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Abstract: We report on the directional Forster resonance energy transfer (FRET) process taking place in
single molecules of a first (T1P4) and a second (T2P8) generation of a perylenemonoimide (P)—
terrylenediimide (T)-based dendrimer in which the chromophores are separated by rigid polyphenylene
arms. At low excitation powers, single-molecule detection and spectroscopy of T1P4 and T2P8 dendrimers
point to a highly efficient directional FRET from P donors to the central T acceptor, optical excitation at 488
nm resulting in exclusively acceptor emission in the beginning of the detected fluorescence intensity. Donor
emission is seen only upon the bleaching of the acceptor. High-resolution time-resolved single-molecule
fluorescence data measured with a microchannel plate photomultiplier reveal, for T2P8, a broad range of
FRET rates as a result of a broad range of distances and orientations experienced by the donor—acceptor
dendrimers when immobilized in a polymer matrix. Single-molecule data from T2P8 on 488 nm excitation
are indicative for the presence, after terrylenediimide bleaching, of a P—P excited dimer characterized by
a broad emission spectrum peaking around 600 nm and by fluctuating fluorescence decay times. At high
excitation powers, single T1P4 and T2P8 molecules display simultaneous emission from both donor and
acceptor chromophores. The effect, called “exciton blockade”, occurs due to the presence of multiple
excitations in a single molecule.

Introduction of organi@ or inorgani€ molecular systems or to the investiga-
tion of the photophysics of green fluorescent protéfistul-
tichromophoric systems studied by SMS include both nafufal
and synthetic moleculg4:2°

In the past decade, room-temperature single-molecule fluo-
rescence spectroscopy (SMS) has seen tremendous develo
ment!2 The probing of individual molecules via their spectro-

scopic properties removes the inherent averaging present in ) -
.. . . . (7) Tinnefeld, P.; Weston, K. D.; Vosch, T.; Cotlet, M.; Weil, T.; Hofkens, J.;
traditional ensemble spectroscopic experiments, thus making Miillen, K ; De Schryver, F. C.; Sauer, NI. Am Chem Soc 2002 124

MS the method th n yield information at the m il 14310-14311.
SMS the . ethod that ca yie d information at the . ost de.ta ed (8) Christ, T.; Kulzer, F.; Bordat, P.; Basche Angew Chem, Int. Ed. 200,
level. In this way, phenomena that are not necessarily predictable " 40, 4192"4195.

i i i -9 Van Sark, W. G. J. H. M.; Frederix, P. L. T. M.; Bol, A. A.; Gerritsen, H.
by ensemble experiments, such as fluctuations in the fluores Moijorink. A ChemPhysGhed002 3. 871870,
cence intensity, the singlet and triplet decay times, the emission(10) Moemer W. EJ. Chem Phys 2002 117, 10925-10937.
(11) Cotlet, M.; Hofkens, J.; Habuchi, S.; Dirix, G.; Van Guise, M.; Michiels,
maXI_mum’ or the deOIe orlgntatlon, can be O_bserved by S_MS' J.; Vanderleyden, J.; De Schryver, F.F@oc Natl. Acad Sci U.SA. 2001,
Studies related to the excited-state properties at the single- 98, 14398-1443.
; : : ; (12) Lounis, B.; Deich, J.; Rosell, F. I.; Boxer, S. G.; Moerner, WJEPhys
molecule level include both single and multichromophoric Chem B 2001 105 5048-5054.
molecular systems. SMS reports on single-chromophoric sys- (13) Ying, L. M.; Xie, X. S.J. Phys Chem B 1999 102, 10399-10409.
14) Christ, T; Petzke F.; Bordat, P.; Herrmann, A.; Reuther, ElJeMuK.;
tems r_efer to _the |n\_/es_t|gat|on Qf quantum processes §uch adt4 BaschieT. J. Lumin. 2002 98, 1-4.
bunching or triplet blinking; > antibunchind’” photobleaching ~ (15) Hofkens, J.; Maus, M.; Gensch, T.; Vosch, T.; Cotlet, M:hKoF.;
Herrmann, A.; Miien, K.; De Schryver, FJ. Am Chem Soc 200Q 122,

