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In this article, we explore energy transfer processes within a series of Zn-porphyrin-appended dendrimers by
means of excitation intensity dependent transient absorption measurements. We report singlet-singlet
annihilation on two distinct time scales of 18( 5 ps and 130( 10 ps in the dimer and the dendrimers. The
two distinct processes reflect the presence of two structural conformer distributions. Analysis of the singlet-
singlet annihilation transient kinetics shows that sequential annihilation occurs within subunits up to four
Zn-porphyrins in the dendrimers. The onset of the singlet-singlet annihilation process depending on the size
of the molecule reveals a difference in the number of communicating Zn-porphyrins. We further report a full
characterization of the transient absorption kinetics of the monomer over a spectral range from 450 to 730
nm.

1. Introduction

Dendrimers are characterized by a highly branched symmetric
structure. The high degree of symmetry often allows for a
precise description of these large macromolecules based on the
properties of a monomer. Dendrimers have been suggested for
many applications including guest-host chemistry,1 analytical
chemistry,2 optical data storage,3,4 catalytic chemistry,5 envi-
ronmental chemistry,6,7 biology,8-13 and medical applications.14

In addition, dendrimers have been proposed as light-harvesting
(LH) antennas in artificial photosynthesis due to their capability
of directional energy transfer (ET) within the dendrimers.15-30

In natural LH systems, (bacterio)chlorophyll pigments are
arranged in well-defined positions usually on or near the surface
of a three-dimensional shape. In the case of photosystems I and
II the pigments lie in the outer regions of an ellipsoid,31,32while
the chromophores of the LH units, LH1 and LH2, in purple
bacteria are arranged on the outer periphery of a torus.33,34The
number of LH pigments used depends on the system and varies
from 7 in the FMO complex of green sulfur bacteria35,36 to 96
in the photosystem I complex of the cyanobacteriumSynecho-
coccus elongatus.32 ET between the (bacterio)chlorophylls
(BChl’s) in, for example, the LH ring systems in purple bacteria
occurs on a time scale ranging from subpicoseconds to tens of
picoseconds.37 However, BChl’s cannot be utilized in artificial
antenna systems due to their low chemical stability. The
porphyrin-appended dendrimers used in this investigation offer
a more stable alternative to BChl, and furthermore mimic the
structural aspect of the natural photosystems in that the Zn-
porphyrins are attached to the exterior of the dendrimers and
the number of pigments ranges from 4 to 64. The pigments of

the natural systems are located at more or less fixed positions
within each antenna unit. In the porphyrin-appended dendrimers
used in this study, there is greater conformational freedom
because of the flexibility of the single bond network of the
dendrimer core. It is of interest to determine the effect of this
flexibility on the energy transfer (ET) processes that occur within
these porphyrin-appended dendrimers because it should increase
understanding of the reasons that Nature has evolved LH antenna
with relatively rigid and very well-defined pigment arrays.

ET within dendrimers is frequently well described by Fo¨rster
ET theory. This has previously been reported in polyphenylene
dendrimers,24-28 free-base porphyrin dendrimers,29 self-as-
sembled Zn-porphyrin tetramer,30 and bis-porphyrins with
quinoxaline Tro¨ger’s base and biquinoxalinyl spacers.38 To
measure ET within the dendrimers, time-resolved anisotropy
experiments have regularly been utilized.27-30,38,39As an alterna-
tive to anisotropy measurements, excitation intensity dependent
measurements can provide valuable information about the ET.
This method has been applied to dendrimers19,40,41as well as
to photosynthetic antenna systems such as LH2.42-44 Increasing
the excitation intensity will increase the possibility of singlet-
singlet annihilation within the chromophore complex.

The first step in singlet-singlet annihilation is ET between two
excited chromophores. This results in a deexcitation of one
chromophore to the ground state along with a double excitation
of the other chromophore followed by fast nonradiative decay
to the lowest excited state. Often, the ET process is well
described by Fo¨rster ET theory, which requires a spectral overlap
between the emission spectrum of the donor and the excited
state absorption spectrum of the acceptor. Mathematically the
singlet-singlet annihilation process can be expressed as45,46
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wheren is the population of the excited state,n(t)0) ) n0, and
k is the decay rate of the excited state. In large aggregates with
a high mobility of excitons, the annihilation rate constant,γ(t),
can be assumed to be time-independent and the solution to eq
1 yields

However, the annihilation dynamics observed in the Zn-
porphyrin dendrimers reported in this article do not follow eq
2, and a more general approach also valid for small aggregates
is needed. This can be achieved by using a time-dependent
annihilation rate constantγ(t).47 We have chosen a rate equation
approach because of its flexibility. One can easily include the
intersystem crossing (ISC) to the triplet state and more than
one annihilation rate, both of which are needed for a proper
description of the measured data.

