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Förster type resonance energy transfer (FRET) in donor-acceptor peryleneimide-terrylenediimide dendrimers
has been examined at the single molecule level. Very efficient energy transfer between the donor and the
acceptor prevent the detection of donor emission before photobleaching of the acceptor. Indeed, in solution,
on exciting the donor, only acceptor emission is detected. However, at the single molecule level, an important
fraction of the investigated individual molecules (about 10-15%) show simultaneous emission from both
donor and acceptor chromophores. The effect becomes apparent mostly after photobleaching of the majority
of donors. Single molecule photon flux correlation measurements in combination with computer simulations
and a variety of excitation conditions were used to determine the contribution of an exciton blockade to this
two-color emission. Two-color defocused wide-field imaging showed that the two-color emission goes hand
in hand with an unfavorable orientation between one of the donors and the acceptor chromophore.

1. Introduction

In recent years, a lot of research has been devoted to the
development of photoactive dendrimers, that is, dendrimers
containing one type of chromophore in the core or several
different types of chromophores positioned throughout the
dendritic structure: in the core, in the dendritic arms, or at the
rim.1 This development is driven not only by the synthetic
challenge2 but also by the fact that this type of molecules can
serve as model compounds for the study of fundamental
photophysical processes occurring in natural light harvesting
systems. Energy hopping has been demonstrated by decorating
dendrimers with one type of chromophore at the rim.3 Direc-
tional energy transfer, both in the weak and strong coupling
regimes, has been studied by introducing a gradient from the
rim or branches toward the core of the dendrimer.4-6 Dendrimers
have been developed that showed a cascade and/or stepwise
Förster type energy transfer.7,8 Another key process of photo-
synthesis, electron transfer, has also been studied in specially
tailored dendrimers.9-12 Recently, a dendrimer showing energy
transfer followed by electron transfer from the core was
reported.13

The main advantage of using dendrimers for the study of
fundamental photophysical processes is the control that can be
obtained over the number of chromophores, the distance between
them, and even the orientation between energy/electron donors-

acceptors. By looking at such dendritic systems at the single
molecule level, both at room temperature and at cryogenic
temperatures, an even more detailed picture of the complex
photophysics in such systems under high photon fluxes can be
obtained. Single molecule spectroscopy of dendrimers, owing
to sensitivity of this approach to spatial and temporal hetero-
geneity of the examined system, allows observation and
quantification of photophysical processes that are rather difficult
to access in ensemble measurements. Indeed, processes such
as singlet-singlet annihilation or singlet quenching by a triplet
(singlet-triplet annihilation) have been observed.10,14Different
energy transfer pathways within one dendrimer molecule have
been unraveled.8,15Furthermore, the role of higher excited state
processes has been proven and quantified.16 In the case of
electron transfer at the single molecule level, changes in the
rate constant of transfer have been observed and attributed to
libration motions in the dendrimer.9,10All phenomena described
above are relevant for and have been seen in other multichro-
mophoric architectures such as conjugated polymers, natural
antenna systems, and self-assembled nano-objects.17

A particular well studied system at the ensemble and single
molecule level is the first (T1P4) and second (T2P8) generation
of a structurally well-defined polyphenylene dendrimer consist-
ing of four or eight peripheral perylenemonoimide (PI) chro-
mophores which serve as an energy donor and a central
terylendiimide (TDI) which acts as an energy acceptor.18 Due
to the large overlap between the emission spectrum of PI and
the absorption spectrum of TDI, the efficiency of energy transfer
is nearly unity in both generations of the dendrimer. This means
that every excited donor chromophore transfers its energy
completely to the acceptor chromophore, resulting in virtually
no detectable donor emission. However, under conditions of
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high photon flux, even for donor-acceptor pairs that allow for
very efficient energy transfer, sometimes donor emission can
be observed.6,8 This unexpected donor emission is said to result
from a so-called “exciton blockade” and is attributed to the
presence of multiple excitations. When several excited donors
are simultaneously present within one macromolecule, one of
them will transfer its energy to the acceptor. As long as the
acceptor is in the excited state, energy transfer from the other
donors will be prohibited or blocked and as a result they can in
principle relax to the ground state via fluorescence. Since the
excited state lifetimes of PI and TDI are comparable, this should
result in nearly simultaneous donor and acceptor emission. At
high excitation power, single molecules of peryleneimide-
terrylenediimide dendrimers indeed displayed two-color emis-
sion.6 Hence, this observation was tentatively attributed to the
exciton blockade described above. An appearance of this effect
also for single pairs of dye molecules (Cy3 and Cy5) coupled
by Förster type resonance energy transfer (FRET) has been lately
surmised.19

In this contribution, we direct our attention to this two-color
fluorescence observed for individual molecules of the donor and
acceptor labeled polyphenylene dendrimers described above in
order to obtain an in-depth understanding of the mechanisms
responsible for this phenomenon. Two-color confocal single
molecule detection as well as two-color defocused wide-field
detection in combination with numerical calculations and Monte
Carlo simulations have been applied.