) ) L 9278-9288.
TKatholieke Universiteit Leuven. (16) Gronheid, R.; Hofkens, J.; ke, F.; Weil, T.; Reuther, E.; Mien, K.; De
§ Max-Planck-Institute fur Polymerforschung. Schryver, F. CJ. Am Chem Soc 2002 124, 2418-2419.
(1) Xie, X. S.; Trautman, J. KAnnu Rev. Phys Chem 1998 49, 441-480. (17) Kohn, F.; Hofkens, J.; Gronheid, R.; Cotlet, M.;"Man, K.; De Schryver,
(2) Single Molecule Detection in Solution: Methods and Applications; Zander, F. C.ChemPhysCher2002 3, 1005-1013.
Ch., Enderlein, J., Keller, R. A., Eds.; Wiley-VCH: Berlin, 2001. (18) Yip, W. T.; Hu, D. H.; Yu, J.; Vanden Bout, D. A.; Barbara, PJFPhys
(3) Bernard, J.; Fleury, L.; Talon, H.; Orrit, . Chem Phys 1993 98, 850— Chem A 1998 102, 7564-7575.
. (19) Vosch, T.; Hofkens, J.; Cotlet, M.; Ka, F.; Fujiwara, H.; Gronheid, R.;
(4) Vargas, F.; Hollricher, O.; Marti, O.; de Schaetzen, G.; Tarracl, Ghem Van der Biest, K.; Weil, T.; Herrmann, A.; Mien, K.; Mukamel, S.; Van
Phys 2002 117, 866-871. der Auweraer, M.; De Schryver, F. @ngew Chem, Int. Ed. 2001, 40,
(5) Kohn, F.; Hofkens, J.; Gronheid, R.; Van der Auweraer, M.; De Schryver, 4643-4648.
F. C.J. Phys Chem A 2002 106, 4808-4814. (20) Hofkens, J.; Vosch, T.; Maus, M.;" Ko, F.; Cotlet, M.; Weil, T.; Herrmann,
(6) Fleury, L.; Segura, J. M.; Zumofen, G.; Hecht, B.; Wild, U.Ahys Rev. A.; Miillen, K.; De Schryver, F. CChem Phys Lett 2001, 333 255—
Lett 200Q 84, 1148-1151. 263.
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We report here on the directional ister resonance energy fluorescence data. Additionally, fluorescence in the donor and acceptor
transfer (FRET) properties of a first (T1P4) and a second (T2P8) channels was filtered by a 600SP and a 690LP filter, respectively. Time-
generation of a perylenemonoimide {Rgrrylenediimide (T)- resolved data were collected with a time-correlated single-photon
based rigid dendrimer by means of SMS. Dendrimers consisting cunting (TCSPC) PC card (SPC 630 Becker-Hickl, Germany) operated
of a polyphenylene core and decorated with rylene chro- in FII?St-In-fII’S.t-.OUt (FIFO) mode such that., fqr each detected photon,

. . - the time position with respect to the excitation pulse as well as the
mophores are suitable multichromophoric systems for the . . .
. S f basic oh hvsical he sinal previously detected photon was acquired. Such a detection scheme
Investigation 05 zoazsllc photophysical processes at the sing €-allows one to register the time course of the fluorescence intensity and
molecule level>2021 They are based on pentaphenylbenzene gecay time for each single molecule. Single-molecule fluorescence
units, and as aresult of the.mte”OCk'ng of the twisted phenyl decay histograms consisting of 10000 total photon counts were
rings, they are shape-persistent. Moreover, the way they areanalyzed with a single-exponential decaying model by using the
synthesized allows one to control the number of the rylene maximum likelihood estimation (MLE) procedutéBecause of the
chromophores as well as the interchromophoric distance. Forrelatively slow response time of the APDs (typicalty350 ps),
the dendrimers investigated here, the polyphenylene branchesdditional time-resolved data were recorded in a detection configuration
serve to give a well-defined distance between the terrylenedi- in which fluorescence was filtered through the LP690 filter, split by a
imide (T) as the central acceptor chromophore and the peryl- 20/80% hybrid beam-splitter cube, and simultaneously focused on an
enemonoimide (P) as the donor at the #A2The increase in APD for imaging and on a microchannel plate photomultiplier (MCP-

the d tor interch horic dist h . PMT, Hamamatsu). In this way, for each individual molecule, a single
€ donor-acceptor nterchromophoric distance when going decay histogram was built up by using all the detected photon counts.

from a lower to a higher dendrimer generation is expected t0 g4ch single-molecule decay detected with the MCP-PMT was analyzed

lead to changes in the rates of FRET. with a biexponential model by using the reference convolution method

with erythrosine in water as a reference (decay time 85 ps) and MLE

minimization proceduré*?® In this way, decay time components as
Materials. The structures of the investigated molecular systems, fast as a few tens of picoseconds can be recovered upon analysis.

together with the corresponding steady-state absorption and emissionResults and Discussion

spectra, are depicted in Figure 1. Their synthesis is described elsewhere

in detail?? They are dendrimers consisting of a terrylenediimide as a were previously investioated at the ensemble level by means
core and from zero (first- and second-generation model compounds P y 9 y

T1P0 and T2P0, respectively) to four (first-generation compound T1p4) Of Stationary and time-resolved fluorescence spectrosEuidy.
or eight (second-generation compound T2P8) perylenemonoimides atWithin this study, the model compounds T1PO and T2P0
the rim of the polyphenylene branches. They are named according tocontaining only the T chromophore in the core were found to
the procedure in ref 2% the first number states the generation while absorb and emit maximally at 677 and 705 nm, respectively,
the second number relates to the number of rim-substituted perylene-with a quantum vyield of fluorescence in toluene of 0.91.
monoimides. Immobilization of single molecules was done by spin- Fluorescence detected in the emission maxima of both model
casting solutions of the dendrimers (10M) and Zeonex as polymer  compounds upon 590 nm excitation was found to decay
matrix (5 mg/mL) in chloroform (Aldrich, spectrophotometric grade) multiexponentially, with a major contributing decay time
on a cover glass at 2000 rpm. This yields $@D0-nm thick polymer -, n6nent of 3.2 ns and two additional time components of
f||m§. ) . 0.12 and 0.9 ns whose amplitudes vary from positive to negative
_ Time-Resolved Slngle-MoIecuIe_ Detection and Spectroscop_y. values over the emission range of terrylenediinfidhe

Time-resolved fluorescence detection and spectroscopy at the single- . . . .

