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Intramolecular Directional Energy Transfer Processes in Dendrimers Containing Perylene
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The time-resolved fluorescence kinetics of a first and a second generation dendrimer with peryleneimide
chromophores at the rim and a terrylenediimide chromophore in the core were investigated using femtosecond
fluorescence upconversion and single photon timing techniques. By global analysis of an extentensive data
set withlem ranging from 540 to 780 nm, combining both techniques and comparing the kinetic results obtained
previously for peryleneimide and terrylenediimide reference compounds, two independent energy transfer
processes could be identified. The time constants were 4 and 25 ps for the first generation dendrimer and 22
and 68 ps for the second generation, respectively. They scale as expectéesfer Eoergy transfer processes
between chromophores at the distances present in the dendrimers. Each of these processes can possibly be
related to different isomers present in the samples. Analysis of the in-the-bay area substituted terrylenediimide
model compound reveals subsets of molecules showing different relaxation pathways of the terrylene core.

Introduction drimerd%23and the data from a model compound (gjlvhich
was measured along with the actual deracceptor dendrimers,

. g -
Dendrimers™8 consisting of a polyphenylene core and were taken into consideration.

decorated with peryleneimide chromophores at the rim have
been investigated by single-molecule spectrostdgand time- ) )
resolved spectroscopy-1® These dendrimers possess penta- EXperimental Section
phenylbenzene units and, as a result of the “interlocking” of
twisted phenyl rings, are shape persistent. Further, by way of
synthesis one can control the number of peryleneimide chro-
mophores attached to the rim of the nanopartiéfes

In previous studies, the singlet excited-state relaxation
processes in such dendrimers of different genertiamd
containing different numbers of peryleneimide chromophores
at the rin¥” in different substitution patterfswere investigated.
In these studies, various kinetic components could be determine
and the effect of chromophorehromophore interactions was
investigated in detail?16.23 However, these investigations
focused on interactions betwe@tentical chromophores such
as energy hoppinéf, singlet-singlet annihilatior?3 singlet-to-
triplet energy transfel? excited dimer emissio#?,and enhanced
intersystem crossinyyThe synthesis of compounds containing
peryleneimide chromophores as donors and a different chro-
mophore as acceptor extends these investigations toward
directional energy transféf. Preliminary reports on the syn-

In this study, four compounds have been investigated, the
molecular structures of which are shown in Scheme 1. First,
compound T1E, which does not contain any chromophores at
the rim, was studied in order to investigate the influence of
substitution of dendritic arms on the chromophore. An acronym
of the type XY, will be used throughout this paper, where X
denotes the core type of the sample (e.g., terrylenediimide, T),
dn =0, 1, 2 is the generation of the dendrimer attached to it,

and Yy, the type and number of chromophores attached to the
rim of the molecules (R e.g., denoting four peryleneimides).

As donor-acceptor dendrimers, a first generation terrylenedi-
imide core dendrimer (TLp with four peryleneimide chro-
mophores at the rim and a second generation analogug)(T2P
containing 8 peryleneimide chromophores at the rim were
studied. The synthesis of these compounds is decribed elsewhere
in detail?®

The steady-state spectra were recorded using commercial
thesi€5 and energy transfer at the single molecule 18vef spectrometers, the fluorescence quantum yields were determined
such compounds have been published using the reference compound cresylviolgt= 0.5426

First and second generation dendrimers containing perylene- Fémtosecond Upconversion Measurementg&xcept for the
imide chromophores at the rim and a central terrylenediimide €xcitation wavelength (see below), all other experimental
are in the focus of the ensemble time-resolved study reportedconditions were kept constant and consistent with previous
here. To separate and attribute the various kinetic components,s'fUd"?Sl-e’23 all measurements were performed at room temper-

both the previously reported results from perylene-only den- ature in 1 mm optical path length cuvettes under magic angle
polarization conditions. All compounds were dissolved in

tPart of the special issue “George S. Hammond & Michael Kasha toluene at a concentration that yielded an absorption of ca. 0.4

Festschrift”. ) ) per mm at the wavelength 495 nm, which was used as the

Chencqorgb?_?e%?/gglggbe author.  E-mail:  Frans.DeSchryver@ gycitation wavelength for all compounds containg perylene-
* Katholieke Universiteit Leuven. imide. The terrylenediimide-only compounds, however, were
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SCHEME 1: Molecular Structures of the Investigated Compounds$

aT, bare chromophore; T3Pfirst generation model compound; T Rirst generation doneracceptor dendrimer; T3Psecond generation
donor-acceptor dendrimer.