Throughout this paper, we will use the terms “red emission”
and “green emission” to designate fluorescence of the TDI
chromophore (710 nm emission maximum) and the PI chro-
mophore (570 nm emission maximum), respectively. Also, we
will call the PI chromophore the energy donor and the TDI
chromophore the energy acceptor, the FRET process from PI
donors to the central TDI acceptor directional FRET, and the
energy transfer process between identical chromophores (PI
chromophores in our case) energy hopping.

2. Experimental Section

Immobilization of single molecules was done by spin coating,
at 2000 rpm, a chloroform solution of 5 mg/mL Zeonex
(polynorbornene) containing 10-10 M of the dendrimers on a
glass cover slip. The film thickness is approximately 100-200
nm in this case with single dendrimers dispersed in the film.
Their density was evaluated to be around 0.1-0.2 µm-2.

The confocal microscopy setup operating in the epilumines-
cence regime is displayed in Figure 1 (it was reported elsewhere
in detail20). Photoexcitation sources are the 488 nm line of a
continuous wave (CW) Ar-ion laser (Stabilite, Spectra-Physics)
and the frequency doubled, pulse picked output of a Ti-sapphire
laser (Tsunami, Spectra-Physics, 8.18 MHz after pulse picking,
1.2 ps fwhm). The laser light passing through a 488 nm band-
pass filter is focused on the sample by an oil immersion
objective (Olympus, 1.4 N.A., 60×). Fluorescence is collected
by the same objective and separated from scattered excitation
light by a dichroic mirror (DRLP490 Omega filter) and
subsequently focused onto a pinhole for confocal detection. After
recollimation, the emitted beam is cleaned up with a notch filter
(Kaiser Optics) and a 515 nm long-pass filter and then divided
by a second dichroic mirror (DRSP630 Omega filter) into two
color channels, one corresponding to the donor emission
(maximum 560 nm) and one corresponding to the acceptor
emission (maximum 705 nm). In each channel, a 50/50
nonpolarizing beam splitter further divides the signal into two
parts, which are then focused onto the sensitive area of an
avalanche photodiode (APD, EG&G). In addition, fluorescence
in the donor and accepter channels is filtered by a short-pass
600 nm filter and a long-pass 690 nm filter, respectively.
Furthermore, to suppress parasitic cross-talk (“after glow”) due
to photons generated by a detection event of the other avalanche
photodiode, a 700 nm short-pass filter is inserted in front of
one of the detectors of the donor detection channel.21 We
measured the fluorescence intensity (number of photons) and
the temporal coordinates of the photocounts with respect to the
excitation pulse, simultaneously, by single photon counting
(SPC) PC cards (SPC 630 Becker-Hickl) operating in the FIFO
(first in, first out) mode. Electronic delay generators (Stanford
Research DG535) were placed in three detection channels to
avoid SPC-card dead-time distortions.

The wide-field fluorescence microscopy setup is shown in
Figure 2 (it has been recently reported in detail22). It includes
an optical microscope equipped with an oil immersion objective
(Plan Fluorite, Olympus, 1.3 N.A., 100×) and a highly sensitive
CCD camera (Cascade 512B, Roper Scientific). The excitation
source is the 488 nm line of a continuous wave (CW) Ar-ion
laser (Stabilite, Spectra-Physics). Wide-field illumination is
achieved by focusing the expanded and collimated laser beam
onto the back-focal plane of the objective. The polarization of
excitation light in the sample plane was cautiously tuned to be

Figure 1. Schematic of the confocal microscopy setup: BP, band-pass filter; PZT-xy, piezoelectric stage; DM, dichroic mirror; PH, pinhole; NF,
notch filter; LP, long-pass filter; BS, beam splitter; SP, short-pass filter; L, lens; APD, avalanche photodiode; GD, electronic delay generator; R,
router; PC, computer; SPC module FIFO mode: single photon counting module operated in first in, first out mode.
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circular using zero-orderλ/4 andλ/2 waveplates to compensate
for polarization effects of the dichroic mirror. Fluorescence is
collected by the same objective and separated from scattered
excitation light by a dichroic mirror. Then, the expanded light
beam is filtered by a long-pass 500 nm filter. Next, the
fluorescence is divided by a short-pass 650 nm filter (mounting
at an angle of 45° with respect to the optical axis) into donor
and acceptor emission. Donor and acceptor fluorescence are
imaged on two synchronized CCD cameras after magnification
with a 3.3× camera lens. In addition, fluorescence in the
accepter channels is filtered by a 690 nm long-pass filter. An
external TTL single pulse generator is used to synchronize the
CCD cameras. To obtain the defocused images, the sample is
positioned by∼1 µm toward the microscope objective from
the focus using a piezoelectric transducer (PI5173C1, Physik
Instrumente). The integration time per frame was set to 1 s.
The duration of measurement was 1500 s. Measurements were
always carried out at ambient temperature and atmosphere. Data
are processed using the so-called BIFL data analyzer software
(in-house-developed software)23 and in MATLAB.

