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We have investigated electronic excitation energy transfer in a specifically designed bichromophoric donor/
acceptor dyad in which the donor (perylenediimide) and acceptor (terrylenediimide) are linked by a rigid
heptaphenyl-spacer. Because of the choice of the bridge, which defines the distance and orientation of the
two chromophores, donor as well as acceptor emission is observed. The significantly smaller photostability
of the donor allows for time-resolved measurements of the acceptor emission at the single-molecule level
with and without energy transfer from the donor. By analyzing the differences of the rise/decay profiles for
both pathways, we could determine time constants of energy transfer with high accuracy for single dyads.
The results show that the experimental approach presented here works even for situations in which the energy
transfer times are smaller than the temporal resolution of the detection system.

Introduction donor and the TDI acceptor can be adjusted. As a first model
system, we had studied a dyad in which PDI and TDI are
separated by p-terphenyl space® Because of the large spectral
overlap, favorable dipole orientation, and short interchromophore
distance, energy is transferred quantitatively from D to A in
this dyad. Although the 3D orientation of the donor and acceptor
absorption transition dipoles could be determifethe rate
constant of the energy transfer process was too fast to be
measured reliably by room-temperature single-molecule experi-
ments. By varying the length and geometry of the spacer, the
energy transfer efficiency can be tuned. In Scheme 1, the
chemical structure of another dyat),(in which PDI and TDI

re now linked by a longer heptaphenyl-spacer including a kink,

presented. Please note that with respect to a dyad with a linear

Electronic excitation energy transfer (EET) plays a key role
in a wide variety of molecular assemblie%he functioning of
light-harvesting complexes and conjugated polymers crucially
depends on the efficiency of this procéss.Furthermore,
because EET between a donor (D) and an acceptor (A)
chromophore sensitively depends on their distance and relative
orientation® it constitutes a nanoscopic rufesn length scales
between 10 and 100 A. As a more special application, energy
transfer between spatially confined D/A-couples has been used
for probing the microstructufeof the environment. Recently,
EET at the single-molecule level has been applied to measure
distances and distance fluctuations on the nanometer scale. Suc

EET between a single donor and a single acceptor pair tumsp—terphenyl spacer only the distance and orientation of the D/A

oqt to .be a powerful tool for' wsuah;mg the dY“am'CS of couple has changed; the average spectral overlap is the same
(biological) macromoleculés!! in real time and without the for both dyads

problems encountered by ensemble averaging. Other single-
molecule investigations have focused on coupling mechanisms

and more principal photophysical aspects of the energy tranSferfour perylenemonoimide donors, the acceptor rise time, which

process*~!7In this case, the lack of ensemble averaging tums ., eshonds to an average over the energy transfer times of the
out to t_)e most _he_lpful for comparing expenmental results to four donors, was accessed by time-resolved fluorescence
theoretical predictions of electronic coupling. spectroscopy? For the same multichromophoric dendrimer, we
To study fundamental aspects of EET, simple model sy$fems aye shown that the energy transfer times of individual donors
are of particular importance. Recently, we have synthesized gre readily accessible by fluorescence excitation spectroscopy
simple D/A dyads consisting of perylene diimide (PDI; D) and 4t |ow temperature®. In the following, we will demonstrate
terrylene diimide (TDI; A) separated by rigid oligophenyl  tht pichromophoric dyad allows for another type of measure-
spacers. The particular suitability of such compounds for ment to determine the energy transfer time by time-resolved
studying EET at the single-molecule level results mainly from gpectroscopy. It is based on differences of the fiuorescence rise/

two facts. First, ryleneimide dyes exhibit extraordinary advanta- gecay time profiles recorded successively for a dyad prior to
geous properties for single-molecule studfieecause they  5nd after bleaching of the donor (PDI).

possess very high photostabilities and fluorescence quantum

yields up to unity?®#' Second, the combination with appropriate  Experimental Section
synthetic concepts enables us to build deraxceptor (D/A)
dyads, in which the distance and orientation between the PDI

