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Dendrimers are highly branched macromolecular systems whose
structure can be defined on a molecular level™ 2 and, as such,
have been attracting attention, not only from their synthesis,™
but also from the point of view of their physical and chemical
properties.*1% Within the research groups, dendrimers consisting
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of a polyphenylene core and decorated with peryleneimide chro-
mophores at the rim have been investigated by single-molecule
spectroscopy! '? and time-resolved spectroscopy.'>-1
However, all the studies referenced above were performed
with dendrimers having a biphenyl core that leads to a conical
disc-shaped structure. It was shown that the peryleneimide
chromophores are distributed in different environments on the
disc surface.' To gain better control over the distribution of
chromophores and their interaction in the excited state, it is
desirable to have them distributed on a spherical surface.
Recently, this goal has been achieved with the synthesis of a
series of first-generation peryleneimide dendrimers with a rigid
tetrahedral central core, as shown in Scheme 1.'® These

R'"| R?| R®
O GIR1|H [H |H

‘ O GiRZ Pl |H |H
O G1R3 Pl Pl |H

R3 G1R4 [Pl |PI Pt

Scheme 1. Molecular structures of compounds: model compound GO, first-
generation dendrimers GI1Rx (x=1-4), peryleneimide PI, tetraphenylcyclopen-
tadienone-bound peryleneimide CP.

dendrimers possess pentaphenylbenzene units and, as a result
of the “interlocking” of twisted phenyl rings, are shape persistent
and more closely packed, which allows a more systematic study
of possible energy-transfer processes between the chromo-
phores. Furthermore, by way of synthesis one can control the
number of peryleneimide chromophores attached to the surface
of the nanoparticles from one to four (G1Rx, x=1-4).'"-19
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Many different investigations reported singlet-singlet anni-
hilation processes in many different systems, such as pigment -
protein complexes,?>23 polymers?¥ and J-aggregates.’?> 2¢
Herein, a very similar process is measured and reported for the
first time for dendrimers decorated with multiple chromophores.
For this purpose, a series of first-generation dendrimers was
investigated in order to elucidate the various possible ultrafast
processes including singlet - singlet annihilation which occur in
mono- versus multichromophoric dendritic systems. Particular
attention was paid to the excited state over the complete
fluorescence emission spectrum using a time resolution of 250 fs
in a time window up to 50 ps long. The photophysics of this
series of compounds in the time range from 50 ps to 10 ns was
studied independently with a single-photon timing setup.’”

All compounds were investigated by steady-state absorption
and emission spectroscopy; typical results are shown in Figure 1.
The absorption spectra of all compounds measured are very
similar. The fluorescence spectra, shown in the right of the
Figure, were all recorded using an excitation wavelength of
495 nm, which is close to the absorption maximum and is the
wavelength that was used in time-resolved fluorescence meas-
urements. The spectra also do not exhibit any pronounced dif-
ferences. In particular, neither a broadening nor a spectral shift was
found, quite in contrast to the results reported previously™ for
another series of peryleneimide-containing dendrimers, in which
the polyphenylene shell was built around a biphenyl core and
the dendrimer had a higher degree of conformational mobility.

In order to reveal properties that are independent of potential
chromophore - chromophore interactions, the compounds GO
and G1R1, which both contain only one chromophore, were
investigated in an first series of measurements. A typical
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Figure 1. Normalised steady-state absorption (a) and emission spectra (f) of all
the dendrimer molecules (GO, G1R1, G1R2, G1R3 and G1R4). Samples for
emission spectra were excited at . =495 nm.

example for a decay curve of G1R1 is depicted in Figure 2. In the
top frame (Figure 2A), it can be seen that the decays are
dominated by a kinetic component, the time constant thereof is
much larger than this time window.?”! An expanded view of the
shaded area of Figure2A is depicted in the bottom frame

300 400

200
Delay / ps _—
| 580 nm
] 610 nm
G1R1
T T T T T T T T T T 1
0 10 20 30 40 50
Delay / ps _—

Figure 2. Time-resolved fluorescence intensity | of GIR1 detected at . =580 nm
and 610 nm. A) The decays measured in a time window of 450 ps, the longest time
window investigated. B) Expansion of the shaded region 0-50 ps in (A) (different
data set).