multiexponential decaying profile of fluorescence was related

molecule level were performed on a scanning-stage confocal microscope . L
that is described in detail elsewhéfeln brief, excitation of single to the presence of several conformations of the terrylenediimide

immobilized molecules with either 488 or 590 nm pulsed laser light Which, after optical excitation, relaxes to a common emitting
provided by a frequency-doubled Ti:Sapphire (Tsunami Spectra Physics)State for all the conformers. The dendritic arms attached to the
pumped by an Ar-ion laser (Spectra Physics) occurred through an oil terrylenediimide chromophore were suggested to be responsible
immersion objective (Olympus, 1.4 N.A., &). Fluorescence was  for the presence of such conformers (Figure 1: T1PO0, T2P0).
collected by the same objective, passed through a dichroic mirror For the donoracceptor systems, ensemble time-resolved
(DRLP490 Omega filters), filtered with a notch filter (Kaiser Optics),  fluorescence experiments on 488 nm excitation revealed the
apd split e!ther_by a 5650% nonpolanzmg beam splitter or by a second presence of two kinetic constants of 4 and 22 ps for T1P4 and
dichromatic mirror (DRSP630 Omega filters). In the first case, 50% 27 and 92 ps for T2P8, respectively, components that were

of the detected fluorescence was focused on the entrance of a_, . . .
polychromator (Acton SP 150) coupled to a liquid nitrogen-cooled CCD attributed to two independent and different FRET processes

camera (Princeton Instruments) and 50% was sent upon passing througl‘?ccur”n.g between P donors and T accgptor. Within each
a long-pass filter (LP690 Omega filters) on an avalanche photodiode 9€neration, the presence of two FRET regimes was related to
(APD, SPCM 15, EG&G). In this way, simultaneous acquisition of the existence of two classes of structural isomers with different
single-molecule fluorescence spectra and acceptor-related time-resolvedlistances and/or orientations between the donor and acceptor
fluorescence data was achieved. In the second case, fluorescence washromophored326 However, they might be also related to the
split in two colors according to the donor and acceptor emission spectral presence of a broad range of FRET processes in both T1P4
ranges and focused on two APDs to obtain two-color time-resolved and T2P8 compounds which at the ensemble level is resolved
as two separate processes.

Experimental Section

The dendritic compounds addressed in this study via SMS

(21) Vosch, T.; Cotlet, M.; Hofkens, J.; Van der Biest, K.; Lor M.; Weston, K.

D.; Tinnefeld, P.; Sauer, M.; Latterini, L.; Mien, K.; De Schryver, F. C. (24) Maus, M.; Cotlet, M.; Hofkens, J.; Gensch, Th.; De Schryver, F. C;
J. Phys Chem A 2003 107, 6920-6931. Schaffer, J.; Seidel, C. A. MAnal. Chem 2001, 73, 2078-2086.

(22) Weil, T.; Reuther, E.; Mien, K. Angew Chem, Int. Ed. 2002 41, 1900~ (25) Janssens, L. D.; Boens, N.; Ameloot, M.; De Schryver, B. €hys Chem
1904 199Q 94, 3564.

(23) SchWeitzer, G.; Gronheid, R.; Jordens, S.; Lor, M.; De Belder, G.; Weil, (26) Jordens, S.; De Belder, G.; Lor M.; Schweitzer, G.; Van der Auweraer,
T.; Reuther, E.; Mlen, K.; De Schryver, F. CJ. Phys Chem A 2003 M.; Weil, T.; Reuther, E.; Mlien, K.; De Schryver, F. CPhotochem.
107, 3199-3207. Photobiol Sci 2003 2, 177-186.
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Figure 1. Structures of the investigated dendritic compounds together with the corresponding ensemble steady-state absorption and emission spectra in
toluene for the (A) first-generation model compound T1PO, (B) second-generation model compound (T2P0), (C) first-generation perylenemonoimide
terrylenediimide dendrimer (T1P4), and (D) second-generation perylenemoneitaidgenediimide dendrimer (T2P8).

Time-Resolved Single-Molecule Fluorescence Detection. decay channels related to a structural relaxation of the terrylene-
(a) Model Compounds T1P0 and T2POFluorescence detected diimide that are present in solution might be not accessible in
from single molecules of T1P0 and T2P0 on 590 nm excitation the polymer at the single-molecule level. Moreover, the probed
shows one intensity level as expected from a single immobilized single molecules might not relax finally from the same emitting
chromophore (Figure 2, parts A and B, upper panel). The excited state as suggested by the ensemble solution experiments (vide
state of single T1PO and T2P0 molecules is found to decay infra). Indeed, for T1PO, although the recovered decay times
monoexponentially, different from what was observed previously group in a distribution with a central peak close to the major
at the ensemble level in solution (Figure 2, parts A and B, lower contributing component from solution experiments (3.2 ns), the
panel)?® Immobilization of the dendrimers in a polymer matrix ~ width and the spread of the distribution is rather large (Figure
can lead to a “freezing” of specific conformations. In this way, 2C). For T2PO0, the decay time distribution gets even broader

J. AM. CHEM. SOC. = VOL. 125, NO. 44, 2003 13611
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immobilized in Zeonex, upon selective excitatioR.; = 488 nm) of the
Figure 2. Time course of the fluorescence intensity (upper panel) and decay donor chromophores at an average power of 500 \Al/cFor both
time (lower panel) of single (A) T1P0 and (B) T2P0 molecules immobilized compounds, an example is given for the absence (A for T1P4 and C for
in Zeonex fexc = 590 nm,A¢er > 690 nm). Histograms of fluorescence  T2P8) and the presence (B for T1P4 and D for T2P8) of donor emission
decay times accounting for 55 single molecules of (C) T1P0, (D) T2PO0, after bleaching of the acceptor. T- and P-related single-molecule fluorescence
(E) T1P4, and (F) T2P8 immobilized in Zeonek, = 590 nm,Aget > data are gray and black, respectively.
690 nm).