In a recent investigation of single polyphenylene dendrimers,
containing a central TDI acceptor core and being decorated by

The synthesis of dyad will be published elsewher€.For
the single-molecule experiments, thin-films of PMMATO nm)
« Corresponding author. E-mail: hinze@mail.uni-mainz.de. doped with the dyad were prepared by spin coating from solution
*Institute for Physical Chemistry, Johannes Gutenberg-University. ~ ON @ cleaned glass substrate. From single-molecule confocal
* Max-Planck-Institute for Polymer Research. fluorescence microscopy, an average density of D/A couples
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SCHEME 1: Molecular Structure of 1
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of ~0.3um™2 was obtained. Transient fluorescence intensities two chromophores was found to g = 4.1 nnt® and the angle
were taken with a home-built scanning confocal optical micro- at the kink to be®gy, = 120°. Both the distance between the
scope. For excitation, we used either a cw-Ar ionlaser (488 nm) chromophores and their relative orientation were chosen such
or a pulsed, frequency doubled ND-YLF laser at 523 nm with that the expected transfer efficiency should be less than unity.
a repetition rate of 40 MHz and pulse widths of about 4 ps. Accordingly, the ensemble spectrabin toluene show donor
Compared to the 488 nm excitation that was used for the spectraas well as acceptor emission (Figure 1). By scanning thin
shown in Figure 1, the longer wavelength increases the PMMA films doped with 1 in the confocal fluorescence
absorption probability of TDI, which turned out to be essential microscope, single dyads were localized. The emission spectra
for the present investigations. An average excitation power of of single, isolated dyads (Figure 1) confirmed that the PDI
3.5 kWcent?2 of circular polarized light turned out to be a good  emission stems from intact dyads and not from unbound PDI.

compromise between a sufficient signal-to-noise ratio in emis- |t js important to note that the analysis of donor and acceptor
sion and a tolerable photobleaching efficiency. Emitted photons emjssjon intensities obtained from single-molecule experiments
were collected by an oil immersion objective (200NA 1.4, with 1 would not allow for a straightforward calculation of the
Zeiss), which also was used for excitation. The detection path ggT efficiency. By embeddingl in PMMA, the emission
was divided by a 50/50 beam splitter with subsequent filtering. ransition dipoles of PDI and TDI are fixed and, because of the
For the TDI emission, a long-pass filter was used (HQ700, kink in this dyad, oriented differently in space. Orientation-
Chroma), whereas for the PDI emission a band-pass filter gependent detection sensitidtyand interfacial effects due to
(HQ570/60, Qhroma) was incorporated. Time correlated single o thin sample geometry prevent a simple data anal§sis.
photon. counting (TCSPC) was pgrformed by two avalanche For the following experiments, excitation was performed at
photodiodes (SPCM'AQ .14’ Perkm_—EImer) .fOIIOWGd by_a PC 523 nm employing the pulsed Nd:YLF laser. Only the brightest
module (Becker&Hickl) Incorporating a time-to-amplitude molecules with at least 50% of the maximum emission rate
gonvgrt:\zlz ('fl',tAhC) and an analct)g-to-d|g|ta(ljcortlverter t(ADC) ca[n detected overall have been selected for further data evaluation.
ugggr.air ofthe measurements were made at room temperature, simple analysis indicates that such a selection favors D/A
' pairs with a proper orientation of the donors’ absorption
transition dipole with respect to the excitation beam polarization.
As already mentioned, for an intact dyad both PDI and TDI
From quantum mechanical calculations (vacuum), the length emission are observed (see Figure 1). Typically, after some time
of the connection vector between the centers of gravity of the PDI bleaches preferentially, although the excitation is transferred
quickly to the TDI acceptor. This observation is in accordance
with studies on isolated PDI and TDI in PMMA, which showed
that under our experimental conditions PDI bleached-110iD0
times faster than TDA? After photobleaching of PDI, the
residual absorption of TDI at the laser wavelength of 523 nm
(see Figure 1) allows for direct excitation of this chromophore.
Although the emission intensity dropped by a factor~fO,
because of longer recording times the photon numbers were
still sufficient for applying the time-correlated single photon
counting (TCSPC) technique. As an example in Figure 2, a
500 typical time trace is shown in which PDI bleached aftef5 s.
TDI emission via direct excitation was recorded for another