The laser system used to excite the samples has previouslyeach set of measurements the sample integrity under these
been described in detéil.In brief, a Nd:YVQ, laser (Millennia conditions was verified.
V, Spectra Physics) is used to pump a Ti:sapphire laser To capture all kinetic components potentially present in the
(Tsunami, Spectra Physics). Its output seeds a regenerativeexcited state dynamics as precisely as possible, a measurement
amplifier (RGA, Spitfire, Spectra Physics). The output of the as described above was then repeated using three different
RGA (1 mJ, 100 fs, 800 nm) is split in two equal parts, one of channel widths for the detection, resulting in total time windows
which is used to pump an optical parametric generator/amplifier of 6.7, 50, and 450 ps, respectively, for all 1024 measured
(OPA-800, Spectra Physics). The output wavelength range of channels. This set of three measurements was performed for
the OPA is extended by harmonic generation using one or two each compound throughout its complete spectral range of interest
BBO crystals, thus making a range of 300 nm to 900 nm using both nonlinear-optical crystals, thus resulting in 23
accessible. different fluorescence detection wavelengths from 530 to 750

The setup used for the detection of the fluorescence upcon-nm at intervals of 10 nm.
version signal has also been described in detail in a previous Picosecond SPT Setuplhe SPT setup, providing picosecond
publication?® Briefly, the fluorescence light emitted from the excitation pulses over a large part of the visible wavelength
sample is collected and sent to a nonlinear optical crystal, in regime (366-590 nm), has been described previoli&8I§ In
which the sum frequency of this light and a gate pulse (800 brief, the second harmonic of a Ti:sapphire laser (Tsunami,
nm, ca. 10QJ) derived from the RGA is generated. To cover Spectra Physics) was used to excite the samples at 488 nm.
a broad spectral range, two different LBO crystals were used: For 590 nm excitation an optical parametric oscillator was
the first one was optimized for a low-wavelength range from implemented before the second harmonic generator. The
500 to 670 nm, while the second one covered the adjacent high-fluorescence was detected under magic angle conditions (unless
wavelength range from 650 to 800 nm. The time-resolved tracesnoted otherwise) using a double monochromator (9030 DS,
were then collected by detecting this sum frequency light while Sciencetech) and a microchannel plate photomultiplier (R3809U,
changing the relative delay of the gate pulse versus the sampleHamamatsu). A time-correlated single photon counting PC
excitation time. By detection of scattered light under otherwise module (SPC 630, Picoqguant GmbH) was used to obtain
typical conditions, the prompt response of this arrangement fluorescence decay histograms in 4096 channels with time
(including laser sources) was determined to be approximately increments of 5 ps. In some cases additionally, a time increment
250 fs. This value was used in the analysis of all measurementsof 0.8 ps was used in order to obtain reliable results for the
for deconvolution of the data sets. shortest time components. Samples of the compound of interest