3. Simulations and Calculations

3.1. The Use of Correlation Functions for Unraveling the
Origin of the Two-Color Emission. In order to prove if an
exciton blockade is the source of the two-color emission in T1P4
and T2P8, one can look at the correlation between the donor
and acceptor photons. As argued in the Introduction, due to the
similar excited state lifetimes of the PI and TDI chromophore,
in the case of an exciton blockade, the green and red photons
should be correlated. Correlation functions are often used to
examine the statistical dependence of a process or the statistical
dependence between two (random) processes. The intensity
correlation function,g(2)(τ), of two photon streams (forstation-
ary processes, i.e.,〈I(t)〉 is a constant value) is defined as

For the case wheni ) j, g(2)(τ) is an autocorrelation function,
and wheni * j, it is a cross-correlation function. Under pulsed

excitation, the correlation function displays a series of peaks
separated by the pulse repetition interval (∆t ) 122 ns for the
pulsed laser used). In the remainder of the text, only three peaks
will be considered: the “zero-time” peak (τ ) 0), the positive
adjoining peak (τ ) ∆t), and the negative adjoining peak (τ )
-∆t). Three cases of statistical dependence have been consid-
ered: thoroughly correlated photon fluxes, anticorrelated photon
fluxes, and uncorrelated photon fluxes. In order to make our
results comparable with experimental accessible photon coin-
cidence measurements,24,25 we simulated coincidence histo-
grams,C(τ), which are proportional to the correlation function,
g(2)(τ):26

whereN is the total number of photons detected andT is the
observation time duration. In our simulations, we do not take
into account background photons and APD dark photons.
Experimentally, the coincidence histograms are measured by
splitting the fluorescence of a single photon source into two
channels by a 50/50 beam splitter (Hanbury-Brown-Twiss
type of setup27), and a fluorescence correlation function in the
nanosecond time range can be constructed from the detected
photons subsequently.28

Monte Carlo simulations were used to construct the coinci-
dence histograms for each of the three cases outlined above.
Data sets which mimic experimental single molecule fluores-
cence trajectories have been generated. For each laser pulse,
separated in time by∆t, the emitted photon was considered to
be detected successfully if a random number,y ∈ [0;1], chosen
from a uniform distribution was less thanPd, whereP is the
probability to emit a photon by a molecule (comprising the
absorption cross section, photon flux, fluorescence quantum
yield, and absorption dipole orientation) andd is the detection
efficiency of the setup. The coincidence histograms are subse-
quently built by calculating the interphoton arrival times.

3.2. Anticorrelated Photon Sequences.In this case, the
arrival of a photon in one channel excludes a simultaneous
photon arrival in the other detection channel (i.e., it is impossible
to detect photons in both channels at the same time). Figure
3A displays the photon arrival times of two anticorrelated photon
sequences where there is no simultaneous detection of photons

Figure 2. Schematic of the wide-field fluorescence microscopy
setup: SP, short-pass filter; LP, long-pass filter; DM, dichroic miror;
PC, personal computer; Sync, synchronization unit.

g(2)(τ) )
〈Ii(t) Ij(t + τ)〉t

〈Ii(t)〉t〈Ij(t)〉t

(1)

Figure 3. Photon arrival times of two detection channels: (A)
anticorrelated photon steams; (B) uncorrelated photon streams; (C)
correlated photon streams. Blue ovals plus gray dashed lines depict
coincidence events. For case C, not all photons in the second channel
coincide with those in the first because of detection efficiency
restrictions.

C(τ) ) g(2)(τ)N2/T (2)
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in both channels. Consequently, the autocorrelation histogram
is characterized by the absence of a “zero-peak” (i.e., there is
no coincidence at timeτ ) 0). This statistical behavior of photon
fluxes is called “photon antibunching” and serves as a signature
of a single photon source, for example, a single chromophoric
single molecule.29 The Monte Carlo simulated coincidence
histogram of two anticorrelated sequences is shown in Figure
4A.

3.3. Uncorrelated Photon Sequences.In this scenario, a
photon in the first detection channel arrives independently from
the arrival of a photon in the second detection channel and vice
versa. Photon arrival times for this case are depicted in Figure
3B. The number of events where photons from both sequences
are detected simultaneously occurs with the same frequency as
that for photons separated in time byn (n ) 1, 2, 3, ...) laser
repetition periods,∆t, up to intervals of several microseconds.
In principle, for an ideal case, the interphoton arrival time
distribution decays exponentially with a parameter which is
reciprocal to the count rate. Background photons, APD dark
counts, and after-pulses truncate this distribution at longer times
(longer than the sub-microsecond time range).

