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We report on a study of singlet-singlet annihilation kinetics in a series of Zn(II)-porphyrin-appended
dendrimers, where the energy transfer efficiency is significantly improved by extending the molecular chain
that connects the light-harvesting chromophores to the dendrimeric backbone with one additional carbon. For
the largest dendrimer having 64 Zn(II)-porphyrins, only∼10% of the excitation intensity is needed in order
to observe the same extent of annihilation in the dendrimers with the additional carbon in the connecting
chain as compared to those without. Complete annihilation, until only one chromophore remains excited,
now occurs within subunits of seven chromophores, when half of the chromophores are excited. The
improvement of the annihilation efficiency in the largest dendrimer with 64 porphyrins can be explained by
the presence of a the two-step delayed annihilation process, involving energy hopping from excited to nonexcited
chromophores prior to annihilation. In the smallest dendrimer with only four chromophores, delayed annihilation
is not present, since the direct annihilation process is more efficient than the two-step delayed annihilation
process. As the dendrimer size increases and the chances of originally exciting two neighboring chromophores
decreases, the delayed annihilation process becomes more visible. The additional carbon, added to the
connecting chain, results in more favorable chromophore distances and orientations for energy hopping. Hence,
the improved energy transfer properties makes the Zn(II)-porphyrin-appended dendrimers with the additional
carbon promising candidates as light-harvesting antennas for artificial photosynthesis.

1. Introduction

The molecular group of dendrimers has attracted a lot of
attention in recent years due to, among others, their applications
in guest-host chemistry,1,2 optical data storage,3,4 medical
applications,5 biology,6-11 catalytic chemistry,12 analytical
chemistry,13 and environmental chemistry.14,15Dendrimers have
been proposed for use as light-harvesting antennas in artificial
photosynthesis due to their large cross section for light absorp-
tion and their capability of directional energy transfer (ET)
within the dendrimers.13-49 The ET mechanism is often a result
of dipole-dipole interactions between the chromophores and
can be well described by Fo¨rster ET theory50,51 as shown
previously for various types of dendrimers.36-49

In the porphyrin-appended dendrimers studied in this article,
all the Zn(II)-porphyrin chromophores are identical and the
ET is consequently not associated with any spectral changes.
Nevertheless, information on the ET can be obtained by means
of either time-resolved anisotropy52 or intensity-dependent
transient absorption measurements (singlet-singlet annihila-
tion)53,54 as demonstrated previously. If the chromophores
interact strongly, an anisotropy signal can contain contributions
from energy relaxation between exciton states. However, as

shown previously,52-54 the Zn(II)-porphyrins in these den-
drimers do not interact strongly, and exciton states will not
interfere with the anisotropy signal. Contribution from rotational
motion of the chromophores in the dendrimers will on the other
hand mix with the ET signal. At room temperature these two
contributions cannot be accurately separated. Previously it was
shown that the individual chromophores rotate almost as freely
as the monomer,52 which means that a large contribution from
rotational motion is present in all the dendrimers independent
of molecular size.

Singlet-singlet annihilation is very sensitive to ET between
the excited states and furthermore not influenced by rotational
motion to the same extent as the anisotropy. Consequently, this
experimental approach was used in this study. The method
accounts for ET between excited states and give thereby clears
though indirectsinformation about the general communication
and ET between excited and nonexcited chromophores in the
system. Due to mainly the difference in the spectral overlap
integral required in singlet-singlet annihilation between two
excited chromophores compared to energy hopping between an
excited and a nonexcited chromophore, the two ET times will
differ. For the dendrimers studied in this article, it was shown
previously that the annihilation ET time is approximately 5 times
faster than the ET hopping time.53

In an earlier singlet-singlet annihilation study, ET between
all the chromophores was found to occur in the smallest
dendrimer containing four chromophores with reasonably good
efficiency.53 A second study showed that by changing the
solvent from the polar tetrahydrofuran (THF) to the nonpolar
3-methylpentane (3MP), the ET rates were increased by more
than 25%.54 The increase in transfer rate was found to be directly
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related to a decrease in the hydrodynamic radius upon changing
solvent. For the smallest generation dendrimer, the ET efficiency
was completely optimized as an effect of the enhanced ET rates.
However, in the largest generation dendrimer with 64 Zn(II)-
porphyrins, further enhancement of the ET was still possible,
since complete annihilation was only observed within a subunit
of four chromophores. The present study shows how the ET
efficiency in the larger generation dendrimers can be improved
significantly by a minor modification of the chain connecting
the Zn(II)-porphyrin chromophores to the dendrimeric back-
bone.