All compounds were illuminated with an excitation energy dissolved in toluene with an absorption 0.1 per cm were
of ca. 350 nJ in an excitation spot size of @0 diameter. Each measured under ambient conditions (temperature, pressure,
measurement consisted of 1024 delay positions, at each of whichatmosphere).
the fluorescence signal, the excitation laser intensity, and the Analysis. For the femtosecond upconversion data, the 45
gate pulse intensity were recorded averaging over five secondsdecay curves measured in all three time windows at detection
thus resulting in a measurement time ca. 5000 s per delay scanwavelengths from 530 to 670 nm (low-wavelength region) were
By taking a steady-state absorption spectrum before and afterput together into a common data set which was analyzed
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globally using a nonlinear least-squares fit routine from a 1. Terrylenediimide Chromophore, The steady-state ab-
commercial software package. As part of the analysis, the datasorption (left) and fluorescence spectra (right) of terrylenedi-
sets were also deconvoluted using information from system imide dissolved in toluene are displayed in Figure 1A. They
prompt response measurements that were routinely recordedexhibit an absorption maximum at 651 nm along with a shoulder
during each measurement session. After that, the data acquirect 598 nm; the width of the main maximum is 590 ¢nffwhm).
in the high-wavelength range from 670 to 750 nm (9 wave- This shape very closely resembles a miror image in the
lengths, 27 data sets) were treated identically, including the fit, fluorescence spectrum (right part of the figure). Fluorescence
using a global analysis. It turned out that the resulting partial is by far the most prominent pathway of deactivation Toas
amplitudes at the detection wavelength of 670 nm (which was indicated by its fluorescence quantum yield of 0.99.
included both in the high-wavelength and low-wavelength fits)  |n the SPT measurementi&f. = 590 nm) of T, a monoex-
were virtually identical for all components. As a consequence, ponential decay with a time constantgf= 3.2 ns is measured.
the results as shown in the figures below appear as one line forypon global analysis of the femtosecond upconversion experi-
each component which ranges from 530 nm to 750 detection ments fex. = 625 nm), two kinetic components are found to
wavelength. be necessary to fit the data properly, as judged bythalues
The SPT data were analyzed globally with pulse deconvo- and visual inspection of the residual plots. The results are shown
lution using a time-resolved fluorescence analysis progfam. in Figure 2 (amplitudes) and Table 1 (times). A small fast

The quality of the fits was judged using thevalues 1.2 for component with a time constantaf= 6.8 ps is revealed, which

individual decays and globally 1.1) and by visual inspection  shows a very similar time and a similar wavelength variation

of the residuals and the autocorrelation function. of the amplitudes (Figure 2, *) as known from previous
The numbering of the kinetic components 1...7 (timgstz7) experiments performed on peryleneiniitland is attributed to

is used consistently throughout this paper, even if some of thea vibrational and solvent relaxation process going on in the

components are not present in all samples. excited g state of T immediately after excitation. The 3.2 ns

component has by far the largest partial amplitue®{% in
Results and Discussion upconversion, 100% in SPT) at all wavelengths between 660

and 750 nm (Figure 2) and is straightforwardly attributed to

. The analy§|s of the time-resolved data was perfolrmed N WO 46 fluorescence decay of the terrylenediimide chromophore.
different series for the fluorescencence upconversion data sets . . . . .
2. Terrylenediimide with First Generation Dendritic Arms,

and for the SPT results. These two techniques are complemen- i -
tary in their corresponding time resolutions: for the former, | Lo The steady-state absorption and emission spectra of T1P

the system prompt response was 250 fs, while the Iongestare shown in Figure 1B. As can be seen from the figure, both

separable component time is ca. 1 ns (depending on the partiafhe_szsorption and emission spectra are red shifted by ca. 620
amplitude), as the maximum delay in the corresponding cm~! compared to the spectra obtained from the chromophore

measurements was 450 ps. Any times exceeding this window;ll— alone. Moreover, a proal()jenlng dOf both the %bsoertqu_ a;}npl
will jointly be seen as a “long” component in the analysis and uorescence spectrum is observed as compared to T, which Is,

: : . . for instance, seen in the main peak of the fluorescence spectrum
marked accordingly in the figures. Vice versa, the largest ™= " === .
employed time window of the SPT setup is 20 ns so longer which is increased to 750 crh (fwhm). The broadening can

decay times can be studied, while system prompt response isbe rationalized by the fact that the additional sidearms of the
ca. 30 ps. All times much bellow this cannot be separated eVenmolecule lead to a terrylenediimide ground state that is twisted,