(Figure 2B) displaying another data set from a different experi-
ment. On the one hand, it immediately shows one or more
additional short-time decay components appearing in the
curves; on the other hand it exhibits pronounced differences
between decays detected at 580 and 610 nm. These short decay
components and their differences are in the focus of the
investigation reported here.

1439-4235/01/02/01 $ 1750+.50/0 CHEMPHYSCHEM 2001, No. 1



The data analysis was performed independently for each
molecule, albeit in an identical fashion. All 45 decay curves
measured in all three time windows were assembled into a
common data set, which was analyzed globally using a nonlinear
least-squares fitting routine from a commercial software pack-
age. As part of the analysis, the data sets were also deconvoluted
using information from system prompt-response measure-
ments that were routinely recorded during each measurement
session. In all cases, a sum of four exponential terms aexp(— 7))
with time constants 7, - 7, and amplitudes a, - a, has been found
necessary to fit the data sets properly, as judged by minimization
of %2 values and visual inspection of residual plots. The longest
component (z,, a,) is in the range of a few nanoseconds and thus
cannot be determined precisely in the time windows used here.
Instead, the actual values were taken from measurements
performed and reported independently?” with a single-photon
timing detection setup. During the fitting routine, 7, was fixed to
4.2 ns, however the corresponding amplitude a, was a free
parameter. It should be pointed out that the fit results were
independent of this selection within the range from 3 to 6 ns.

The resulting time constants for the various compounds are
summarised in Table 1. The results for 7, were not found to be
constant throughout the spectrum and considered separately
below. As can be seen in the Table, the fast component 2 exhibits

Table 1. Decay times for each component from the global analysis of each
investigated compound.

Compound N 7, [ps] 7, [ps] 75 [ps] 74 [ns]©
G1R1 1 0.5-2 10 188 4.2
G1R2 2 0.5-2 1" 180 4.2
G1R3 3 0.5-2 8 137 4.2
G1R4 4 0.5-2 7.5 83 42
GO 1 0.5-2 1.5 507 4.2
Pl 1 0.5-2 5.5 136 4.2

[al Number of chromophores per molecule. [b] Varies with the fluorescence
detection wavelength (see text). [c] Fixed during the fit procedure (see text).

in all cases a time constant 7, in the order of 10 ps; the actual
values range from 5.5 to 11.5 ps. Component 3 contributes at
most 10% and in most cases even less to the total amplitude,
however it is necessary to achieve a good fit. The actual times for
this component range from 83 (G1R4) to 507 ps (GO). The largest
component of the amplitude, however, is found in the nano-
second component 4 (z,, a,) for all compounds.

In Figure 3A, the partial amplitudes for component 1 from the
global analysis are shown as a function of the fluorescence
detection wavelength for compounds G1R1 and G1R4. In all
measurements, this component showed a time constant be-
tween 0.5 and 2ps are was found necessary to achieve a
satisfactory fit. However, this component did not show a
constant time value of 7, throughout the spectrum but, rather,
increased upon an increasing fluorescence detection wave-
length. This dependence is also shown in Figure 3B, which
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Figure 3. A) Dependence of the intramolecular vibrational redistribution (IVR)
component amplitude a, from the detection wavelength for GIR1 and G1R4.
B) The dependence of the time constant t, of the IVR as a function of the detection
wavelength, here shown for GO.

displays changes of 7, from 0.5 ps (540 nm detection) to 2.0 ps
(at 670 nm). It should be noted, however, that the values for ,
are still results of global analysis and, in contrast to the other
decay times, they were not linked within the common analysis of
data sets of all wavelengths. Comparing the corresponding
wavelength dependencies of the amplitude a, for this compo-
nent for all other compounds investigated, no pronounced
differences were found: All curves seem to be similar to the ones
depicted in Figure 3, that shows a negative amplitude for all
wavelengths larger than 530 nm and thus corresponds to a rise
term in the recorded decay. Considering these results, this
component is attributed to an intramolecular vibrational redis-
tribution (IVR) process in the electronically excited state of the
chromophore.?® A process of this kind is consistent with the
properties of a kinetic component in the fluorescence decays as
found here. It exhibits a negative partial amplitude at all
wavelengths above 530 nm, indicating that the fluorescent state
is eventually produced after completion of the IVR process.?”!

