the TDI chromophore.
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Figure 2. Fluorescence trace upon alternating excitation of a single
molecule of1 with λexc ) 633 nm (gray) andλexc ) 514 nm (black).
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