using global analysis and deconvolution procedures and hencedVing rise toa distribution of conf(_)rmatlons (see Schem® 2).
appear jointly as one “short” component in the analysis and W'th respect to T, the quantum yield of fIl_J(_)rescence ofgiP
the figures. Only the time range of 18600 ps is accessible is only slightly reduced to 0.91. .The addltlonal band a_rpund
and precisely resolved in both techniques. Upon combination 450 nm relates t0 acS~ 5 gbsorpnon which could be. ce'rt|f|.ed
of these two analysis approaches, for all samples all component _y__SPT fI_uorescence anls;)ltropy measurements indicating a
in this region did match their respective counterpart in the other IMiting anisotropy of=0.15:
analysis, thus confirming all measurements and calculation and The time-resolved decays recorded for §£Rnnot be fitted
fit procedures. with two kinetic components any longer. Instead, in all cases a
For reference purposes, the fluorescence decay kinetics ofSUm of four exponentials is necessary to fit the data properly.
separate donor and acceptor attached to the dendritic polyphent e results of the global analysis are shown in Figure 3, the
ylene skeleton is needed. The results for the acceptor will be times are collected in Table 1. The fastest time constaig
presented and discussed below. The fluorescence of the donofound as 5.5 ps. This value and the wavelength dependence of
chromophore has previously been found to decay monoexpo-the amplitudes (Figure 3A, *), which is very similar to the one
nentially with a time constant of 4.0 #$.Additionally, a observed for T, yield strong arguments to attribute this
vibrational/solvent relaxation process with a time constant of 4 COmponent to a vibrational/solvent relaxation process, which
ps has been determined by fluorescence upconversion measurd$ 90ing on in the excited state following the same line of
ments?3 The corresponding absorption and emission spectra are@rgumentation as for T above.
shown in Figure 1A (marked P). The longest time constant for T1R, is determined as 3.2
In all previous femtosecond fluorescence measurements onns (see Table 1), with amplitudes as shown in Figure 3A and B
dendrimers decorated with chromophoted728a subpicosec-  (®) Again, the partial amplitude of this component yields the
ond ultrafast component has been determined, which exhibits alargest contribution to the complete intensity. It increases from
time constant that is dependent on the detection wavelength ancp0% at 670 nm to more than 80% at wavelengths longer than
is attributed to an internal vibrational reorganization (IVR) 700 nm. Comparing it to the decay time observed for T (see
process. A similar time constant is also seen with a low partial above), this time constant is attributed to fluorescence of the
amplitude in most of the measurements reported here. It is relaxed terrylenediimide chromophore.
likewise attributed to an IVR process and not discussed any A more detailed discussion is necessarry to explain time
further. constantrs = 900 ps (see Table 1 and Figure EB. It is
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Figure 1. Steady-state absorption (left) and emission spectra (right) of (A) the bare terrylenediimide chromophore T and peryleneimide P; (B) the
first generation model compound (TQP(C) the first generation donefacceptor dendrimer T4Pand (D) the second generation doracceptor
dendrimer T2B Emission spectra were taken using excitation at 495 nm.

10 — 7T T indicative of a transition between two states as shown schemati-
1 ""’t 1 cally by B and $in Figure 4B. At wavelengths lower than 700
08 - nm it is seen as a decaying emission from the state B, while
T above 700 nm the same process is seen from the sias &

rise term. The overall partial amplitude of this process, however,
is 10% at the maximum and at most wavelengths even lower.
—*—68ps 3 Is important to note that this component decreases in amplitude
—e—>1ns at wavelengths between 660 and 710 nm (FigureC3Bwhile

the amplitudes of the terrylenediimide fluorescence component
Te increase correspondingly in the same wavelength range

o
o

Partial Amplitude
=3 =]
N £
1

N (Figure 3B,®). This can be rationalized only by the assumption
o0 \-\ that the former is an independent precusor for the 3.2 ns
] . fluorescence process as shown in the term scheme in Figure
-0.2 . .
o o o s - 4B. However, not all molecules in the sample show this

behavior; for the majority this precursor is not observed. For
Figure 2. Wavelength dependencies of the partial amplitudes of the this main group a very fast relaxation proces 10f 5.5 ps

kinetic components resulting from a global analysis of the data acquired (S€€ Figure 4A) is observed, which is attributed to vibrational/
for the chromophore model compound T. Excitation was done at a Solvent relaxation. The molecules that are members of a second

wavelength of 625 nm. independent subgroup undergo the transitior~BS; with a
time constant of 900 ps. One possibility would be the occurrence

positive between 670 and 700 nm, crossing zero at 700 nm, of aggregation; however, the fact that data from upconversion

and is negative between 700 and 780 nm. This behavior isand SPT measurements fully overlap although there is a 40-