A time constant of about 1ps has also been reported
before3°-32 for various chromophores of similar size in a toluene
solution. In view of the time resolution of approximately 250 fs
of the setup used here, it cannot be excluded, however, that this
IVR component is actually a combination of various processes
resulting from the static and dynamic response of the environ-
ment of the chromophore.®3 A fast vibrational relaxation of
highly excited levels of the first singlet excited state in the
peryleneimide also cannot totally be excluded as a part of this
component.39

The observation of increasing time constants for this process
upon increasing detection wavelength is also in agreement with
literature?” and consistent with the attribution to an IVR process.
Previously obtained results!'* 3% from ultrafast depolarisation
studies of very similar dendrimers that contain identical
chromophores also support this type of attribution.

Additional evidence for this assignment can be found by the
comparison of emission spectra for different delay times after

1439-4235/01/02/01 $ 17.50+.50/0 51
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excitation. As an example, the quantum flux function @ as
calculated™ for the compound G1R1 from the various meas-
ured decay data are presented in Figure 4. It clearly shows a red
shift of about 10 nm in the spectra in the course of time.
Moreover, the complete spectral shift is finished to a large extent
within the first 10 ps after excitation: Already the 5 ps spectrum
almost resembles the steady-state spectrum. Thus, all the
intramolecular redistribution that yields the spectral changes?!
is completed on that time scale.

«
(=3
(=]

/

580 600 620 640 660
Wavelength/nm ——

540 560

Figure 4. Fluorescence quantum flux © for G1R1 as calculated for different delay
times (in ps, as indicated) after the excitation. The curve marked oo is the steady-
state emission spectrum.

The resulting amplitude spectra for component 2 for the GO
and G1R1 with time constants of 10 ps and 11.5 ps, respectively,
are shown in Figure 5A. Although both of these curves result
from sets of 45 decays each, which have been measured and
globally analyzed independently, they appear virtually identical.
Besides yielding confidence in the measurement and analysis

A) 0.4 G1R1
024 GO
a, 0.0 i
-0.2 4‘k\\"‘t—"//‘—-‘§§“\1-,
T T T T T T T T T T T T 1
520 540 560 580 600 620 B840 660 680
% 00 .\—l/ \./_.\I\.\.
0.2 Go
T T T T T T T T T T T 1
520 540 560 580 600 620 640 660 680

Wavelength/nm — .

Figure 5. Wavelength dependence of the amplitude a, of the 10 ps component.
A) The monochromophoric compounds GO (m) and G1R1 (e). B) The multi-
chromophoric compounds G1R3 (A) and G1R4 () with GO (m) included for
comparison.
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procedure, this is a clear indication that the dendritic arm of the
molecule does not have any effect upon the kinetics at this
stage.

From the shape and the positive to negative change of this
kinetic component, it is attributed to a vibrational relaxation in
the electronically excited state of the peryleneimide chromo-
phore. This process is coupled to a relaxation and reorganisation
of the solvation shell around the chromophore, as the solvent
molecules have to accomodate for the newly populated S, state
of the peryleneimide.? At fluorescence detection wavelengths
close to the excitation, this will be seen as a fast decay
component, whereas at longer wavelengths the fluorescence is
detected from a state which first has to be populated with a time
constant of about 10 ps. In the kinetic analysis, this is found as a
rise term with the corresponding time constant. An identical
behaviour is also found for all other investigated compounds
containing only one chromophore, namely the model GO and PI
in toluene (data not shown). Thus, it can be concluded that this
kinetic component is related to the single chromophore itself
and its interaction with the surrounding toluene (solvent)
molecules.

The result of a 10 ps component and its attribution is in
agreement with literature. McCarthy and Blanchard®® used an
ultrafast, stimulated transient-absorption spectroscopy setup
to determine a vibrational population relaxation time constant
of 16 =4 ps for perylene in toluene solution. In many other
investigations,’®”-*2 time constants of a few picoseconds were
found and attributed to a vibrational relaxation process for
various chromophores in toluene and other solvents. Moreover,
in almost all experiments of sufficient time resolution, an
additional, still faster, (sub-)picosecond component was found,
just as reported here.