ensemble measurements being as high as@.Blénce, it is

and displays peaks at 3.7 and 4.3 ns (Figure 2D). Within the expected that direct excitation of both dor@cceptor com-
probed single-molecule population, most of the individual TIPO pounds with 488 nm light will lead initially to exclusive acceptor
and T2P0 show constant decay time values during the survivalemission at the single-molecule level. Indeed, two-color fluo-
time under the present experimental conditions, i.e., averagerescence intensity time traces detected from single T1P4 and
excitation power of 500 W/cA(Figure 2, parts A and B, lower  T2p8 molecules on 488 nm pulsed excitation show exclusively
panel). Decay time fluctuations as Iarge as 0.5 ns are Observe%cceptor emission in the beginning (Figure 3, parts A and D,
only in few cases for both T1PO and T2PO, especially for single upper panel), proving that a highly efficient FRET occurs from
molecules experiencing long survival times (hundreds of p chromophores to the central T. For an average excitation
seconds). Broad distributions of single-molecule decay times power of 500 W/crd, individual T1P4 and T2P8 molecules
as well as fluctuations have been previously reported for show either solely acceptor emission (Figure 3A, upper panel
dendrimers with a perylenediimide cafeFor those perylene-  for T1P4, and Figure 3C, upper panel for T2P8) or acceptor
diimide derivatives, decay times were found to depend on the emjssion followed by, after the bleaching of T, donor emission
orientation of the phenoxy substituents in the bay area of the (Figure 3B, upper pane] for T1P4 and Figure 3D, upper pane]
perylenediimide chromophore, and fluctuations in decay time for T2P8). For such an excitation power, i.e., 500 Wcm
within one molecule were connected with conformational sjmultaneous emission in both acceptor and donor channels was
dynamics, i.e., twisting of the core chromophore. We argue here not observed. For the examples given in Figure 3, part®A
that a similar cause is responsible for the broadening of the upper paneL T emission bleaches in steps for both T1P4 (Figure
distribution of the single-molecule decay times detected from 3 parts A and B, upper panel) and T2P8 (Figure 3, parts C and
T1PO and T2PO. Such an aSSUmption is Supported by the faCtD, upper panei)_ Stepwise bleaching of T emission was
that in going from T1PO to T2P0, i.e., increasing the generation previously reported for single T1P4 molecules immobilized in
number and hence the steric crowding of the dendritic arms zeonex and attributed to successive deterioration of the donor
attached to the central terrylenediimide, the decay time distribu- (P) Chromophore§ and the same argument can be invoked here
tion broadens to longer values (Figure 2, parts C and D). for single T2P8 molecules. Fluorescence decay times detected

(b) First (T1P4)- and Second (T2P8)-Generation Den- in the acceptor channel show different values from molecule to
drimers. Ensemble solution time-resolved fluorescence experi- molecule (Figure 3, parts-AD, lower panel), similar as found
ments point to a fast and efficient FRET involving the P donors for the model compounds T1P0 and T2P0 on 590 nm excitation
and T acceptors for both T1P4 and T2P8 compounds, the (Figure 2, parts A-B, lower panel). Actually, T-related single-
guantum yield of FRET estimated on the basis of time-resolved molecule decay times measured on 590 nm excitation group,

13612 J. AM. CHEM. SOC. = VOL. 125, NO. 44, 2003
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for both donor-acceptor compounds, were in broad distributions g0

(Figure 2E for T1P4 and Figure 2F for T2P8), similar to that A f:31ean=_1g pst15

. hm=20 ps|- 12 3
found for the model compounds (Figure 2, parts C and D). 150. o
Moreover, by comparing the decay time distributions of T1P0 g 9 P
and T1P4 as well as of T2P0 and T2P8, one can clearly see 3 440l Ui 6 %
that for the donoracceptor compounds the decay time extends © al=-066 L3
to longer values, especially for T2P8 where values up to 8 ns tau1= 42 ps e i, e L
are detected. Hence, the attachment of P chromophores at the a2=10.66 C T, 0an—28 PS 12
rim leads to a higher steric crowding in the dendritic arms 0 _ tau2=4160 ps w fwhm=45 ps[ "“ 4
connected in the bay area of terrylenediimide which further o & | i cuiad o : Qe
affects the properties of the central chromophore. Consequently, S §WWMM¥M 6 8
both the dendritic arms and the rim-substituted perylenemono- % § (3 @
imide chromophores affect the geometrical distribution, here @ . "WWM . .2 o
materialized in changes in the detected single-molecule decay 1 2 3 4 5 0 25 50 75 100 125
times. time/ ns rise time / ps

For the examples.glven in Figure 3, parts B, th.e emission Figure 4. (A) Upper panel: fluorescence decay histogram (gray line)
from P is characterized by an average decay time of 4 ns. A recorded with an MCP-PMT detector and accounting for the acceptor
similar value was previously found for a multichromophoric emission of a single T2P8 molecule in Zeonex upon selective 488 nm
rim-substituted P rigid dendrimer at the ensemble level in excitation of the donors. The instrumental response function of the system

o7 . (black dotted line) and the biexponential fit curve (black solid line) are
solutionz" However, some of the probed single T2P8 molecules 355 shown. Middle and lower panels: residual graphs for mono- (gray
show decay times in the donor channel with values as large asline) and biexponential (black line) fits. The residual graphs show that a
9 ns, values with no correspondence in the ensemble time-monoexponential fit gives erroneous results in the rise, whereas a biexpo-