2. Material and Methods

2.1. Theory. The statistical approach using rate equations
cares for the dynamics of each number of excitons separately.47

For other systems where the number of highly mobile excitons
is much larger, the chosen rate equation approach will reduce
to eqs 1 and 2 upon calculating the average number of
excitons.47 Here we will use a simplified version of this
approach. Considering only two chromophores, we use rate
equations for the number of Zn-porphyrins in the singlet state
(S) and the triplet state (T), and additionally for the number of
exciton pairs, which annihilate due to singlet-singlet annihila-
tion. The chosen approach is also valid for larger numbers of
chromophores, if any of them can only once be involved in an
annihilation process. The Zn-porphyrin compounds are very
flexible.48,49 Furthermore, the annihilation rate is strongly
dependent on the distance between the Zn-porphyrins and the
orientation of the dipole moments. This makes it reasonable
that more than one annihilation rate constant can be observed,
even in the example of only two chromophores. Assuming that
the annihilation can be divided into a fast (f) and a slow (s)
process, the change in the number of exciton pairs responsible
for each process is given by

whereEM is the number of the exciton pairs related to either
the fast (M ) f) or the slow (M ) s) annihilation process with
EM(t)0) ) EM0. The corresponding annihilation rate constants
kM include the Fo¨rster ET to doubly excite one chromophore
and deexcite the other, and the following fast internal conversion
process within the first chromophore. Note that internal conver-
sion, ISC, and radiative decay to the ground state are not
included in eq 3, since it only describes the exciton pairs that
annihilate. The decay of the singlet state (S) and the buildup of
the triplet state (T) are given by

and

wherek is the sum of the radiative decay rate (kr), the internal
conversion rate (kIC), and the ISC rate to triplet states (kISC),
S(t)0) ) S0 andT(t)0) ) 0. The decay of the triplet statekT

, kISC, and is therefore set to zero.
The observed transient signal at a given probe wavelength,

where ground state bleaching and stimulated emission are not
present, can be described by

The annihilation amplitudes contribute twice since they each
describe a pair of excitons.p is the ratio between the extinction
coefficient of the singlet excited transition and the triplet
transition at the selected probe wavelength. The solutions to
eqs 3-5 inserted in eq 6 yields

where

and

The transient absorption signals can therefore be reproduced
by a triple-exponential decay function.

2.2. Experimental Procedures.Steady state absorption
spectra were measured on a UV/vis dual-beam spectrophotom-
eter. Fluorescence steady state spectra were measured on a Spex
Fluorolog II with a spectral resolution of 0.5 nm, detected with
a photomultiplier tube (PMT) and corrected afterward for the
wavelength dependent PMT sensitivity.

Transient absorption measurements were performed with the
output from a 1 kHz Ti:sapphire laser amplified by the second
harmonic of a Nd:YLF laser (both from Spectra Physics). The
majority of the 836 nm output from the amplified laser was
frequency doubled in a BBO crystal to yield 418 nm used as
excitation light. The polarization of the excitation light was set
to 54.7° (magic angle) with respect to the polarization of the
probe light using a Berek polarizer compensator. Different
neutral density filters were inserted before the sample to vary
the intensity of the excitation light from 4× 1014 to 1.6× 1017

photons/cm2 per pulse.
The residual of the amplified laser output beam was focused

into a 0.5 mm sapphire plate to generate white light continuum
used for probing. The probe light was divided into a reference
beam and a probe beam, the latter overlapping the pump beam
in a 2 mmrotational quartz cuvette at an angle of∼15°. Two
diode arrays were used to detect the probe and reference light
in the spectral range from 450 to 730 nm. The time resolution
in the experiments was∼150 fs.

dn
dt

) -kn(t) - γ(t) n(t)2 (1)

n(t) )
n0 exp(-kt)

1 + n0γk-1[1 - exp(-kt)]
(2)

dEM

dt
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dS
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Energy Transfer within Zn-Porphyrin Dendrimers J. Phys. Chem. A, Vol. 109, No. 47, 200510655



Nanosecond flash photolysis was employed to measure the
triplet spectrum. The samples were excited at 600 nm (lowest
energy Q-band) with 8 ns pulses from a Quanta-Ray Master
Optical Parametric Oscillator (MOPO) pumped by a 355 nm
Quanta-Ray 230 Nd:YAG laser (Spectra Physics). A 75 W Xe-
arc lamp provided the white light probe, which was spectrally
filtered by a monochromator and detected afterward by a PMT.
The pump and the probe light overlapped collinearly in the 1
cm quartz cuvette. All flash photolysis traces were recorded in
a 10µs time window.