In order to investigate the influence of possible chromo-
phore - chromophore interactions in more detail, three more
sets of measurements were performed. Under otherwise iden-
tical conditions for data acquisition and analysis, compounds
containing two (G1R2), three (G1R3) and four (G1R4) chromo-
phores at the dendrimer rim were systematically investigated.

As expected, all the results reported above for the mono-
chromophoric compounds could be confirmed, the correspond-
ing values for the time constants are collected in Table 1. The
only important difference was found for the 10 ps component z,:
Although we could not ascertain an additional time constant,
the resulting amplitude spectra of the multichromophoric
dendrimers were significantly different from those determined
for the monochromophoric compounds. In Figure 5B, the results
for G1R3 and G1R4 are compared to the curve determined for
GO. It is apparent that the general shapes and wavelength
dependencies are very similar, however the curves for G1R3 and
G1R4 are shifted to larger partial amplitudes by an almost
wavelength-independent offset.

Thus, to interprete these results, two different contributions, 2a
and 2b, to this kinetic component are assumed, which are related
to different processes. They both exhibit time constants 7,, and
7,, of approximately 10 ps, which are very close to each other
and therefore cannot be discriminated by the global analysis, yet
they can be distinguished using their respective amplitude

1439-4235/01/02/01 $ 1750+.50/0 CHEMPHYSCHEM 2001, No. 1



distributions, which are grossly different. Component 7,, is found
in all dendrimers G1R1, G1R2, G1R3 and G1R4 as well as in the
monochromophoric GO and PI. The corresponding amplitudes
for all detected fluorescence wavelengths are shown in Fig-
ure 5A. This is the kinetic component which has been attributed
to the vibrational relaxation process and includes solvent
relaxation in the above discussion of the results for the
monochromophoric compounds GO and G1R1.

Component 2, responsible for the amplitude offset, only exists
in compounds containing more than one chromophore. It is
superimposed on the wavelength-dependent component 2a
and is almost wavelength independent and increases in
amplitude with the number of chromophores (zero for one
chromophore as in GO and G1R1, maximal for G1R4, intermedi-
ate for G1R2 and G1R3).

A calculation of the photon flux available in the laser focus at
the sample position yields a value of several tens of photons per
chromophore per laser pulse. Moreover, by molecular modelling,
the distance between the points of attachment of the chromo-
phores is estimated to be 2.0 nm,”?”! thus an interaction of two
excitons existing in the molecule at the same time is likely to be
the process giving rise to this kinetic component 2b. This leads
to a singlet-singlet annihilation of these two excited states, to
result in a first excited state and a ground state.*s Similar
processes have been reported in literature for various multi-
chromophoric systems such as J-aggregates?*! and pigment - pro-
tein complexes, -2 and also been theoretically described.”* 44

In order to further substantiate this attribution of the
component 2b, an additional series of experiments was per-
formed. By systematic variation of the excitation power imposed
onto the sample between about 20 and 350 pW, a clear
dependence of the amplitude of the 10 ps component from
this parameter was observed. In Figure 6 A, the decays recorded
for the multichromophoric G1R4 for two different excitation
powers are shown. As this measurement was deliberately
performed at a detection wavelength of 580 nm, at which the
amplitude of component2a is close to zero (compare with
Figure 5A), this clearly visible dependence is solely attributed to
component 2b. The dependence of the partial amplitude a, of
this kinetic component on the laser power impinging on G1R4 is
depicted in Figure 7, which reveals typical dependencies found
for annihilation processes.*

Repeating this procedure for a similar series but with
detection at 620 nm, the results differ (Figure 6 B). Here, at high
power excitation, a decay component indicative of compo-
nent 2b is found, which becomes a rise term with the same time
constant at low power excitation and thus shows only compo-
nent 2a. Again, the corresponding power plot is shown in
Figure 7. In this case, the amplitude a, ranges from negative
values at low power excitation to positive values for high laser
excitation power. With respect to the various amplitudes as
shown in Figure5, this behaviour is as expected and an
additional strong support for the assumption that component 2,
that results from the global analysis, is in fact a combination of
two processes 2a and 2b, as described above.