2. Materials and Methods

The synthesis and purification of the compounds have been
described elsewhere.55,56 Before use, the compounds were
dissolved in 3MP purchased from Aldrich and used without
further purification. The optical density at 430 nm was 0.1 mm-1

and less than 0.01 mm-1 in the steady-state absorption and
fluorescence experiments, respectively. In the time-resolved
experiments, the optical density at 400 nm varied between 0.4
and 1.0 mm-1, giving concentrations below 10-4 M.52,57Fresh
samples were made prior to each measurement in order to avoid
degradation of the samples. Absorption spectra measured before
and after each measurement showed no sign of degradation.

Steady-state absorption and fluorescence spectra were mea-
sured on a UV-vis diode array spectrophotometer and a Spex
Fluorolog II, respectively. The fluorescence spectra were
detected with a photomultiplier tube (PMT) using a spectral
resolution of 0.5 nm. The spectra were afterward corrected for
the wavelength-dependent PMT sensitivity. The femtosecond
transient absorption setup based on an amplified Ti:Sapphire
laser is described in detail elsewhere.53 By frequency doubling
a part of the fundamental, the 400 nm pump light was acquired.
In our previous studies, the transient absorption spectrum of
the Zn(II)-porphyrin monomer measured from 450 to 730 nm
showed that 490 nm is a suitable wavelength for probing the
excited-state dynamics.53 By focusing the other part of the
fundamental into a 5 mmsapphire plate, a white light continuum
was generated from where the 490 nm probe light was selected.
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 polarization compensator. In order to vary the intensity
of the excitation light from 3× 1014 to 7 × 1016 photons/cm2

per pulse, neutral density filters were inserted before the sample.
A 2 mm rotational quartz cuvette was used in the experiments
yielding a time resolution of∼200 fs.

3. Structural and Spectral Characteristics of the Zn-
(II) -Porphyrin Dendrimers

The Zn(II)-porphyrin-appended polypropylenimine dendrim-
ers, illustrated in Figure 1, are derived from a single-bonded
nitrogen and carbon backbone onto which Zn(II)-porphyrins
have been attached at the end of each dendrimer arm. Two
different connecting chains are used to attach the Zn(II)-
porphyrins to the dendrimeric backbone: the “original” den-
drimers (GnPr, wheren ) generation number andr ) number
of Zn(II)-porphyrins) studied previously,52-54 and the “new”
dendrimers (x-GnPr) studied in this article. In x-GnPr, one
additional carbon has been added to the connecting chain. By
systematic expansion of the dendrimeric backbone, five genera-
tions of dendrimers are created, ranging in size from the smallest
generation dendrimer with 4 Zn(II)-porphyrins (G1P4/x-G1P4)
to the largest generation with 64 Zn(II)-porphyrins (G5P64/
x-G5P64). The three-dimensional structure of the fifth-genera-
tion dendrimer resembles a sphere with the Zn(II)-porphyrins
situated on the surface, since the size of the bulky end-groups
prevents back-folding.41,55 The dotted circle inside the fifth-
generation dendrimer (see Figure 1) marks the position of the
Zn(II)-porphyrins in the smallest generation dendrimer (G1P4/
x-G1P4).