The synthesis and purification of the compounds have been
described previously.50 Before use, the compounds were dis-
solved in tetrahydrofuran (THF) purchased from Merck. The
solvent was degassed with nitrogen and used without further
purification. The optical density at 430 nm was 0.1 mm-1 in
the steady state absorption experiments, less than 0.01 mm-1

in the steady state fluorescence experiments, and 0.8-1.4 mm-1

in the time-resolved experiments. This yields concentrations of
10-7-10-5 M in the time-resolved experiments, with the highest
generation dendrimer having the lowest concentration. The cross
section at 429 nm is 0.225× 10-14, 4.45× 10-14, 8.36× 10-14,
15.9× 10-14, and 118× 10-14 cm2/molecule for G0P1, G0P2,
G1P4, G2P8, and G5P64, respectively.49 Fresh samples were
prepared prior to each measurement to avoid degradation of
the samples. Steady state absorption spectra measured before
and after each measurement showed no sign of degradation for
excitation intensities below 1017 photons/cm2 per pulse. The data
have been corrected for sample degradation observed above
excitation intensities of 1017 photons/cm2 per pulse.

3. Results

3.1. Structural and Spectral Characteristics of the Com-
pounds.The dendrimers are constructed from a single-bonded
nitrogen and carbon skeleton. Monomeric Zn-porphyrins (G0P1)
are attached at the end of each skeleton arm. This is illustrated
in Figure 1 for the first generation dendrimer with four Zn-
porphyrins (G1P4). By expanding the skeleton, higher orders
of dendrimers are obtained. In addition to the first generation
dendrimer, the second and the fifth generations with 8 and 64
Zn-porphyrins, respectively, are used in the experiments pre-
sented here. As a reference, measurements are also performed
on the monomer and the dimer (G0P2). In Figure 1, the gray

circles at the ends of the G5P64 arms symbolize one monomer.
The dotted ellipses in G5P64 mark the positions of the Zn-
porphyrins in G1P4 and G2P8. Due to the very flexible single-
bonded skeleton, the fifth generation dendrimer resembles a
three-dimensional sphere rather than a two-dimensional disk.29

Earlier time-resolved fluorescence anisotropy measurements
have demonstrated a high degree of flexibility, as the rotational
motion of the Zn-porphyrins within the dendrimers was
comparable to that of G0P1.49 The Zn-porphyrins are situated
on the surface of the spheres, since they are too large for back-
folding due to the bulky end groups.29,50

Normalized steady state absorption and fluorescence spectra
of all the compounds are displayed in Figure 2. The absorption
spectra show no variation depending on the dendrimer size,
except an increase in extinction coefficient that scales almost
linearly with the number of Zn-porphyrins.49,50 The strongly
absorbing Soret band centered at 429 nm corresponds to the S2

r S0 transition, whereas the two much weaker Q-bands shown
in the inset correspond to the S1[1] r S0[0] and S1[0] r S0[0]
transitions observed at 558 and 598 nm, respectively. Fluores-
cence from the S1 state is detected at 602 and 655 nm
corresponding to the S1[0] f S0[0] and S1[0] f S0[1] transitions,
respectively. A minor increase in the second fluorescence band
relative to the first is seen as the dendrimer size increases. No
spectral shift is observed depending on the dendrimer size. The
similarities in the steady state spectra of the different compounds
indicate that there are no strong interactions between the Zn-
porphyrins.