Detection Wavelength [nm]
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TABLE 1: Summary of the Time Constants Found for All Kinetic Components Discussed in the Tex

T T1R T1P, T2Rs

symbol attribution ucC SPT uc SPT uc SPT uc SPT
1 * vib./solvent relaxation 6.8 b 5.5 b 4 6 27
2 A energy transfer b b b b 4 15 22
3 A energy transfer b b b b 22 68 92
4 | structural relaxation b b 120 115 200 240 b
5 O structural relaxation b b 900 1300 1000
6 ° terrylenediimide fluor.  >1000 3200 } >1000 3200 >1000 3200 ¢ >1000 3200
7 O peryleneimide fluor. b b b b 4000 4000

2 All values are times in p. Experimentally not found. UG= upconversion; SPE single photon timing.

SCHEME 2: Structures of the Terrylenediimide Core of T1P, for Different Relative Orientations of the Dendritic

B

Arms?2

L

2 The arms are omitted for clarity. (A) All four arms above the plane of the terrylene; (B) three arms above and one arm under the plane; (C)
two arms above and two arms under in pairs; and (D) alternatingly two arms above and two arms under.

fold concentration difference makes this unlikely. This subgroup influenced by the nature of the arms (different generations) but
is possibly related to a structural isomer in which the dendritic only by their relative orientation. Four different situations can
arms attached to the central terrylenediimide impose a twist into be envisaged: all arms above the plane of the terrylene (Scheme
the central terrylenediimide moiety (vide infra, see Scheme 2). 2A), three above and one under (Scheme 2B), two above and
The 900 ps time constant kinetic component 5 thus relates totwo under in pairs (Scheme 2C), or alternating (Scheme 2D).
structural relaxation within the terrylenediimide (which is We attribute the 115 and 900 ps time constants to decay channels
hindered in this way). that reflect the presence of various conformations of the terrylene
The fourth and final kinetic component is determined with a skeleton that finally end up in a common emitting state for all
time constant oft, = 115 ps (see Table 1) and amplitudes as conformers. Since the conformation of the aromatic system is
shown in Figure 3M). The general tendency of these partial governed only by the relative orientation of the substituents and
amplitudes quite closely resembles the results reported abovenot by their nature, the same components are also expected for
for the 900 ps component. Thus, following the same line of the donofr-acceptor dendrimers.
argumentation, this component is also attributed to a structural 3. Second Generation Dendrimes, F2Hhe absorption
relaxation process within the terrylenediimide, which is going spectra (left), which are the composition of the respective model
on in yet another subgroup of all molecules«€S, in Figure compounds, and the fluorescence emission spectra (right) of
4C). In this third subgroup, the structural relaxation process is T2P; are shown in Figure 1D; the latter was recorded using an
also slower than the one in the majority part; however, not as excitation wavelength of 495 nm which is close to the absorption
slow as the one described above. maximum of the peryleneimide chromophore. Upon comparison
In line with this interpretation it is found from molecular to the peryleneimide spectra shown in Figure 1A, a very strong
modeling that the presence of the dendritic arms imposes aquenching of the peryleneimide fluorescence is seen. At
distortion of the terrylenediimide chromophore. Whereas the wavelengths longer than 650 nm, the fluorescence ofgT2P
bare T chromophore is flat, the aromatic skeleton is bent out- almost completely resembles the emission spectrum of the model
of-plane in T1RB. Moreover, the different relative orientations compound T1R This behavior alone is already a strong
of the dendritic arms seem to impose different distortions of indication for the fact that in the donemcceptor system
the terrylene skeleton. It was found that the distortions are not peryleneimide-terrylenediimide the optical excitation into the
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kinetic components resulting from a global analysis of the data acquired Figure 5. Wavelength dependencies of the partial amplitudes of the

for the model compound T3P (A) Upconversion results, (B) SPT

kinetic components resulting from a global analysis of the data acquired

results. Excitation was done at a wavelength of 625 nm (upconversion) for the second generation dendrimer 32A) Upconversion results,

and 590 nm (SPT).