. Sy nential fit (solid line in the decay) with a negative preexponential factor
resolved data reported prewou%ﬂ;(wde infra). for the short time constant gives a good result. Histograms of the rise times

The time-resolved fluorescence data reported up to here areaccounting for 100 single T1P4 (B) and T2P8 (C) molecules immobilized

the results of single-molecule experiments performed with APDs in Zeonex upon 488 nm excitation are also shown.
as detectors. Although APDs are commonly used detectors in . . ) )
SMS due to their high detection efficiency, they lack a fast time 2CCEPIor in a given molecule might be different from the rate
response (about 350 ps). Consequently, the use of APDs makefrom another donor in the same molecule. Especially photo-

the detection impossible, within the two-color time-resolved data bleaching of a (.jonor. C'F’_Se to the acceptor chromophore will
reported here, of fast kinetic components related to the P-to-T therefore result in a significant change of the overall FRET rate

FRET process as suggested by the ensemble solution time0f the single molecule, since FRET will preferentially occur

resolved dat& A MCP-PMT detector {23 ps response time) from such donors. Hence, the detected single-molecule rise-
is more suited for the detection of such fast components if one {iM& component accounts for an average rate of FRET during

has sufficiently detected photocounts from a single mole®ule. the time that the T chromophore of that single molecule is active.

This is the case for the-PT dendrimers investigated here since Al the recorded fluorescence decays (100 single molecules
chromophores such as P and T possess quantum yields oPf T1P4 and T2P8, respectively) were analyzed by using
fluorescence approaching unity and high resistance to photo-T€férence convolution (erythrosine in aqueous solution, 85 ps
bleaching. As previously shown, because of the highly efficient decay time) with a biexponential model function with positively
FRET process going on in both TLP4 and T2P8 compounds and negatively contributing time constants and MLE minimiza-

emission occurs initially from the acceptor site. Consequently, 10N In all cases, the ratio of the preexponential factors ac-
the detection of FRET-related time constants at the single- counting for the contrlbut}ons of the recovered time gonstants
molecule level was done by monitoring, via the MCP-PMT, Was around—%.o_i 0:2. This dgmonstrates that the e>§C|ted_ state
the acceptor fluorescence on 488 nm excitation until its Of terrylenediimide in both single T1P4 and T2P8 is built up
photobleaching occurred. In this way, a FRET-related time °”'¥ frc_>m FRET_from perrylene_lmlde donors and not t?y direct
constant can be detected as a rise term if one uses appropriat§Xcitation. A typical analyzed single-molecule decay histogram

reconvolution proceduré®.For each single molecule, all the accounting for an individual T2P8 molecule is given in Figure

detected photons from the acceptor were used to build a decay*”- Although an example with a relatively short rise-time

histogram in 1024 channels at a time resolution of 3.4 ps. component is given, it clearly shows that a satisfactory fit cannot
However, one should mention that such an experimental be obtained with a monoexponential model, but that addition

arrangement excludes observation of eventual dynamic change?f an extra short rise component With a ”ega‘,‘ve'Y contributing
in the FRET rate. This is an important aspect, since the rate of Pre€xponential factor does result in a good fit. Figure 4, parts
FRET is not expected to be constant during the time interval of B @nd C, includes histograms of the rise components detected

the measurement for doneacceptor single molecules as those 7oM 100 individual T1P4 and T2P8 molecules, respectively.
investigated here. Modeling studies show that various orienta- 1€y Show mean values and full-widths at the half-maximum

tions between donor and acceptor chromophores are possiblegf"\’hm) of 19 and 20 ps _for T1P4, respectively, and of 48 and
both in distance and relative orientation of the transition dipole 4° PS for T2P8, respectively.

moments. Therefore, the FRET rate from one donor to the Some of the rise components. detected for T1P4 are too fast
to be correctly resolved at the single-molecule level even with

(27) Maus, M.; De, R.; Lor, M.; Weil, T.; Mitra, S.; Wiesler, U.-M.; Herrmann, & MCP-PMT detection configuration. This is expected since

égCHfg'éi”f'zg-?7\ég§S%% Mien, K.; De Schryver, F. CJ. Am Chem ensemble solution data point to 4 and 22 ps as FRET-related
(28) Yu, J.; Hu, D.; Barbara, P. Bcience200Q 289, 1327-1330. kinetic components. For T2P8 there is an increase in the gdonor
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(50 molecules of T1P4 and T2P8, respectively), single denor
acceptor molecules show either solely T emission or, upon
bleaching of the acceptor chromophore, emission from the donor
side (70% for T1P4 and 85% for T1P8). A T-related single-
molecule fluorescence spectrum shows a structured shape with
emission maximum distributed around 675 nm (fwhm

670 cnt?) for T1P4 (Figure 5E and inset) and around 690 nm
(fwhm = 880 cnt?) for T2P8 (Figure 5F and inset). For the
model compounds, fluorescence spectra detected on 590 nm
excitation also show a structured shape. The distribution of the
emission maximum and fwhm displays peak values of 670 nm
and 650 cm? for T1PO (Figure 5C and inset) and 675 nm and
850 cnt! for T2P0 (Figure 5D and inset), respectively. One

wavelength / nm should mention here that at the ensemble level in solution, for

both model and doneracceptor compounds and independent

20+ D :z -30 of the excitation wavelength (either 590 or 488 nm), fluores-
15 0 @f cence peaks at 705 nm. Moreover, for both ensemble and single-
10 o i 20 molecule fluorescence spectra, the vibronic fine structure seems

1 “‘ﬂ&,ﬂﬁ{w to be more defined for the first generation of both the model

o B %am and the donoracceptor compounds, i.e., TIPO and T1P4

€ o #* Figures 1, parts AD, and 5, parts A and B). For a previously
0 0

@ T ! T @ . . P . . .