In addition to the S1 fluorescence, there is an efficient ISC
from the S1 state to the T3 state with a yield of∼84%.51 After
fast IC to the lowest triplet state, phosphorescence to the ground
state can be observed at wavelengths above 800 nm.51

3.2. Transient Absorption Spectrum of the Monomer.The
transient absorption spectra of the G0P1 measured 5 and 350
ps after excitation at 418 nm with an excitation intensity of
125 × 1014 photons/cm2 per pulse is shown in Figure 3A.
Transient absorption spectra of G0P2-G5P64 measured at low
excitation intensities exhibited spectral features similar to those
of the monomeric spectrum. This is illustrated in Figure 3B,
which shows the transient spectra of G0P1 and G5P64 5 ps
after excitation. Hence, G0P1 can be used as a model to describe
the dynamics in G0P2 and the higher order dendrimers. The

Figure 1. Structure of the Zn-porphyrin compounds. In the left column, the monomer (G0P1), the dimer (G0P2), and the first generation dendrimer
(G1P4) are displayed, whereas the largest dendrimer, the fifth generation (G5P64), is shown to the right. The monomer is marked with gray in
G0P2 and G1P4 and is illustrated with the gray circles in G5P64. The two dotted ellipses in G5P64 show where the monomers are attached for the
first and second generations. The gray square in G5P64 marks a unit of four Zn-porphyrins, also referred to as a dendron.
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ground state bleaching is clearly observed at approximately 555
nm, whereas the dip at 600 nm is assigned to a combination of
ground state bleaching and stimulated emission, with the latter
observed at∼665 nm as well. The inset in Figure 3A shows
the evolution of the 665 nm stimulated emission band around
time zero. We attribute this fast appearance of the band to IC
from the S2 to the S1 state occurring on the subpicosecond time
scale. Hence, contribution from excited state absorption or
stimulated emission from the S2 state after the first picosecond
can safely be neglected. The relatively long S1 lifetime of 2.7
ns51 implies that the additional strongly absorbing component
with a maximum at∼470 nm, observed within less than 1 ps
after excitation, can be assigned to the excited state absorption
from the S1 state. Comparison of the spectra measured at 5 and
350 ps reveals another spectral component in the spectral range
from 480 to 490 nm. To identify this component, nanosecond
flash photolysis measurements were conducted.

The flash photolysis transient absorption spectrum of G2P8
measured 0.5µs after the excitation pulse is displayed in Figure
4. Similar spectral features are observed for the monomer (not
shown here). Contribution from the ground state bleaching can
be observed at 430 and 565 nm. The positive band observed in
the figure is characterized by a maximum at 480 nm and a
relatively flat plateau below 400 nm. The triplet spectrum of a
similar compound reported by Rogers et al. exhibits the same
spectral characteristics,51 and the absorption band shown here
peaking at 480 nm is consequently identified as the triplet

spectrum. The additional spectral feature observed at 480-490
nm in the femtosecond transient absorption measurements is
thus assigned to the triplet state absorption.

3.3. Excitation Intensity Dependence.When the excitation
intensity is increased, the probability of simultaneously exciting
more than one Zn-porphyrin within a dendrimer increases and
the possibility of singlet-singlet annihilation arises. A decrease
of the S1 population along with an increase of the ground state

Figure 2. Steady state absorption (left) and fluorescence (right) spectra of the compounds. The absorption spectra are normalized at 429 nm,
whereas the fluorescence spectra recorded with exaction at 430 nm are normalized at 602 nm.

Figure 3. (A) Transient absorption spectrum of GoP1 measured at 5 ps (gray line) and 350 ps (black line) after excitation at 418 nm. The inset
displays the 665 nm stimulated emission band aroundt ) 0, showing that the IC from S2 to S1 takes place on a subpicosecond time scale. (B)
Transient absorption spectrum of G0P1 (gray line) and G5P64 (black line) measured at 5 ps.

Figure 4. Normalized transient absorption spectrum of G2P8 measured
0.5 µs after excitation at 600 nm. Ground state bleaching is observed
at 430 and 665 nm.
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population is observed, since one excited Zn-porphyrin is
deexcited to the ground state. The amplitudes of the transient
signals are accordingly decreased. At the 487 nm probing
wavelength, the observed kinetics only has contributions from
singlet excited state absorption and triplet absorption.

The transient absorption kinetics measured at different
excitation intensities and afterward normalized at maximum

signal are shown in Figure 5. The excitation intensities (x ×
1014 photons/cm2 per pulse) employed to obtain the individual
kinetics are denoted next to the traces. No intensity dependence
is observed for G0P1, which excludes excimer formation and
aggregation. The transient signal increases as a function of time,
which is attributed to the triplet formation, as the extinction
coefficient for the triplet transition is larger than the extinction

Figure 5. (left) Excitation intensity dependence of the compounds measured at 487 nm and normalized to unity att ) 0. The excitation intensities,
x × 1014 photons/cm2, are denoted next to the respective traces. The gray lines are the fits using eqs 7-11. (right) Measured∆A value att ) 400
ps as a function of the excitation intensity is marked with circles, whereas the gray lines are double-exponential fits of the measurements merely
meant as a guidance for the eye. The inset in the G0P2 window shows the guidance fit for G0P2 compared to the fit of G1P4, where the excitation
intensity has been multiplied by a factor of 4. In the G1P4 window, the inset shows the guidance fits for G1P4 and G5P64 with the excitation
intensity of G5P64 multiplied by a factor of 2. Likewise, the guidance fits for G1P4 and G2P8 are displayed in the inset in the G2P8 window (no
multiplication of the excitation intensities).
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coefficient of the transition from the S1 state at 487 nm (see
the Discussion section).