The Monte Carlo simulated coincidence histogram of two
uncorrelated photon sequences is represented by a series of
identical peaks (see Figure 4B), where the number of coinci-
dence events,Nun, per peak is given by

whereP1(2) is the probability to generate a photon in the first
(second) channel for a laser pulse,d1(2) is the detection efficiency
of the first (second) channel, andL is the laser repetition rate.
Equation 3 is valid for constantP1 andP2 duringT. In general,
Nun can also be expressed by

whereR1(2)(t) is the count rate for the first (second) detection
channel.

3.4. Correlated Photon Sequences.For the sake of simplic-
ity, we assume that each photon of one stream initiates a photon
in another stream with probabilityF (0 < F e 1). This situation
is to be expected if the simultaneous donor-acceptor fluores-
cence is resulting from an exciton blockade. Photon arrival times
in this case are illustrated in Figure 3C, where the contribution
of simultaneous photon detection events is higher than the
contribution in uncorrelated photon sequences (Figure 3B). The
coincidence histogram displayed in Figure 4C was calculated
from Monte Carlo simulated time traces with a duration of 20
s and with 3.272× 104 and 2.061× 103 cps rates for detectors
1 and 2, respectively. The probability,F, for each photon in
channel 1 to initiate a photon in channel 2 is 0.063. The number
of events in the central peak,N0, is given by

SinceP2 ) P1F, the ratio between the number of events in
the adjoining (uncorrelated) peak,Nadj, and the central peak,
N0, is

In the case ofP1 ) 1, the coincidence histogram will be
similar to that for the uncorrelated photon sequences; however,
this is not common, since a large excitation intensity is required.

Thus, the characteristic signatures of the different types of
correlations should allow one to confirm if an exciton blockade
is the origin of the observed simultaneous donor-acceptor
emission. Note, however, that a coincidence histogram consist-
ing of peaks of the same number of coincidences can also be
obtained from a combination of anticorrelated and correlated
sequences. If for each laser pulse a photon source generates a
photon which appears in either channel 1 or channel 2 with
probability panti and a pair of photons in both channels
simultaneously with probabilitypcorr, the ratio Nadj/N0 is
determined from

3.5. Calculation of the Probability of Multiple Excitations
in the Dendrimers. The concept of an exciton blockade relies
on the fact that the multiple excitations can be generated in
multichromophoric molecules within one excitation pulse. Here,
we evaluate the probability of multiple excitations for the
excitation power and laser pulses used in the experiments. The
number of excited chromophores obtained during the course of
a laser pulse was evaluated using the following formula

Figure 4. Simulated coincidence histograms: (A) Anticorrelated
photon streams. The histogram was calculated from simulated traces,
lasting 10 s, with a 5× 104 cps rate. (B) Uncorrelated photon streams.
The histogram was calculated from simulated traces, lasting 10 s, with
a 1× 104 cps rate. (C) Correlated photon streams. The histogram was
calculated from simulated traces, lasting 20 s, the first trace with a
3.272× 104 cps rate and the second with a 2.061× 103 cps rate (the
probability, p, to generate a photon in the second channel for each
photon in the first stream is 0.063).

Nun ) (P1d1)(P2d2)LT (3)

Nun ) 1
L ∫T

R1(t) R2(t) dt (4)

N0 ) P1Fd1d2LT (5)

Nadj

N0
) P1 (6)

Nadj

N0
)

(panti/2 + pcorr)
2

pcorr
(7)
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where the sum runs over all possible combinations ofj indices,
Pj

i is the probability to excitej chromophores per laser pulse
for a molecule comprising ofi chromophores,Cj

i ) i!/[ j!(i -
j)!], W is the intensity of incident radiation expressed in photons/
(cm2 s) (e.g., for 488 nm laser light with an intensity of 2500
W/cm2, W ≈ 6 × 1021 photons/(cm2 s)), L is the laser pulse
repetition rate,A is the absorption cross section of the peryle-
nemonoimide chromophore, andún is the transition dipole
orientation factor of thenth chromophore with respect to the
incident light. The probabilities to excite one, two, and three
chromophores for a dendritic molecule containing eight, four,
and two perylenemonoimide units per laser pulse were calculated
for ú ) 1, and the results are listed in Table 1. To calculatePj

i

within a certain time interval,∆t, under CW excitation condi-
tions, the value of 1/L in eq 8 has to be substituted by a value
for ∆t.

4. Results and Discussion

4.1. Bulk Measurements.The bulk spectroscopic properties
of T1P4 andT2P8 and their constituting chromophores PI and
TDI have been reported in several publications.5 The molecular
structures and the intramolecular distances between chro-
mophores inT1P4 andT2P8 are displayed in Table 2 and Figure
5. Four types of intramolecular energy transfer processes which
can occur in these dendritic systems have to be considered.