2 = investigated perylenediimide derivative, the washing out of the

o @ m o X ; .

#® 404 30 ElF 2 30 7 vibronic structure of fluorescence at the single-molecule level
30 | H :g 10 [tH was related to the geometry of the central perylenediimide
20_'0-_51-1}5- 8 ol 120.....1..5‘ 20 chromophoré® We argue here a similar reason, i.e., loss of the

J Tty CRWHM 10 vibronic fine structure when going from the first to the second
1°j generation is due to the presence of more bulky sidearms for
0 L kLl o i o Lo the latter which can impose additional twisting on the central

14 15 16 14 15 16 core. Furthermore, a less-defined vibronic fine structure of the
v, (1000 cm™) Vg (1000 €M) single-molecule fluorescence spectra for the second generation

) . . . results in a larger fwhm for both T2P0 and T2P8 when compared
Figure 5. Representative series of fluorescence spectra detected from single . . .
T1P4 (A) and T2P8 (B) molecules on 488 nm excitation. Histograms of With the first-generation T1P0 and T1P4 compounds (insets of
the emission maximum accounting for terrylenediimide fluorescence Figure 5, parts €F). Interestingly, T2P8 displays red-shifted

detected from single molecules of (C) T1PO and (D) T2P0 on 590 nm emjssjon at the single-molecule level when compared with both
excitation and from single molecules of (E) T1P4 and (F) T2P8 on 488 nm th del d T2P0 d the first Hi .
excitation are also shown. Insets: full widths at the half-maximum (fwhm/ 1€ mo el compoun b an e nhrst-generation, r!m'
1000 x cmY) of the fluorescence spectra detected from single molecules Substituted perylenemonoimide compound. Such a red-shifted

of (C) T1P0 and (D) T2P0 on 590 hm excitation and from single molecules single-molecule emission could be related to enhanced steric
of (E) T1P4 and (F) T2P8 on 488 nm excitation crowding and a polarizability effect induced by the dendritic

acceptor distances as compared to those of T1P4, and consed™Ms On the T chromophore. Bulky dendritic arms might prevent

quently, FRET slows down such that the rise components canth€ solvent (Zeonex) to penetrate close to the core, and hence,
be detected at the single-molecule level with greater confidence. (€ Polarizability around the T chromophore might increase and
However, the histogram accounting for the rise components lead to a red-shifted emission at the single-molecule level.
detected from T2P8 does not show a bimodal distribution as ~ As stated before, bleaching of the acceptor chromophore in
one would expect on the basis of ensemble solution time- single donot-acceptor dendritic molecules is followed, in most
resolved dat&3 Instead, a broad distribution with a mean value ©Of cases, by donor emission. For single T1P4 molecules,
of 48 ps is observed (Figure 4C). This finding points to a broad structured emission with emission maximum at around 550 nm
range of FRET processes at the single-molecule level, ratherwas observed for more than 90% of the probed molecules
than two classes of structural isomers as assumed on the basi§-igure 5A). For individual T2P8 molecules, after bleaching of
of the ensemble time-resolved data. A broad range of FRET the acceptor chromophore, most of the donor emission (90%
processes implies here a broad range of interchromophoricof the probed molecules) occurs as an unstructured band with
distances and orientations between the donor and acceptoemission maximum at around 590 nm (Figure 5B). After
chromophores in the dendrimers when immobilized in Zeonex. bleaching of this emission band, a structured emission spectrum
Single-Molecule Fluorescence Spectr&epresentative series ~ peaking at 550 nm, i.e., as seen for the single T1P4 dendrimers,
of fluorescence spectra accounting for individual T1P4 and T2P8 was observed. Structured emission peaking at 550 nm is
molecules immobilized in Zeonex on 488 nm excitation are characteristic for P monomers. Unstructured emission peaking
depicted in Figure 5, parts A and B. They feature similar at590 nm was previously observed in a multichromophoric rim-
behavior as found for the two-color fluorescence transients substituted perylenemonoimide rigid dendrimer, and it was
detected from single T1P4 and T2P8 molecules, i.e., direct attributed to the presence of-#P excited dimerd® For the
excitation of the donors leads in the beginning to exclusive above-mentioned rim-substituted perylenemonoimide dendrimer
emission from the acceptor side. Within the probed population it has been shown that the excited dimer can act as an energy
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6A), most probably caused by the filters used, which cut part
of T emission. The second spectral jump is accompanied by a
decrease in the fluorescence intensity. This is attributed to

200 A

» 150 bleaching of one or more of the P chromophores and thus to a
5 reduction of the total number of absorbers. A second feature
}CE 100 that can be seen from the fluorescence intensity trace is the
3 presence of a lot of on/off blinking events in the second intensity

level (Figure 6A) that is detected simultaneously with the broad
emission from 600 nm (Figure 6C), i.e., accounting for thé°P

6
500 600 700 800 ; ! :
. wavelength (nm) excited dimer. All these observations prove undoubtedly that

- . D-1o% P—P excited dimers are present in single T2P8 molecules.