In contrast to G0P1, pronounced excitation intensity depen-
dence is observed for G0P2 and the dendrimers. The transient
kinetics measured at the lowest excitation intensity in G0P2,
G1P4, and G2P8 resemble the G0P1 kinetics, and is therefore
assigned to the triplet formation. Upon increase of the excitation
intensity, similar multiexponential kinetics are observed in
G0P2-G5P64. The kinetics can globally be described by two
shorter time components of 18( 5 ps and 130( 10 ps and the
slow (>1 ns) absorbance increase due to the triplet formation.
Since neither of the two short time components is observed in
G0P1, they are assigned to the singlet-singlet annihilation
processes.

Depending on the size of the compound, different excitation
intensities are required to get analogous kinetics. For G0P2, 4
times higher excitation intensities are needed to obtain the same
kinetics as observed in G1P4. The excitation intensity depen-
dence of G1P4 and G2P8 is comparable, whereas only half the
excitation intensity is required to measure similar kinetics for
the largest dendrimer, G5P64. At high excitation intensity, the
transient kinetics of G0P2-G5P64 decay to a level of∼55%
of the signal measured in G0P1 at 400 ps. For G1P4 and G2P8,
the plateau is reached at an excitation intensity of∼225× 1014

photons/cm2, whereas an excitation intensity of only∼100 ×
1014 photons/cm2 is needed in G5P64 (see the right side of
Figure 5). Increasing the excitation intensity further does not
decrease the transient signal in any of the compounds. Hence,
the onset of the singlet-singlet annihilation and the excitation
intensity required to reach the 55% plateau varies depending
on the size of the compound.

4. Discussion

4.1. Dependence on the Dendrimer Size.The onset of the
singlet-singlet annihilation processes varies with the size of
the molecule, and the number of nearest-neighbor Zn-porphyrins
therefore needs to be considered. In G1P4 there are three
different nearest-neighbor Zn-porphyrins, whereas in G0P2 there
is only one. The possibility of exciting a second Zn-porphyrin
in G1P4 is therefore 3 times larger than in G0P2. Consequently,
the onset of annihilation should occur at 3 times lower excitation
intensity. This is in reasonable agreement with the measurements
showing that approximately 4 times higher excitation intensity
is required to obtain the same kinetics in G0P2 as observed in
G1P4 and G2P8 (see the right side of Figure 5).

If all the Zn-porphyrins in G2P8 communicate, only half the
excitation intensity would be needed to obtain the same kinetics
as observed in G1P4. However, for G1P4 and G2P8 about the
same excitation intensity dependence is observed. Accordingly,
the Zn-porphyrins in G2P8 must be arranged in two separate
dendron groups. In G5P64 only half the excitation intensity is
required to obtain the same kinetics as observed for G1P4 and
G2P8 (see the insets on the right side of Figure 5). The number
of nearest-neighbor Zn-porphyrins is therefore sixstwice that
in the two smaller dendrimers. Taking into account the higher
density of Zn-porphyrins on the molecular surface of G5P64,
this is a very reasonable scenario. The singlet-singlet annihila-
tion processes can therefore occur with three other Zn-
porphyrins within a dendron for G1P4 and G2P8 and with six
nearest-neighbor Zn-porphyrins in G5P64.