1200 s.
Figure 1. Absorption and emission spectra of a toluene solutioh of - . . .
(dashed lines). The dotted line represents the absorption spectrum of a | N€ Scenario just described has one particularly important

toluene solution of TDI. A single-molecule emission spectruni of consequence. We are able to measure the rise/decay time profiles
PMMA is drawn as a solid lineigx. = 488 nm). of the TDI emission for two different excitation pathways within

Results and Discussion
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S PDI bleached () = [Al exp(— l) ~ B, exp(— L)] ® IRF(t) (1)
T T
-~ 100_ 1, EET,
8]
c _ t
3 [,(t) = A, ex - ® IRF(t) (2)
R e — 2
0 1000 Interestingly, in the D/A dendrimer comparable preexponen-
t/s tial factors,A; ~ By, were founc?® which point to an exclusive

Figure 2. Time trace of single dyad excited at 523 nm. After 45 s,  €Xcitation of the donor followed by population of the TDI
PDI bleached first. Subsequently, because of the weak absorption of€XCited state via energy transfer. In our dyhdhowever, to

TDI at 523 nm, the emission intensity dropped by a factor-dD0. some extent direct excitation of the acceptor also takes place.
After ~125_0 s, the exp(_erim_ent was stopped. The corresponding rise/ From analyzing two step time traces as shown in Figure 2, we
decay profile is shown in Figure 3. estimated the probability for the direct excitation path to be

~10%, which corresponds to A9~ B;. This estimate is in

3 § accordance with the absorption strength of PDI and TDI at 523
81/ 2 nm, taking into account that no polarization dependence has to
@ o £ be considered. The latter argument is based on the use of circular
9o 0+ . ; polarized excitation and the fact that preferential dyads are
o 10 e selected that are oriented parallel to the interface, that is, to the
i— polarization plane of the laser light (see below). After normal-
0 ization Ay = A, = 1 and subsequentl; = 1, and assuming
5 10 unchanged fluorescence lifetimes of the accepior 1, the
t/ns differenceA(t) is given by

Figure 3. Fluorescence rise/decay time profiles for single dylad

excited at 523 nm before (dashed line) and after (solid line) photo- A(t) = 1,(t) — 1,(t) = expg — _t R IRF(t). (3)

bleaching of the donor PDI. The profiles consist of 2.6.0° (before TEET,

bleaching of PDI) and 3.9 1CPcounts (after bleaching of PDI),
respectively. The inset shows the difference between both curves afterThe convolution in eq 3 can be solved to yield
normalizing to the long time tail. The corresponding time trace is shown
in Figure 2. o d\n

A(t) = Tger (_TEET)n(_) IRF(t) (4)
a few seconds. By comparing rise/decay time profiles with and = dt
without transfer from PDI, the EET contribution can be isolated
in single dyads. It is noted that this kind of experiment can
only be performed at the single-molecule level.

In Figure 3, the fluorescence rise/decay time profiles are
shown for a single dyad before and after photobleaching of the
donor. Normalization to the long time decay allows for
calculating the difference that solely stems from EET. Our main
experimental limitation is given by the instrumental response
function (IRF), which is basically determined by the relatively
slow single photon avalanche photodiodes. From reflection