% sl g3 PP g & Moreover, modeling studies indicate that in T2P8 two adjacent

% 6. ff P s § P chromophores can get into close proximity such that dimer

g 4 Y — 43 fprmatlon can become possible. However, ensemble solution

© o Y time-resolved fluorescence measurements do not show any
2 200 at0 e 800 0 10 20 30 4'02 evidence for the presence of aP excited dimer in the case

time (s) # everts of T2P8, as was previously demonstrated for a rim-substituted

) . . _ P dendrimet>2°This is reasonable since the excitation powers
Figure 6. Time course of the fluorescence intensity (A), of the fluorescence . lied i | . far | h h .
decay time (B), and of the fluorescence spectrum (C) recorded simulta- implied in e_nsemb € experiments are Py ar lower than t O.SG n
neously from a single T2P8 molecule immobilized in Zeonex upon 488 SMS experiments, and hence, bleaching of the acceptor is out
nm excitation. Arrows in graph C indicate bleaching of the FFPand P of consideration in the ensemble solution study. Since 488 nm
ggfgigorsﬁ%‘;ﬁzi rBESpeC“Ve'y' (D) Histogram of the fluorescence decay time , i-a| excitation of T2P8 in solution results in a fast and

’ efficient FRET process with a quantum yield of more than 0.97,
sink, i.e., after optical excitatiora P monomer transfers its the presence of an eventually formed excited dimer species is

energy efficiently to the PP excited dimet® This explains ~ IMpossible to be detected.
why, when present, the-FP excited dimer emission is always For the example depicted in Figure 6, thePexcited dimer
observed before the monomer emission appears. shows large fluctuations in the decay time (Figure 6, parts B
Together with the spectrally broad emission from the donor @d D) as compared with the decay times of the T and P
site, single molecules of T2P8 display long fluorescence decay MONoOmers. Such fluctuations are most probably caused by small
time values (Figure 6, parts-BD). Such features, i.e., broad changes in the relative orientation of the two P chromophores
red-shifted emission and longer fluorescence decay times, wergnvolved in the P-P excited dimer. Small displacements can
previously observed for a multichromophoric rim-substituted affect the relatively strong coupling and can cause a large effect
P rigid dendrimer and attributed to the presence-ePRexcited N (Some of) the photophysical properties of theFPexcited
dimers!5.1929Figure 6 shows an example accounting for a single dimer.
T2P8 molecule that switches from acceptor (T) to excited dimer ~ Exciton Blockade. Single-molecule fluorescence data re-
(P—P) and finally to monomer (P) emission. For this type of corded atlow excitation powers for both T1P4 and T2P8 denor
experiment, the collected fluorescence was not spectrally acceptor systems show that, because of the high efficiency of
separated according to donor and acceptor emission ranges. Théhe directional FRET process, emission from the donor site
molecule shows in the beginning exclusive acceptor emission follows only upon the bleaching of the central T acceptor.
with a peak at 690 nm accompanied by a fluorescence decay/ncreasing the excitation power at 488 nm from 500 to 2500
time of 3.2 ns, a value related to the major contributing decay W/cn¥ results in simultaneous activity from both donor and
time component of the T chromophore in T2P8 at the ensemble acceptor sites at reasonable high photon count rates (Figure 7,
level in solution. However, one notices in Figure 6A the absence parts A and B). We exclude that such features relate-t& P
of the second vibronic peak in the terrylenediimide emission €xcited dimer fluorescence and, hence, leaking of thé®P
which is due to the employed optical filter set that was used to €xcited dimer emission into the acceptor channel. Indeed, decay
capture a rather large spectral range. After the eighth spectrumfimes detected simultaneously in the donor and acceptor
T bleaches and a broad unstructureeFRexcited dimer emission ~ channels have different values and, moreover, for the cases
with a peak at 600 nm is observed. This band is detected depicted in Figure 7, parts A and B, decay times from the donor
simultaneously with a fluorescence decay time whose value channel account for P monom&r.
fluctuates between 6 and 10 ns. When the 600 nm emission Hence, the simultaneous activity in the donor and acceptor
bleaches, a clear-structured emission band peaking at 550 nnchannels is related to the emission from two spectrally different
and accounting for P excited chromophore is observed. The latterspecies, i.e., terrylenediimide and perylenemonoimide. An
spectral feature is accompanied by a fluorescence decay timeaverage excitation power of 2500 W/€provided by the 488
of 4.3 ns, a typical value for P monomers. nm pulsed light (fwhm 1.2 ps, repetition rate 8.18 MHz) can
Dynamic changes are also observed in the time course oflead, in the case of P chromophores, to the presence, within
the total fluorescence intensity (Figure 6A). The first spectral one excitation pulse, of multiple excitations on a single denor
jump (switch from T to P-P excited dimer in Figure 6C) is

accompanied by an increase of the fluorescence intensity (Figurel30) Because both terrylenediimide and perylenemonoifritizylenemoncimide
excited dimer can show long decay times while perylenemonoimide
monomer shows exclusively decay times around 4 ns, the accounting for
(29) Maus, M.; Mitra, S.; Lor, M.; Hofkens, J.; Weil, T.; Herrmann, A.; \ém, T2P8 in Figure 7B was specifically chosen such that no excited dimer
K.; De Schryver, F. CJ. Phys Chem A 2001, 105, 3961-3966. emission is present.
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already residing in the singlet excited state. They will decay to