These processes are directional FRET, energy hopping, singlet
(peryleneimide)-singlet (terrylenediimide) annihilation, and
singlet (peryleneimide)-singlet (peryleneimide) annihilation.
Figure 6 shows the different absorption and emission spectra
that are relevant to these processes.5 From the spectral overlap,
Förster radii for the different processes can be calculated, and
they are presented in Table 3. Note that for one important
process, singlet PI-singlet TDI annihilation, the Fo¨rster radius
was not available at the time of the previous publication dealing
with exciton blockades.6a Although the Fo¨rster radius for PI-
TDI annihilation, and hence the corresponding rate constant, is
the smallest of all competing processes, it is still quite efficient
in both generations of dendrimers. Assuming a random orienta-
tion between the chromophores involved in the process, the rate
constant for PI-TDI annihilation, kPI-TDIanni, was calculated
according to the following formula

with kD ) 1/τD (2.5× 108 s-1) and with the Fo¨rster radius,R0,
and the intermolecular distance,r, values from Tables 2 and 3,
respectively, to be 4.3× 109 s-1 (for T1P4) or 7.2× 108 s-1

(for T2P8). Hence, the rate constant of annihilation is always
faster then the rate constant for fluorescence, meaning that most
of the time the excited state on PI will disappear via annihilation
rather then via fluorescence if excited PI and TDI chromophores
are simultaneously present in the dendritic systems. These data
give a first hint that an exciton blockade as such is not sufficient
to explain the previously reported simultaneous donor-acceptor
emission.

4.2. Confocal Single Molecule Microscopy.Fluorescence
transients of 110 single molecules ofT1P4 and 339 single
molecules ofT2P8 under pulsed excitation were analyzed.
Furthermore, fluorescence traces of 66 single molecules ofT1P4

and 95 single molecules ofT2P8 were recorded using CW
excitation. In order to compare with the data reported in ref 6,
the same excitation power of 2.5 kW/cm2 was used.

The measured single molecules can be divided into three
groups according to the appearance of the recorded fluorescence
intensity traces: (1) molecules showing only red emission, (2)
molecules showing red emission followed by green emission,
and (3) molecules displaying two-color (i.e., simultaneous red
and green emission during part of the trajectory) emission.
Typical fluorescence trajectories of single molecules of type 1
and type 2, which display only monochromatic emission, are
shown in Figure 7. The insets show the distribution of the
fractional intensity,FA(t), of the acceptor fluorescence

where IA(t) and ID(t) are the fluorescence intensity of the
acceptor and the donor, respectively. Three fluorescence traces
(A, C, and D) show first red emission followed by green
emission after bleaching of the acceptor, and one (B) shows
solely red fluorescence, in accordance with ref 18. Correspond-
ing distributions of FA(t) display two states of FRET ef-
ficiency: “zero” and “one”, or only “one” for case B. Stepwise
decrease of the fluorescence intensity has been attributed to
successive reduction of the number of donors due to photo-
bleaching.18

Two-color fluorescence traces (type 3) and corresponding
distributions ofFA(t) are displayed in Figure 8. For these traces,
distributions of FA(t) present, besides zero and one FRET
efficiency, a range of intermediate states. The dual-color
fluorescence is registered only after significant decrease of
acceptor emission from initial level. As stated above, this
decrease in the acceptor emission intensity is attributed to
sequential bleaching of donor chromophores.

The number of molecules found in each group under different
excitation conditions and their corresponding relative contribu-
tions are summarized in Table 4. The majority of molecules
fall into the first two groups as expected because of the very
efficient directional energy transfer occurring in these systems.
Nevertheless, approximately 10-15% of the traces show the
simultaneous donor-acceptor emission. The relative contribu-
tion of each group is nearly equal for both dendrimer generations
and for the different excitation conditions (pulsed versus CW
excitation). The comparison between calculated multiexcitation
probabilities (Table 1) with experimental data suggests against
the exciton blockade as a main origin for the observed dual-

Pj
i ) ∑

Cj
i (∏

k)1

j (1 - exp(-
WAúk

L )) ∏
l*k

i-j

exp(-
WAúl

L )) (8)

kPI-TDIanni ) kD(R0

r )6

(9)

TABLE 1: Calculated Probability to Excite One, Two, and
Three Chromophores During the Course of a Laser Pulse at
a 2500 W/cm2 Excitation Power for Molecules Comprising
Two, Four, and Eight Donors

molecule comprising:

probability to
excite:

two
chromophores

four
chromophores

eight
chromophores

one chromophore 0.191 0.304 0.387
two chromophores 0.012 0.054 0.163
three chromophores 0 0.004 0.038

TABLE 2: Intramolecular Distances

chromophore compound r (nm)

peryleneimide-terrylenediimide T1P4 2.3
T2P8 3.1

peryleneimide-peryleneimide T1P4 from 0.5 to 4
T2P8 from 0.5 to 5.5

FA(t) )
IA(t)