4.2. Assignment of the Two Singlet-Singlet Annihilation
Time Constants.The observed annihilation processes could in
principle originate from both singlet-triplet annihilation and
singlet-singlet annihilation. However, since the spectral overlap

between the triplet (T1) absorption spectrum and the S1 emission
spectrum is very poor compared to the spectral overlap between
the S1 emission spectrum and the S1 absorption spectrum, the
annihilation process is assigned to singlet-singlet annihilation.
Further, the probability of observing singlet-triplet annihilation
is reduced due to the use of a rotational cuvette in all the
measurements. To reproduce the singlet-singlet annihilation
kinetics displayed in Figure 5, eqs 7-11 have been utilized.
For the monomer, no annihilation can occur and eq 7 reduces
to a single exponential. Using the S1 lifetime of 2.7 ns and the
ISC yield of 84% (hencekISC ) 3.2 ns) measured by Rogers et
al. for a very similar compound,51 the only unknown is the ratio
p between the extinction coefficient of the S1 state transition
and the triplet transition at the selected probe wavelength. From
the fits of the G0P1 kinetics measured at three different
excitation intensities, an average ofp ) 1.8 is established. Due
to the similarities of the transient spectra of all the compounds,
p ) 1.8 is used in each of the fits. The two annihilation time
constants,τf ) 18 ( 5 ps andτs ) 130 ( 10 ps, are obtained
by global fitting. Since the same annihilation time constants
are found in G0P2-G5P64, both processes can be described
using the annihilation theory developed in section 2.1 for G0P2.

Previously, observation of two distinct singlet-singlet an-
nihilation time constants has been reported in polyphenyl
dendrimers23 and porphyrin boxes.40 In both studies, the two
time constants were explained by annihilation between two sets
of chromophores arranged at different distances. The two distinct
time constants observed in the singlet-singlet annihilation
kinetics for G0P2-G5P64 could be explained in the same way,
since the distance between and the orientation of the individual
Zn-porphyrins within the dendrimer can vary. Note that the Zn-
porphyrin dendrimers are very flexible and there are therefore
not two fixed distances, but distributions of different distances
and dipole-moment orientations. It is thus reasonable to suggest
that the two different structural conformer distributions give rise
to the two annihilation time constants observed in G0P2. For
the larger dendrimers, many more conformer distributions
probably exist, but the observation of the same two annihilation
time constants for G0P2-G5P64 shows that the four to seven
Zn-porphyrins among which annihilation occur have intermo-
lecular distances and orientations similar to those of the G0P2
dimer. For G1P4 and G2P8, this is not surprising considering
the length and structure of the inter-porphyrin links in a dendron.
The denser packing of Zn-porphyrins in G5P64 results in
annihilation somewhat outside a dendron, involving another
three Zn-porphyrins. The results show that, within the precision
of multiexponential fitting, the same two annihilation time
constants are obtained for G5P64 and the smaller dendrimers,
suggesting similar distances and orientations among all the
annihilating Zn-porphyrins of G5P64. Considering the inherent
uncertainty in multiexponential fitting with possible tradeoff
between amplitudes and lifetimes, it should be emphasized that
the most important result of the present work is the variation in
the number of interacting Zn-porphyrins with the size of the
dendrimer, and the existence of distinguishable structural
distributions. The fact that we are dealing with distributions of
structural conformations implies that structural information is
only qualitative.

Förster ET theory can without difficulty account for the two
time components assuming that either (1) the dipole moments
of the two Zn-porphyrins have different orientations, (2) the
distance between the two Zn-porphyrins has two different
equilibriums, or (3) a combination of (1) and (2). The presence
of more than two conformer distributions cannot be excluded,
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as the observed kinetics can be described equally well by a
multiexponential function using more than three exponentials.

Time-resolved fluorescence anisotropy measurements have
previously demonstrated ET from an excited Zn-porphyrin to a
nonexcited Zn-porphyrin occurring on a time scale of 100(
25 ps.49 Förster ET theory utilized to model the ET process
showed that the ET primarily occurs between the two nearest-
neighbor Zn-porphyrins at a distance of 2 nm. In the fluores-
cence anisotropy measurements, the spectral overlap was
between the emission spectrum of the donor and the absorption
spectrum of the acceptor. The Fo¨rster ET process in singlet-
singlet annihilation on the other hand requires a spectral overlap
between the emission spectrum of the donor and the excited
state spectrum of the acceptor. Subtracting the contribution from
the ground state bleaching and the stimulated emission from
the transient spectrum at 5 ps displayed in Figure 3 gives the
excited state absorption spectrum. The spectrum has a maximum
at 470 nm and a long tail extending beyond 700 nm. The dipole
strength of the excited state transition and the spectral overlap
between the excited state spectrum and the emission spectrum
can be calculated from the estimated excited state absorption
spectrum, where the approximate value of the extinction
coefficient is obtained from comparison with the ground state
bleaching. Based on this calculation, the singlet-singlet an-
nihilation Förster ET process is expected to be approximately
4-8 times faster than the Fo¨rster ET measured in the time-
resolved fluorescence anisotropy experiments, mainly due to
the larger value of the spectral overlap integral. Since we have
only measured the excited state spectrum between 450 and 730