» 2500 their corresponding ground state by emitting a fluorescence
£ 1 photon or will undergo singlet (perylenemonoimigsjnglet
% 2000"‘ (perylenemonomide) annihilation. The latter assumption is based
~ 1500 on the strong overlap existent between the P monomer fluo-
0 rescence and singlesinglet absorption spectf&! As a con-
S 1000/ sequence, fluorescence is simultaneously detected from both
8 1 acceptor and donor sites. This phenomenon, called “exciton
500'_ blockade”, was recently suggested to occur in individual FRET-
0- . . coupled Cy3 and Cy5 dye molecules tethered to DNA.
5. However, simultaneous emission from both T and P chro-
mophores is not seen, under high excitation conditions, right
] = " “ after applying optical excitation on the individual doror

acceptor molecules. This observation further strengthens the
previous assumption of the presence of “favorable” oriented
excited P donors which can transfer their energy to the excited
acceptor via singlet (perylenemonoimidesinglet (terrylene-
diimide) annihilation.

decaytime
/ns
i

Conclusions

Single-molecule spectroscopy was used to investigate direc-
tional FRET taking place in a first and a second generation of
a perylenemonoimideterrylenediimide-based rigid dendrimer.

T excited state is found to relax via fluorescence with decay
times that spread over a large time range. This broad distribution
is observed irrespective of the fact that the T excited state is
generated directly (590 nm excitation) or indirectly via FRET

from P chromophores (488 nm excitation). The T-related decay
. time spread is caused by the different twisting of the core
.|l~' chromophore due to the different orientations adopted in the

. " u';.' _"I'-i:__"'lq..' P polymer matrix by the phenoxy substituents present in the bay

“ .:ﬂ' _—h.-_'.'-.'l.'-_ area of terrylenediimide. By comparing T-related single-
&
sy, =

counts / 50 ms

0o
i | I

/I ns
9
1

molecule data belonging to the first and the second generations
of the model and the donemacceptor compounds, it is found
that both the dendritic arms and the rim-substituted perylene-
monoimide chromophores contribute to the above-mentioned
Figure 7. Time course of the two-color fluorescence intensity (upper panel) effect.

and decay time (lower panel) for single molecules of (4) T1P4 and — At |6\ excitation powers, two-color fluorescence intensity
(B) T2P8 in Zeonex, upon selective excitation of the donor chromophores T
(hexc = 488 nm) at an average power of 2500 WfcrBonor (P)- and traces, fluorescence decay times, and fluorescence spectra
acceptor (T)-related fluorescence data are gray and black, respectively detected from single T1P4 and T2P8 molecules at low excitation
powers point to a highly efficient directional FRET from P
acceptor molecule. Consequently, several perylenemonoimidedonors to the central T acceptor since optical excitation at 488
chromophores can be excited simultaneously and can benm results in exclusively acceptor emission. Donor emission is
promoted in the first singlet excited state. Within the excitation Seen only upon the bleaching of the acceptor. High-resolution
pulse a P chromophore that has the most proper orientation time-resolved single-molecule fluorescence data reveal, for
and is situated close to the T acceptor will transfer its excitation T2P8, a broad range of FRET rates, contrary to previously
to T, the latter being promoted in the first single excited state. reported ensemble solution experiments which suggested the
Within the time that T remains in the excited state, there are Presence of two independent and different FRET procé8ses.
still P excited chromophores within the same single molecule. Most probably, they are the result of the presence of a broad
Transfer of the excitation energy from the remaining P excited fange of interchromophoric distances and orientations between
chromophores to the excited T followed by the promotion of the P donors and the T acceptor in single immobilized
the latter into a higher singlet excited state, i.e., singlet dendrimers. Single-molecule data from T2P8 on 488 nm
(perylenemonoimide)singlet (terrylenediimide) annihilation, is ~ €Xcitation are indicative of the presence of-afPexcited dimer
a rather inefficient process if one takes into account the overlap characterized by a broad emission spectrum peaking at around

between the fluorescence spectrum of the P monomer and the?00 M and by large values of the fluorescence decay time.

S1—S, absorption spectrum of %It might happen for donor P—P excited dimer displays Ia!rge fluctuations in the single-
choromophores having the best orientation in terms of dipole molgcule fluorescence decay time as gompgred to the mono-
moment and distances with respect to the T acceptor (vide infra).merIC T and P chromophores, fluctuations induced by small
Once these chromophores are bleached, the excited P chro;

. (31) Berglund A. J.; Dorethy A. C.; Mabuchi HPhys Rev. Lett 2002 89,
mophores cannot transfer their energy to the T chromophore 101-104.
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changes in the relative orientation of the involved P chro- of multiple excitations, i.e., multiple P excited states during the
mophores. Previous ensemble solution investigations of T2P8same excitation pulse.

do not point to the existence of a+P excited dimer, mainly
because a highly efficient directional FRET from P monomers
or P—P excited dimer will lead to emission only from the T
acceptor.

At high excitation powers applied on either single T1P4 or
T1P8 molecules, simultaneous emission from both donor and
acceptor chromophores is observed. The so-called “exciton
blockade” can occur in such systems due to the high excitation
photon flux that can lead to the presence, on a single molecule,JA036858G
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