IA(t) + ID(t)
(10)
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color fluorescence. Indeed, the absolute probability to excite
two chromophores forT2P8 is 3 times higher than that forT1P4,
and the relative contribution of two-chromophore excitationP8

2/
P8

1 is approximately twice that ofP4
2/P4

1. This significant
difference should be apparent in experiments as a more frequent
appearance of two-color emission forT2P8 as compared to

T1P4. In contrast, the experimental data showed approximately
equal contributions of dual-color fluorescence (see Table 4).
Furthermore, dual-color fluorescence was observed after bleach-
ing of the majority of donors (see Figure 8). Since the relative
contribution of simultaneous excited chromophores reduces
when the number of donors decreases (see Table 1), the presence
of multiexcitations as a main cause for the appearance of two-
color emission is not plausible. This argument is further
corroborated by the results of the CW measurements. While
multiple chromophores can be excited simultaneously using
pulsed excitation, under the same CW excitation power, this
probability is extremely low. For example, according to eq 8,
the relative contribution of two-chromophore excitationP8

2/
P8

1 within a 1 nsinterval is equal to 0.0063 under a CW
excitation power of 2.5 kW/cm2 (as compared to a value for
P8

2/P8
1 of 0.42 for the same average power but with pulsed

laser light). The percentage of two-color emission detected was
found to be almost the same as that for the pulsed excitation
case (see Table 4).

Additional evidence against the exciton blockade as the only
source of the simultaneous two-color emission can be found
by further analyzing the trajectories obtained with pulsed
excitation. The arrival times of the photons of trace C from
Figure 8 were used to construct the acceptor-acceptor auto-

Figure 5. Structure of the compounds used in this study (upper left,T1P4; lower left, T2P8) and superimposed absorption and emission spectra
for donor-acceptor chromophores PI-TDI (upper right, PI; lower right, TDI). Red and green colors denote terrylenediimide chromophores and
peryleneimide chromophores correspondingly.

Figure 6. (A) Superimposed absorption spectra of TDI (thick red-
color curve) and emission spectra of PI (thin green-color curve)
(directional FRET). (B) Absorption (blue color) and emission spectra
of PI (green curve) (energy hopping). (C) Transient absorption (S1-
Sn) spectrum (black color) and emission spectra of PI (green curve)
(singlet PI-singlet PI annihilation). (D) Transient absorption (S1-Sn)
spectrum of TDI (purple color) and emission spectra of PI (green
curve) (singlet PI-singlet TDI annihilation). Spectra were recorded in
toluene.5

TABLE 3: Fo1rster Radii 5

process
R0

(nm)

directional FRET 5.9
energy hopping 4.8
singlet (peryleneimide)-singlet (peryleneimide) annihilation 5.3
singlet (peryleneimide)-singlet (terrylenediimide) annihilation 3.7
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correlation curve (Figure 9A) and the acceptor-donor cross-
correlation curve (Figure 9B).

The zero-peak in the upper histogram (Figure 9A) is much
smaller than the adjoining peaks. This indicates that two acceptor
detection channels are anticorrelated as expected because only
one red emitter (i.e., the acceptor molecule) exists within the
dendrimer. The presence of a few events at zero-time is
rationalized by signal-background and background-back-
ground correlation. The cross-correlation histogram in Figure
9B shows, within statistical deviation, three equal peaks.

According to the Monte Carlo simulations, this corresponds to
the case of uncorrelated photon sequences (Figure 4B). On the
basis of these histograms and simulation results, we can say
that the majority of green photons are not positively correlated
to red photons. Thus, the presence of multiexcitations cannot
solely explain the observed two-color emission phenomenon.

A final piece of evidence consists of the fluorescence decay
that can be constructed for the donor emission by histogramming
the photon arrival times. From the decay histogram constructed
for trace C of Figure 7, a decay time of 4 ns can be obtained.

Figure 7. Typical fluorescence transients of single molecules. Red-color and green-color curves denote the acceptor and donor channels, respectively.
The insets show the distribution of fractional intensity of the acceptor fluorescence. Parts A and B displayT1P4 molecules, and parts C and D,
T2P8. Parts A and C correspond to pulse excitation, and parts B and D, to CW excitation.
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This corresponds to the unquenched decay time of the PI
chromophore. In the case of an exciton blockade, one expects
a partially quenched decay time of PI due to competition of the
excited PI to decay via fluorescence (kD ) 2.5 × 108 s-1) or
via singlet PI-singlet TDI annihilation (kPI-TDIanni ) 4.3× 109

s-1 (for T1P4) or kPI-TDIanni ) 7.2 × 108 s-1 (for T2P8)). The
expected decay times based on these rate constants are 1 ns for
the second generation dendrimer and 220 ps for the first
generation dendrimer.