In the first step of data evaluation, the fluorescence decay
histogram of the TDI emissiomfter bleaching of PDI was
analyzed, that is, when TDI was excited directly by the 523-
nm pulses. At times longer thanl ns, a strictly single-
exponential decay was found for all of the molecules investi-
gated. Within a minimization procedure using MATLAB
package (Mathworks), we adjusted the instrumental response
IRF to fit eq 2 to the experimental data. In the next step, the
fluorescence rise/decay histogram of the intact dyad, that is,

i X prior bleaching of PDI, was analyzed using the same IRF and
measurements of the pump pulse, we obtain an IRF with a full eq 1. We want to emphasize that both steps were always

width at half-maximum (fwhm) of-700 ps. Although the EET o trmed with data obtained from the same molecule within a
turned out Fo be S|gn|f[c§1ntly faster (see below), the contribution ¢\ seconds up to minutes without changing the experimental
from EET is clearly visible. setup at all. Because the emission originates from TDI in both
In recent work on the already mentioned single polyphenylene cases, our assumption that the IRF is the same for both cases
dendrimers, containing a central TDI acceptor core and being seems to be justified.
decorated by four perylenemonoimide donors, energy transfer |nterestingly, even for short energy transfer timessr <
had also been investigated by TCSPQransfer times could 700 ps,A(t) in a first approximation is proportional to the time
be obtained by deconvolution of the fluorescence rise/decay timeconstantzeer. Consequently, energy transfer times significantly
histograms using a microchannel plate multiplier with a response faster than the relatively poor temporal resolution of our setup
time of 23 ps. Our time resolution, which is limited by the rather could be extracted. In practice, the shortest accessible transfer
slow APD, would not allow for this kind of data analysis. times are determined eventually by the signal-to-noise ratio,
However, the use of a bichromophoric D/A dyad together with which depends on the number of photons counted. Approxi-
its particular photophysical properties, namely, the significantly mately half of the dyads investigated allowed for an extraction
higher photostability of the acceptor TDI compared to PDI, of EET times as described. As a lower limit, we required at
enables us to use a different approach to extract energy transfeteast 2x 10* countsfor each fluorescence rise/decay histogram.
times from single-molecule time-resolved data. Similar to the For the remaining dyads, photobleaching of TDI either before
data analysis for the dendriméfswe assume a biexponential  or after PDI photobleaching prevented further data analysis. As
model function with positively and negatively contributing time mentioned above, in the majority of cases the emission intensity
constants for the intact dyad. Accordingly, the fluorescence dropped by a factor of~10 after bleaching of PDI. Conse-
signals of the intact (1) and the PDI bleached (2) dyad are quently, to acquire similar photon numbers, the time traces
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factor of 2-3. With regard to the orientation factar 2, which

is determined solely by the relative orientation of the transition

dipoles of donor and acceptor, becaugd>® [0 «2, a

101 theoretically impossible value of2 > 4 would be required.

Theoreticall and experimental investigaticiifiave shown the

5] 'H strong influence of a close interface on the fluorescence lifetime
1

154 M <1EET)=61 ps

# molecules

of single fluorophore&?33However, the measured transfer times
il would require a donor fluorescence lifetime of abayt= 1.5
-11 -10 -9 ns, which is beyond the conceivable range.
log. (t T/s) Within a simulation taking into account our film thickness
_ o 10% EET of 70 nm, we calculated the influence of the air/PMMA interface
Figure 4. Distribution of energy transfer times obtained for 51 single o, the EET times for 10molecules randomly distributed and
dyadsl in a thin PMMA film. . . . - L
oriented in the film. Interestingly, by picking out only the

recorded after PDI bleaching were taken approximately 10 times _brightest dyads, a selection concerning the molecular orientation
longer than prior bleaching (see Figure 2). is performed. The influence of the interface on the EET times