C \
B_ \
_ . 900
A . fast ‘.120ps \ ps
| S, S
3.2ns 3.2ns 3.2ns
So So So
A B C

Figure 4. Proposed kinetic model of various processes going on in
terrylenediimide immediately after excitation. (A) majority subgroup;
(B) and (C) minority subgroups. In all cases, vibrational/solvent
relaxation is assumed to be finished.

peryleneimide is very efficiently transferred into the terrylene-
diimide chromophore.

(B) SPT results. Excitation was done at a wavelength of 495 nm.

having a very similar time constant. The component 5 is
assigned to structural relaxation of the terrylenediimide chro-
mophore {5 = 1.0 ns,0 in Figure 5B), component & = 3.2
ns,® in Figure 5A and B) is again attributed to the terrylene-
diimide fluorescence.

The major difference compared to the results of the model
compound T1PR is the finding of two additional kinetic
components 2 and 3. The first one of these is determined with
a time constant of, = 22 ps for upconversion and 27 ps for
SPC, which is within experimental error. The corresponding
wavelength dependence of the amplitudesaalso displayed
in Figure 5A @). It exhibits a maximum around 610 nm being
positive up to a wavelength of 685 nm, i.e., throughout the
complete fluorescence region of the peryleneimide. At wave-
lengths longer than this, i.e., in the emission region of the
terrylenediimide, this component becomes negative with one

In the analysis of the time-resolved data sets acquired bothayimum at ca. 710 nm. The amplitudes from the SPC

from femtosecond upconversion measurements and SPC detecmeasurements display a similar general trend (Figure 5B). A
tion, a total of seven kinetic components could be determined. pehavior like this is a very strong indication of an energy transfer
The corresponding amplitudes are shown in Figure 5A (shorter process with the determined time constant of 22 ps. This process
times, femtosecond results) and Figure 5B (longer times, SPCstarts in the excited state of the peryleneimide (donor) and ends

results). All resulting times are collected in Table 1.

in the excited state of the terrylenediimide (acceptor).

As expected, all the kinetic components found and attributed  The second of the additional kinetic components is determined

to the reference compound Td®ere found again for this
sample with very minor changes. Thus, component;1< 6
ps, * in Figure 5A) is attributed to a vibrational/solvent

with a time constant of; = 68 and 92 ps for upconversion
and SPT, respectively. The value of the SPT measurements may
be slightly higher because it is actually a convolutionrénd

relaxation process. This component might also contain a minor 74, which cannot be resolved due to the similar spectrum and

contribution from a possible singlesinglet annihilation process

the overall low amplitude of the latter (vide infra). The
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corresonding amplitude distribution of ia also shown in Figure A2
5A (upconversiona) and Figure 5B (SPQGy). Again, a positive

imum in the i ion of the peryleneimide d b *
maximum in the fluorescence region of the peryleneimide donor o iy //\
is determined. Upon increasing wavelength, the amplitude ~z \ /
crosses zero at 695 nm, showing one single negative maximum os . \
in the fluorescence region of the terrylenediimide acceptor. Thus, $ % ,/ ]
, . . S04 T1P
the overall shape is very similar to the one described above for £ | /\ * 4
component 2. With the same argumentation, this component 3 % 02— A N \\,\
is attributed to a second independent energy transfer process-;; 0042
going on in the peryleneterrylene donoracceptor system. The & 5l | —*—aps \ \j&é
finding of two different energy transfer processes could be o —A—4ps Y" i
. . ; . . . —A—25ps ,a
rationalized by the assumption of two different isomeric 04 | —=—200ps \
subgroups of molecules which differ in their relative donor 06 —o—>1ns o
acceptor orientations and/or distances. One main difference is — —F —— ¥ "
. - . 550 600 650 700 750
the smaller overall amp_lltude of this second component, which Detection Wavelength [nm]
corresponds to a relatively smaller probability of the system
following the underlying energy transfer pathway or reflects o ., _
the lower relative contribution of the corresponding structural ~—
isomer. If we examine the partial amplitudes of all kinetic 08 & . T1P, ]
components in the wavelength range of the acceptor emission, o \e
it can be seen that the ratio of all negative to all positive 7] \ / x’\\/.
amplitudes is close te-1. For instance, at 740 nm this value is g o4 ° .
—1.04 in the case of the SPT measurements. This indicates that% A
all emission at these wavelengths are accounted for by the rise g 2 ] gﬁl‘;\w
components at these wavelengths, i.e., the energy transferg ,, ] — -
components. & e 15ps \
The structural relaxation component,(a;) which had been 02 | —=—240ps N
found in T1R is not isolated in the analysis here, which is most et A
probably due its very low overall amplitude and the close —0—4.0ns \\k/
proximity of the time constant (115 ps) to the above-mentioned -06-+— A -6('.)0 L |750A

energy transfer component (92 ps).