Figure 8. Two-color fluorescence transients of single molecules. Red-color and green-color curves denote the acceptor and donor channels,
respectively. The insets show the distribution of fractional intensity of the acceptor fluorescence. Parts A and B displayT1P4 molecules, and parts
C and D,T2P8. Parts A and C correspond to pulse excitation, and parts B and D, to CW excitation.

TABLE 4: Occurrence of Three Different Modes of
Behavior for Single Molecules

monochromatic emission

excitation
type compound

two-color
emission

only red
emission

red followed by
green emission

pulse T1P4 12 (11%) 27 (25%) 71 (64%)
T2P8 51 (15%) 81 (24%) 207 (61%)

CW T1P4 7 (11%) 16 (24%) 43 (65%)
T2P8 11 (11%) 14 (15%) 70 (74%)
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The data presented here form overwhelming evidence that
an exciton blockade involving randomly oriented chromophores
cannot be the origin of the observed simultaneous donor-
acceptor emission. Therefore, another contributing factor must
be envisioned that must be related to changes in the energy
transfer efficiency. According to the Fo¨rster equation, such
changes can result either from changes in the spectral overlap
or from changes in the orientation factor,κ2. Spectral data
obtained form single molecules show no evidence for large
spectral shifts (data not shown). Therefore, we decided to have
a closer look at the orientation of chromophores responsible
for the simultaneous emission.

4.3. Defocused Wide-Field Imaging.Defocused imaging of
single molecules and single nanocrystals has been used to
examine the angular distribution of their emission.22,30,31 We
applied this technique to determine the orientation of emitting
chromophores in the dendrimers under study. Defocused wide-
field image sequences of 45 singleT1P4 molecules and 268
singleT2P8 molecules were recorded by exciting with CW 488
nm light (2.5 kW/cm2), while detecting donor and acceptor
emission on two different cameras. Calibration of the two-
camera setup was done in focused wide-field mode with a
reference sample. The discrepancy in position along thex and
y axes proved to be within a few pixels.

Figure 10 shows typical defocused images of single dendrimer
molecules imbedded in a thin Zeonex film (the upper panels
depictT1P4, and the lower panels,T2P8; the left panels corres-
pond to the red channel, and the right, the green channel). The
size of single molecule patterns and the behavior of single mole-
cule fluorescence are practically equivalent for two dendrimer
generations. The emission patterns recorded in the red channel
(left panels of Figure 10) are noticeably larger than those record-
ed in the green channel (right panels of Figure 10). This differ-
ence in pattern size arises from a wavelength difference between
the two detection channels.31 We note that, within the first 90 s
for T1P4 and 65 s forT2P8, only a few dendrimer molecules
undergo photobleaching of the acceptor chromophore. Other-
wise, the three types of emission (only red, green after bleaching
of red, and simultaneous green and red) observed in confocal
microscopy can be found back in defocused imaging as well.

Defocused emission patterns of individual acceptor chro-
mophores in the red channel do not vary with time, as expected

for one emitter fixed in a polymer film. It also proves that the
spatial orientation of the TDI acceptor is fixed relative to the
rest of the dendrimer. On the other hand, the defocused emission
patterns recorded for some molecules in the green channel
display stepwise orientation changes with time. A similar
behavior was also observed for a related dendritic system
consisting of a tetrahedral polyphenylene core and four PI
chromophores at the rim (G1R4).10 For G1R4, the stepwise
changes in orientation were attributed to energy hopping among
identical chromophores and emission from an energetically
slightly lower trapping site. After bleaching of the first trap,
the next chromophore that is lowest in energy will emit, and
since its orientation is different, a different pattern will be
observed. A similar situation is expected for T1P4 and T2P8
after photodestruction of the acceptor chromophore. The excita-
tion energy migrating between chemically similar donors will
be trapped by a donor moiety of the lowest energy. As a result,
at any particular time, only one donor chromophore emits. When
this donor molecule undergoes photobleaching, another donor
molecule will replace it as the next fluorescent trap. Thus, the
measured emission pattern displays sequentially different dipole
orientations.

The number of dendrimer molecules that display dual-color
fluorescence and hence show emission patterns at the samex,y
coordinates in both the green and red channels is comparable
to the confocal measurements. Fifteen single dendrimer mol-
ecules showing dual-color emission with good signal-to-noise
intensity were chosen in order to determine the dipole orienta-
tions in both channels. The selected patterns were analyzed using
the numerical procedure published before for evaluating dipole
orientations.31 Two examples are illustrated in Figure 11 where
each row of images presents individual molecules. The first and
second columns correspond to the red-color channel, while the
third and fourth represent the green channel. The first and third
columns are experimental images, and the second and fourth
are the matching simulated patterns.