In order to cross check these findings, a similar power series
has also been performed for monochromophoric G1R1. The

CHEMPHYSCHEM 2001, No. 1
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Figure 6. Comparison of the time resolved fluorescence intensity | recorded at
low and high excitation power, as indicated. A) Multichromophoric compound
G1R4, detected at 580 nm, B) multichromophoric compound G1R4, detected at
620 nm, C) monochromophoric compound G1R1, detected at 620 nm.

0.3+
G1R4 580nm
0.2+
0.1 G1R4 620nm
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0.0
-0.1 1
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0.2 —+—r—————7——r—rr——r
0 50 100 150 200 250 300 350

Excitation Power / yW ——

Figure 7. Dependence of the partial amplitude a, of the 10 ps component from
the laser excitation power for monochromophoric G1R1 (m) and the multi-
chromophoric G1R4 (detected at 580 (A) and 620 (e) nm).

results, shown in Figure 6C, are as expected: In contrast to the
multichromophoric G1R4 measured at this wavelength (Fig-
ure 6B), there is no detectable power dependence within the
measured range. Thus, at all excitation intensities, the partial
amplitudes a, are constant (see Figure 7), which is a clear
indication that, in this monochromophoric compound, compo-
nent 2b is nonexistent.
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The kinetic component 3 with a corresponding time constant
75 in the order of 100 ps is found in all data sets yet at a relatively
low partial amplitude a;. By performing an additional measure-
ment series that systematically varies the concentration of the
dendrimers in the toluene solution, it was the only one that
showed any change (data not shown). It is thus attributed in part
to an intermolecular process and not discussed here further. It
should be noted, however, that this component is already seen
with a low partial amplitude at the lowest compound concen-
tration experimentally accessible for fluorescence upconversion
measurements.

Component 4 used in the analysis with a time constant of
4.2 ns and its amplitude spectra as shown in the Figure4 is
clearly attributed to the fluorescence lifetime of the perylene-
imide chromophore and dealt with in detail in a separate
publication.’?”!

To conclude, by systematic variation of the number of
chromophores in a first-generation peryleneimide dendrimer, a
number of kinetic processes could be found and assigned. In all
compounds, an intramolecular vibrational redistribution process
with a time constant of about 1 ps is apparent. All compounds
also exhibit a 10 ps kinetic component, which is attributed to a
vibrational relaxation process in the electronically excited state.
In all compounds that contain more than one chromophore, an
additional competitive 10 ps process is observed. This process is
attributed to a singlet-singlet annihilation occuring in the
multichromophoric dendritic systems. This assignment was
verified by various power-dependent excitation measurement
series.

Experimental Section

In this study, six different compounds were investigated. Four are
derivatives of a first-generation dendrimer with a tetraphenylme-
thane core (G1) decorated with one (G1R1), two (G1R2), three
(G1R3) and four (G1R4) peryleneimide chromophores on the rim.
The synthesis of these compounds utilised the tetraphenylcyclo-
pentadienone CP which carries the peryleneimide chromophore.!'!
While G1R4 was made via Diels — Alder cycloaddition of CP to a core
molecule with four ethinyl functionalities, the “desymmetrised”
species G1R1, G1R2 and G1R3 require a novel approach which will
appear elsewhere.l'¥ The additional two compounds, a perylene-
monoimide with one hexaphenylbenzene moiety attached (GO0) and
the pure peryleneimide chromophore itself (Pl), are reference
compounds of only one chromophore in order to distinguish the
various kinetic components.

All measurements were performed at room temperature in 1 mm
optical path length cuvettes under magic angle polarization
conditions. All compounds were dissolved in toluene at a concen-
tration that yielded an absorption of about 0.4 mm~" at 495 nm.

The laser system has previously been described in detail.*”! In brief, a
Nd:YVO, laser (Millennia V, Spectra Physics) is used to pump a
Ti:sapphire laser (Tsunami, Spectra Physics). Its output seeds a
regenerative amplifier (RGA; Spitfire, Spectra Physics). The output of
the RGA (1 mJ, 100 fs, 800 nm) is split in two equal parts, one of
which is used to pump an optical parametric generator/amplifier
(OPA-800, Spectra Physics). The output wavelength range of the OPA
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is extended by harmonic generation using one or two (-BaB,O,
(BBO) crystals, thus the range 300-900 nm is accessible.