In Figure 4, the EET times obtained from analyzing 51 single (Via the donor fluorescence lifetime, eq 5) depends strongly on
dyads are plotted. From this histogram, we obtain a mean the molecular orientation relative to the interface. Because of

transfer time ofzgerl= (61 & 18) ps. This broad distribution ~ Our selection, only molecules oriented preferentially parallel to
of energy transfer times in Figure 4 is quite remarkable in light the interface are investigated, corresponding to a rather restricted

of the rigid geometry of. It is therefore unreasonable to assume influence of the interface on the EET times. From this, we
that the distribution reflects large variations in distance and €stimated the variations of the EET times to be on the order of
relative orientation of donor and acceptor in the dyads; rather, =6%. significantly smaller than the experimentally observed
it is thought to be caused by inhomogeneous broadening of thedistribution shown in Figure 4. That is, interfacial effects are
electronic transitions of both PDI and TDI. The (static) spectral "ather unlikely for explaining the observed discrepancy.
shifts due to inhomogeneous broadening lead to variations of It has been stressed by several authors that the point-dipole
the spectral overlap for every single dyad. This very fact has approximation used in standardrster theory is expected to
been emphasized by Schdlagcently. However, to experi-  be inadequate at short distances, particularly when the effective
mentally prove this assumption, the absorption spectra for eachspatial extension of the electronic excitations of donor and
single dyad have to be known. acceptor are on the order of the intermolecular distdfice.
Assuming a classical Tster type processgnergy transfer That is, the proximity of donor and acceptor relative to their
times can be calculated according to the following equation  spatial dimensions could be a dominating contribution to the
observed discrepancy between simplaster theory and our
1 kate,_@ 50 6_@& 5.29x 10 *% A1) 5 experimental data. Further deviations from ideal theory are
TeeT — - R/ o RP N ®) expected if through bond mediated exchange via bridging groups
is involved?! In this context, we do not refer te conjugation
k2= 2.5 is the orientation factor associated with the dipole to the bridge because quantum chemical calculations have

25}

dipole interaction between donor and accepfdrR = 4.1 x clearly showné that the phenyl rings adjacent to the chromo-

107° m is their center-to-center separatio¥,is Avogadro’s phores are oriented orthogonal to the chromophore planes.
number, anch = 1.49 is the refractive index of PMMApp = Although both effects discussed in this section could play a role
1 is the donor fluorescence quantum yigldndzp = 4.1 ns is in our dyad, definitive conclusions cannot be drawn at present.

its measured fluorescence lifetirfawhich is close to recently
published datd® The spectral overlag(l) = 2.47 x 1022 Conclusions
m®mol~1 was obtained from a convolution of the bulk absorption
spectrum of TDI in units of @mol~! with the area-normalized We have investigated a novel donor/acceptor dyad, in which
emission spectrum of PDI (both solved in toluene). The the energy transfer efficiency was adjusted to observe donor as
transition dipoles for absorption and emission are assumed towell as acceptor emission. A significantly smaller photostability
be collinear with the long axes of the chromophores. We obtain of the donor allowed for time-resolved measurements of the
a Faster radius ofRy = 6.9 nm and a transfer efficiency of acceptor emission with and without energy transfer from the
96% corresponding to a transfer time Gf>"*" = 164 ps. donor. This behavior allows us to determine energy transfer

Because single-molecule emission (donor) and absorptiontimes with high accuracy, even though they are significantly
spectra (acceptor) are not easily available for each single dyad shorter than the temporal resolution of our setup. Our experi-
the calculation of the Fster radius or the spectral overlap, Mmental observations indicate deviations from model calculations
respectively, was based on ensemble averaged data from théased on standardFster theory. Further experimental and
constituent chromophores in toluene solution. Although the theoretical investigations are needed to substantiate this pre-
emission spectrum of a single dyad in PMMA does not differ liminary result and the origin of these deviations. Particularly,
too much from the ensemble emission spectrum in toluene the knowledge and comparison of emission lifetimes, intensity
solution (Figure 1), because of the lack of the actual spectral ratios (PDI-TDI), and the spectral positions of the individual
data, a discussion of the discrepancy between the transfer timesingle-molecule spectra will allow for further quantifying of the
calculated from Fister theory based on solution data and the energy transfer process. Because of the rigid structure of our
mean energy transfer time obtained from single-molecule model system, it will be a good candidate for a meaningful
experiments in PMMA can at present only be done on a comparison to extended EET theory.
qualitative level.
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