nm, the Fo¨rster ET in singlet-singlet annihilation cannot be
determined with higher accuracy. The singlet-singlet annihila-
tion time constant ofτf ) 18 ( 5 ps is 5 times faster than the
Förster ET time constant of 100( 25 ps observed in the
fluorescence anisotropy measurements.49 This difference in ET
rates is in agreement with the estimates above, and we therefore
conclude that the fast annihilation process and the ET process
observed in the anisotropy measurements originate from the
same structural conformer disribution. The counterpart to the
slow annihilation time constant ofτs ) 130 ( 10 ps would
have been on the order of∼1 ns in the fluorescence anisotropy
measurements. This time component could not be observed
because it was impossible to separate it from the rotational time
constant of 1.7 ns. However, it is worth mentioning that in the
free-base version of the Zn-porphyrin dendrimers presented here,
a similar ET component on a nanosecond time scale has been
observed at 77 K.29

Figure 6 shows the amplitudes,S0, Ef0, andEs0 (plotted in
percent), that are obtained from the singlet-singlet annihilation
fits using eq 7. The annihilation amplitudes,Ef0 andEs0, each
represent the excitation of two Zn-porphyrins and are thus
multiplied by a factor of 2. When on average half of the Zn-
porphyrins in G1P4 are excited, 12.5% of the molecules will
only be singly excited. This is in very good agreement with the
observation at high excitation intensities, where the percentage
of excited molecules that are not involved in the annihilation
process (S0) drops to 10-15%. Additionally, at high excitation
intensities, the amplitude ratio between the fast and slow
annihilation components is approximately 1:2, demonstrating

Figure 6. Amplitudes obtained from singlet-singlet annihilation fits with eqs 7-11 plotted in percent. The lines are double-exponential fits of the
amplitudes and serve merely as guidance for the eye. The uncertainty is(5%. Note that the excitation intensity scale is different for G0P2 compared
to the other molecules.
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that the structural conformer distribution connected to the slow
annihilation component is the dominating one.

4.3. Sequential Annihilation within the Dendrimers. Ac-
cording to the Einstein coefficients for absorption and stimulated
emission, upon excitation the probability of absorption and of
stimulated emission is the same in a two-level system. The
lifetime of the S2 state into which we excite is∼1 ps, and the
system can thus be approximated by a two-level system within
the time duration of the excitation pulse. On average a maximum
of 50% of the chromophores can consequently be excited. For
G1P4 this implies that more than two Zn-porphyrins will be
excited in∼30% of the dendrimers. Since annihilation can take
place between all the Zn-porphyrins, two extra exponentials for
each of the structural conformer distributionssone representing
excitation of three Zn-porphyrins and one for excitation of four
Zn-porphyrinssneed to be added.47 Hence, a total of four
additional exponentials need to be included. The ratio between
the rate constants for annihilation in G1P4 with two, three, or
four excited Zn-porphyrins is 1:3:6,47 reflecting the number of
possible annihilation processes. Introducing the four extra
components in eq 7 only improves the fit to a minor extent, as
the amplitudes of the additional components are small. The data
can therefore be adequately described with the two-exciton
annihilation theory. Including only one structural conformer
distribution yields a poor fit of the data, due to the restriction
of the ratio between the annihilation rates. Hence, at least two
different structural conformer distributions are required to
explain the data.

In the dendrimers, where more than two of the Zn-porphyrins
are excited, annihilation involving the same chromophore can
occur two or three times depending on whether three or four
Zn-porphyrins are excited, respectively. This process is referred
to as sequential annihilation. If on average 50% of the
Zn-porphyrins in G1P4 are excited and sequential annihilation
occurs, the transient signals will decrease to approximately 50%
of the monomer signal. This matches well with the observations
of the 55% plateau in G1P4 (see Figure 5). To obtain the
observed 55 % without including sequential annihilation requires
excitation of nearly all the Zn-porphyrins, which obviously
seems unrealistic. The similarity in the excitation intensity
dependence of G1P4 and G2P8 shows that G2P8 can be viewed
as two dendron units. Excitation of 50% of the Zn-porphyrins
in G2P8 should therefore yield kinetics similar to that for G1P4,
in good agreement with the observations.