Finally, another component with & time constant= 4.1 ns Figure 6. Wavelength dependencies of the partial amplitudes of the
and an overall small amplitude is seen in upconversion (Figure kinetic components resulting from a global analysis of the data acquired

5A, O) and determined in SPC analysis results (FigureGp, for the first generation dendrimer TLRA) Upconversion results, (B)
The identical time constant together with the fact that the SPT results. Excitation was done at a wavelength of 495 nm.

corresponding amplitudes are only nonzero in the peryleneimide
emission region give a strong argument to assign this component The fastest kinetic component is determinedras 4 ps.
to a peryleneimide fluorescence emission, which has beenHowever, the related partial amplitude exhibits a shape and
reported previously? However, this emission cannot be at- wavelength dependence which is in no way similar to any of
tributed to energy transferring peryleneimides, as the energythe results found before both for peryleneimide- and terrylene-
transfer quantum yield is much too high to allow for a competing diimide-containing samples. Given the results from previous
partial amplitude of ca. 5% and the decay time is virtually studiest®7.23which show that the vibrational/solvent relaxation
unchanged with respect to the donor in the absence of acceptorcomponent is always present, it is reasonable to assume that it
Instead, this component is attributed to a number of moleculesis present here as well and making up for one part of the 4 ps
in which the peryleneimide is either functionally decoupled or component. Thus, this component in fact stems from the
the terrylendiimide is not fully ring closed and thus cannot take superposition of two different and competitive kinetic processes
part in the energy transfer process. This assignment is supportedvhich cannot be resolved by the global analysis because their
by observations in single molecule experiments, where oc- time constants are very close to each other and ca. 4 ps in both
casionally molecules are seen that only give peryleneimide cases (see Figure 4). To split these, it is assumed that the
fluorescence emission, but never molecules that give partial vibrational/solvent relaxation component is very similar to the
energy transfef! kinetics found in T2, so this can be considered as the first
4. First Generation Dendrimers, T4PIn a further series of ~ contribution ¢, &) to the 4 ps component (Figure 6A, *). As
experiments, the first generation dendrimer T@s measured  the spectral shift related to this process is less than 5 nm (vide
and analyzed in a manner identical to that reported forgT2P supra), it does not have a large effect upon overlap integrals
The steady-state absorption and emission spectra (see Figur@nd processes governed by thadter mechanism.
1C) are very similar to those of the second generation dendrimer  The remaining amplitude is attributed to a second competitive
T2P;. The only difference is the relative intensity of the component 24, = 4 ps) and shown in Figure 6A a& line,
terrylenediimide band as compared to the perylenediimide, which resembles the general shape of the energy transfer
which is a direct consequence of the halved (4:1 versus 8:1) component 2 as found in T2PWith this observation and the
relative amount of peryleneimide chromophores per molecule. same arguments as mentioned above forgT#f's component
In the global analysis for the data acquired from this compound, is attributed to an energy transfer process from the peryleneimide
a sum of six exponentials was needed to get a satisfactory fit, to the terrylenediimide chromophore.
the results are shown in Figure 6A (upconversion results), Figure The third componentzg, &) is determined with a time
6B (SPC results), and Table 1. constant ofr; = 25 ps and a wavelength dependence as shown