The setup used for the detection of the fluorescence upconversion
signal has also been described.'™ Briefly, the fluorescence light
emitted from the sample is collected and sent to a LiB;Os (LBO)
crystal, in which the sum frequency of this light and a gate pulse
(about 400 pJ at 800 nm) derived from the RGA is generated. The
time-resolved traces are then collected by detecting this sum-
frequency light while changing the relative delay of the gate pulse
versus the sample excitation time. By detection of scattered light
under otherwise typical conditions, the prompt response of this
setup was 250 fs. This value was used in the analysis of all
measurements for deconvolution of the data sets.

For all measurements, the excitation wavelength was kept constant
at 495 nm. Except for the series checking the excitation power
dependence (see below), all compounds were illuminated with an
excitation energy of about 350 nJ. Each measurement consisted of
1024 delay positions, at each of which the fluorescence signal, the
excitation laser intensity and the gate pulse intensity were recorded
over an average of five seconds, thus resulting in a measurement
time of about 5000s per delay scan. By taking a steady-state
absorption spectrum before and after each set of measurements, the
sample integrity under these conditions was verified.

To capture all kinetic components potentially present in the excited-
state dynamics as precisely as possible, a measurement as described
above was then repeated using three different channel widths for
the detection, resulting in total time windows of 6.7, 50 and 450 ps,
respectively, for all 1024 measured channels. This set of three
measurements was performed for each compound throughout its
complete emission spectrum, thus resulting in 15 different fluo-
rescence detection wavelengths from 530 to 670 nm at intervals of
10 nm.

In order to investigate possible multiphoton processes, an additional
series of measurements was performed varying the laser energy
exciting the compound in a systematic way while keeping all other
conditions constant. This was done in a range from 350 (maximum
laser output available) to 20 nJ, which was close to the detection
limit, as one measurement under these conditions had to last about
20 hours to yield data sets which could still be analyzed.

Finally, in a separate measurement series, the concentration depend-
ence of the dendrimers between 10~* and 10~°> molar was inves-
tigated. In order to do this, the standard concentration used in all
other sets was reduced by a factor of ten for another measurement
sequence.
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Materials failure, in the form of cracking, is a phenomenon of
fundamental scientific interest and one that impacts a variety of
applications spanning a wide range of fields, particularly those of
materials science and engineering. Experiments have investi-
gated extensively the macroscopic properties associated with
cracking within homogeneous materials as well as at interfaces
between dissimilar materials. Likewise, theoretical modeling via
engineering finite-element approaches! and molecular dynam-
ics simulations with empirical embedded-atom potentials? 3!
have provided some insight into cracking mechanisms. Never-
theless, these models rely on inherent assumptions concerning
interatomic and/or bulk behavior, a drawback in instances where
fundamental atomic interactions are poorly understood or
improperly characterized by overly simplified model potentials.
A comprehensive study incorporating a first principles approach
at the atomic scale and effectively linking this information to the
macroscopic scale poses an array of challenges, implementa-
tional and otherwise. To date, these difficulties and the computa-
tional expense associated with first principles calculations have
generally motivated employing empirical assumptions to treat
mechanics of the smallest length-scale regime. Resorting to
empirical models limits the chemistry that may be accounted for.
Accordingly, despite widespread scientific interest in the crack-
ing phenomenon, aspects of the microscopic failure mecha-
nisms remain largely a mystery. Herein, we investigate some
aspects of the atomic-level properties which lead to chemically
induced crack formation within a simple model. Finding
methods to smoothly and effectively couple microscopic to
macroscopic modeling is an active area of research* > and will
provide much-needed insight into a complete mechanism for
chemically induced cracking.

Aluminum is an important engineering material used in a
variety of applications; to understand its behavior under stress is
essential. Under ambient conditions, a self-limiting oxide layer
forms on the aluminum surface and protects the underlying
metal from further oxidation. This, in addition to their light
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