In G5P64, annihilation can occur to six Zn-porphyrins.
However, the distances between all the chromophores in the
unit of seven annihilating Zn-porphyrins in G5P64 are not the
same, and G5P64 cannot be viewed as subunits of seven fully
communicating Zn-porphyrins. Therefore, in order for sequential
annihilation to occur between all seven Zn-porphyrins in the
G5P64 subunit, one or more ET steps from an excited to an
unexcited Zn-porphyrin will be required in a number of cases.
ET occurs on a∼100 ps time scale if the units are situated
close to one another separated by a distance of∼2 nm (a random
orientation of the dipoles is assumed).49 However, if the
distances between the Zn-porphyrins are on the order of 3 nm
or longer, the ET will be too slow (>1 ns) to be observed on
the 400 ps time scale.49 Since the structural conformer distribu-
tion connected to the slow annihilation time component is the
dominating one (see Figure 6) and this annihilation time
corresponds to an ET time of∼1 ns, it is not likely that
sequential annihilation occurring after ET will show up on the
reported time scale. Assuming an average excitation of 50% of
the Zn-porphyrins and at the same time excluding contributions

from sequential annihilation after ET, the kinetics for G5P64
is expected to decay to a plateau of∼40%. This is lower than
the observed level at∼55%, which suggests that either (1) direct
sequential annihilation (i.e., without ET to unexcited Zn-
porphyrins) is not present in all the cases where it is statistically
possible, or (2) less than 50% of the Zn-porphyrins are excited.
Due to the high value of the maximum excitation intensity, the
latter explanation is less likely.

In G0P2, sequential annihilation is not possible, since there
are only two Zn-porphyrins. If half of the Zn-porphyrins in G0P2
are excited, 25% of the molecules will be doubly excited.
Singlet-singlet annihilation should accordingly reduce the
transient signal to 75% compared to the monomer signal at 400
ps. Half the Zn-porphyrins in G1P4 are excited at an excitation
intensity of 225× 1014 photons/cm2 per pulse, as the 55%
plateau is observed above this excitation intensity (see Figure
5). In G0P2 a decay to∼75% is observed at this excitation
intensity, corresponding very well to the expectations. Excitation
intensities above 225× 1014 photons/cm2 per pulse do not result
in a lower plateau for G1P4-G5P64, in agreement with the
assumption that the system upon excitation can be approximated
by a two-level system. However, for G0P2 a plateau below the
expected 75% is observed at very high excitation intensities
(above 225× 1014 photons/cm2 per pulse). Preliminary simula-
tions have shown that it is possible to coherently excite more
than half the Zn-porphyrins in G0P2 within the duration of the
excitation pulse, thereby providing a possible explaination of
the lower plateau at 55%. If it also is possible to coherently
excite more than an average of 50% of the Zn-porphyrins in
the larger dendrimers, sequential annihilation needs to be less
pronounced than is assumed here. Further work on this is in
progress.52

5. Conclusion

In this article, we have studied the singlet-singlet annihilation
within a series of Zn-porphyrin dendrimers by means of intensity
dependent transient absorption experiments. Two singlet-singlet
annihilation processes are observed in the G0P2-G5P64
dendrimers: a slow annihilation of 130( 10 ps and a fast
annihilation of 18( 5 ps. Both annihilation processes can be
well described with Fo¨rster ET theory. The origin of two distinct
time components is a result of different conformational distribu-
tions of the Zn-porphyrins within the dendrimers. The amplitude
of the slower component is a factor of 2 larger than the
amplitude of the faster component.

The onset of the annihilation is different depending on the
size of the molecule. The excitation intensity dependence
adequately reflects the variation in the number of nearest-
neighbor Zn-porphyrins with which annihilation can occur. In
G1P4 and G2P8, annihilation can take place with the three
nearest-neighbor Zn-porphyrins. G2P8 can consequently be
viewed as two separate dendron units. In G5P64 annihilation
can occur with six nearest-neighbor Zn-porphyrins, showing that,
in the largest dendrimer, interactions extend outside the dendron
unit of four Zn-porphyrins.

The kinetics of G0P2-G5P64 approach a lower plateau of
∼55% compared to the monomer at high excitation intensities.
This plateau value shows that sequential annihilation is present
in G1P4-G5P64, when on average half the Zn-porphyrins are
excited. For the dimer, the plateau value implies that more than
half the Zn-porphyrins must be excited. Additional simulations
have been initiated to investigate coherent excitation within the
excitation pulse, which can yield excitation of more than 50%
of the Zn-porphyrins.
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