Detection Wavelength [nm]
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in Figure 6A (»). This wavelength dependence and the general transfer time of a factor of (1.8)= 6, which is almost exactly
shape are very similar to the ones found for component 3 in what is found for the fast energy transfer component (25 ps: 4
the second generation dendrimers g.2/Rgain, the finding of ps = 6.3). Comparing the femtosecond upconversion time
two energy transfer processes could be rationalized by the constants of the slower energy transfer component (68 ps: 25
assumption of two different subgroups of molecules which differ ps = 2.7), a somewhat smaller difference between first and
in their isomeric state. The relative ratios of the negative and second generation is found. One possible explanation could lie
positive partial amplitudes once more indicate that the fluores- in the competition energy hopping between identical chro-

cence in the wavelength range of the acceptor emisstai0Q mophores within one ar@¥. Considering that the two doner
nm) entirely stems from the rise components and thus is formedacceptor distances in the dendrimers are only average distances
via initial energy transfer. and that the orientation factas is assumed to be equal for

In addition, all longer time components determined for the both generations, this difference seems reasonable.
model compound TIf are again found back here. The
components 4 and 5 (Figure 6l and [, respectively) are Conclusions
determined with time constants, = 200 and 240 ps (for
upconversion and SPT, respectively) agd= 1.3 ns. With an
identical argumentation as discussed above for the referenc
compound T1E, they are both attributed to structural relaxation

The time-resolved fluorescence properties of first and second
generation dendrimers containing peryleneimide chromophores
€at the rim and a terrylenediimide chromophore in the core have
! i th lenediimide ch h h been investigated using femtosecond fluorescence upconversion
processes going on in the terrylenediimide chromophore. The 5,y single photon timing techniques. By globally analyzing data
suggestion th_ats reflects a process that is only going on in the sets from upconversion and SPT measurements and comparing
terrylenediimide chromophore is corroborated by the finding yhe regyits hoth to previous results from peryleneimide-only
that it only has a significant amplitude at emission wavelengths yaqrimers and a terrylenediimide reference compound, we were
higher than 650 nm. _ . able to find, identify, and attribute various kinetic components.

This is, however, not the case for. No satisfactory fits could Much like in the dendrimers containing only one type of
be obtained when the contribution of this component was set chromophore(s), the vibrational/solvent relaxation in the excited
to zero in the wavelength regime below 650 nm. Good fits were gtate (4 ps...6.8 ps, depending on the compound) could be
obtained when this parameter was set free, although its partialatiributed. Also, the fluorescence of the chromophore (3.2 ns

amplitude remained quite low. in terrylenediimide) was seen at a relatively large partial
Also in this compound a fluorescence component&=¢ amplitude.

3.2 ns, amplitude® in Figure 6B) is determined and assigned  Most importantly, however, two new kinetic components

to terrylenediimide fluorescence emission. could be determined both in the first and second generation

Finally, a residual 4.0 ns fluorescence is found (Figure 6B, dendrimers, which were seen neither in the previous results from
O) at wavelengths shorter than 630 nm with a small partial peryleneimide-only dendrimeéi&!7-23nor upon direct excitation
amplitude over its entire range, which stems from uncoupled into the terrylenediimide absorption bands. This pair of times
peryleneimide chromophores in the same way as attributed tois found in the first generation (4 ps, 25 ps) as well as in the
T2P; above. second generation (22 ps, 68 ps). Both times are attributed to

Forster Energy Transfer. The finding of an energy transfer ~ two independent different energy transfer process occurring
process as described above is consistent with the strongbetween the perylenimide donor and the terrylenediimide
fluorescence quenching seen in the steady-state spectroscop§icceptor system. The shorter and longer times, respectively, can
of these dendritic systems (Figure 1C and D), both containing be attributed to transfers going on in two different structural
peryleneimide chromophores at the rim and a terrylenediimide isomers of the dendritic molecules. This attributios@nong
chromophore in the core. Within the framework of thagter other argumentssupported by the fact that the fastest times in
formulation an effective interaction radi& can be calculated ~ the pairs scale with the sixth root of the ratio of distances in
from the steady-state spectra and the fluorescence quantum yieldirst and second generation.

(ref 23 and references therein) of the donor chromophgs ( Two additonal kinetic components with time constans of ca.
as 5.9 nm, assuming? = 2/3. The donoracceptor center-to- 150 ps and ca. 1.2 ns are attributed to structural relaxation
center distances within the dendrimers depend on the conforma-processes going on in the terrylenediimide chromophore of a
tion of the dendritic arm. From molecular modeling, represen- fraction of the molecules before the fluorescing state is reached.
tative values of 2.3 nm for Tland 3.1 nm for T2p are
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