For the first molecule, the emission dipole of the acceptor
chromophore is oriented entirely out of plane (red channel, see
Figure 11A and B), while the emission dipole of the donor (very
weak signal, image was obtained by integration over an extended
time interval) lies in plane (green channel, see Figure 11C and
D). The second molecule exhibits both in-plane emission dipoles
for the acceptor (Figure 11E and F) and the donor (Figure 11J
and H) chromophores, respectively; however, they are both
oriented nearly perpendicular to each other. This set of experi-
ments allows for direct visualization of the relative orientation
of the emitters responsible for fluorescence in both channels.
As a result, one has to re-evaluate the rate constant for FRET
and PI-TDI annihilation. These will be substantially different
then for the case of randomly oriented chromophores.

The picture that arises from both confocal and wide-field
measurements is as follows. In intact dendrimers (no pho-
tobleached donor chromophores), energy hopping among the
donors ensures that the excitations end up at the acceptor, even
if unfavorable oriented donors are present in the dendritic
molecule. Multiple excitations within the dendrimer are quenched
by a very efficient singlet PI-singlet PI annihilation as well as
by important (in comparison with the PI fluorescence decay
rate) singlet PI-singlet TDI annihilation which leads to an
existence of only one excited chromophore, the acceptor. After
photobleaching of a number of donors, unfavorable oriented
donors will become “isolated”. When these donors are excited,
they will not undergo FRET nor will they annihilate with the
excited acceptor molecule,32 eventually populated via other

Figure 9. Coincidence histograms taken from the trace displayed in
Figure 8C: (upper panel) acceptor autocorrelation; (lower panel)
donor-acceptor cross-correlation.
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donors, but relax to the ground state by emission of fluorescence.
Since they are isolated, their decay time has to be identical to
that of the PI chromophore, as was observed experimentally.
Thus, simultaneous donor-acceptor emission in the dendritic
systems studied in this contribution arises mainly from unfavor-

able oriented donor molecules and only to a minor extent from
an exciton blockade resulting from multiple excitations. The
question remains of why only a fraction of the molecules show
this behavior. We rule out trapped conformations resulting from
the spin coating process in the sample preparation due to the

Figure 10. Defocused images of single molecules embedded in a thin polymer film. Parts A and B correspond toT1P4 molecules, and parts C and
D, to T2P8. The images were recorded in the time interval 81-90 s forT1P4 and in the time interval 60-65 s forT2P8. The left column corresponds
to the acceptor detection channel, and the right column, to the donor detection channel.

Figure 11. Examples of singleT2P8 molecules which showed dual-color fluorescence. Each row of images presents a different individual molecule.
The first and second columns correspond to the red-color channel, and the third and fourth, to the green one. The first and third columns are
detected images, and the second and fourth are the matching simulated patterns. The images of the first molecule (A and C) were obtained by
integration over several frames; the images in the second row (E and J) correspond to one frame.
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shape persistence of the molecules. In a fraction of the
molecules, the unfavorable oriented donor molecules will bleach
before the other donor molecules. Most probably though, this
observation results from the different conformational isomers
that are present in this otherwise chemically identical population
of molecules. As pointed out before, the synthetic route leading
to the macromolecules under study allows for isomers with
different orientations of the PI donor moieties at the rim.14b,33

The study performed here shows the potential of single molecule
spectroscopy to discriminate even such subtle differences in
populations of molecules.

5. Conclusions

The phenomenon of dual-color fluorescence in two genera-
tions of peryleneimide-terrylenediimide dendrimers has been
intensively investigated at the single molecule level. These
systems were designed for very fast intramolecular Fo¨rster type
energy transfer. As a result, most of the single molecules showed
green donor emission appearing exclusively after bleaching of
the acceptor. However, in an important fraction of the traces
(10-15% for different generations and excitation modes),
simultaneous green donor and red acceptor fluorescence can
be detected.

We have argued by carefully evaluating the ensemble data,
by comparing simulated and experimental correlations between
the green and red photons, and by changing the excitation
conditions that an exciton blockade, resulting from the presence
of multiple excitations in the system, and the assumption of
randomly oriented donor molecules with respect to the acceptor
molecule cannot explain the observed two-color emission. By
determination of the spatial orientation of the emitters respon-
sible for the fluorescence in the green and red channels via
defocused wide field, we could attribute the observed two-color
emission mainly to the presence of an unfavorable oriented
donor molecule being present in the system after photobleaching
of the majority of suitable oriented donors. If excitations on
the acceptor and the donor are present simultaneously in the
system, the unfavorable donor is absolutely required to obtain
the simultaneous emission in donor and acceptor channels. The
hypothesis of a badly oriented donor is consistent with the decay
time found for the green emission channel. In the experiments,
the importance of the orientation among transition dipoles in
Förster type energy transfer processes (both FRET and singlet
PI-singlet TDI annihilation) is directly visualized. Finally, it
was argued that the relative small fraction of molecules showing
the simultaneous emission might be linked to conformational
isomers resulting from the synthetic route followed to prepare
the dendrimers.
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