Normalized steady-state absorption and fluorescence spectra
of G1P4 and x-G1P4 are displayed in Figure 2. Only minor
variations are observed in the normalized spectra depending on
the generation number, and G1P4 and x-G1P4 are therefore
representative examples of the GnPr and x-GnPr dendrimer
absorption spectra, respectively. The strongly absorbing Soret
band is centered at 430 nm (S2 r S0), and the two much weaker
Q-bands are present around 555 and 600 nm, where the splitting
is due to absorption to the first and the zero vibrational state
(S1[1] r S0[0] and S1[0] r S0[0], respectively). Since there
are only negligible differences between the absorption spectra
of the monomer (G0P1/x-G0P1) and the dendrimers, strong

Figure 1. Structure of GnPr and x-GnPr, the latter where the chain connecting the Zn(II)-porphyrins to the dendrimeric backbone has been
extended by an additional carbon.
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interactions between the Zn(II)-porphyrins within the same
dendrimer are not present.52-54 Upon excitation into the Soret
band (S2) internal conversion (IC) to the Q-band (S1) occurs in
less than 1 ps,53 from where two fluorescence bands with
maxima at 600 nm (S1[0] f S0[0]) and 655 nm (S1[0] f S0-
[1]) can be observed. The fluorescence spectra of G1P4 and
x-G1P4 are shown in the inset of Figure 2. Again, only minor
differences are observed depending on the generation number.
In addition to the Q-band fluorescence, there is an efficient
intersystem crossing (ISC) from the S1 state to the triplet
manifold, from where phosphorescence can be observed at
wavelengths above 800 nm.58

The transient absorption spectra of both GnPr and x-GnPr
recorded in the spectral range from 450 to 730 nm 1 ps after
excitation exhibit similar features independently of the genera-
tion number (data not shown here). At our chosen probe
wavelength (490 nm), it has been shown previously that only
S1 and T1 excited-state absorption contribute to the signal.53

Contributions from both ground state bleach and stimulated
emission signals can thus safely be ignored in the further
analysis.

4. Singlet-Singlet Annihilation Theory

At low excitation intensity, only one chromophore is excited
within the same dendrimer. Energy hopping can then occur from
the excited chromophore to a nonexcited chromophore. The time
scale for the energy hopping between the two nearest neighbor-
ing chromophores separated by approximately 2 nm is
∼100 ps as calculated previously52 using Förster ET theory.
When the excitation intensity is increased, more than one
Zn(II)-porphyrin chromophore can be excited simultaneously,
which facilitates interactions between the excited chromophores
observed as singlet-singlet annihilation. Energy is transferred
between two excited Zn(II)-porphyrins, de-exciting one of the
chromophores to the ground state while exciting the other to a
higher lying state, from where it will relax back to the lowest
excited state through fast IC.

The population of the S1 state is reduced as a result of the
singlet-singlet annihilation process, which will be observed as
a decay of the transient absorption kinetics at 490 nm.
Contributions from singlet-triplet and triplet-triplet annihila-

tion can be ignored, since the ISC to the triplet manifold is
slow compared to the observed time window.58 In order to
analyze the singlet-singlet annihilation kinetics, a rate equation
model based on the procedure described by van Amerongen et
al.59 was developed in a previous publication.53 Application of
the model reveals that at least two annihilation processes are
present, described by a fast and a slow annihilation rate constant.
The two annihilation rates represent the minimum number of
rate constants required in order to describe the annihilation
kinetics and are thus part of a broader distribution of rates.

In the rate equation model, the number of excited chro-
mophores, which annihilate with the fast (kf) or the slow rate
constant (ks) and the number of excited chromophores not
involved in annihilation, are described separately. If more than
two chromophores are excited simultaneously, the chromophore
still excited after one annihilation step can annihilate again with
a third excited chromophore. This process is referred to as
sequential annihilation and has previously been included in the
annihilation amplitudes.53,54 However, as the sequential an-
nihilation becomes more efficient and involves multiple steps,
it becomes essential to separate the contributions from chro-
mophores annihilating once, twice, or more times. In this study,
we have chosen to describe the sequential annihilation within a
unit of four chromophores, where one, two, three, or four
chromophores can be excited simultaneously. The model can
be extended to include contributions from sequential annihilation
within units of five or more excited chromophores as could
potentially occur in the largest dendrimer. However, expanding
the model further is not a trivial task and will therefore not be
pursued here. The amplitude of the set of excited chromophores
annihilating three times (E3M) either by theM ) fast (f) or the
M ) slow (s) annihilation rate are described by eq 2, and those
that annihilate twice (E2M) and once (E1M) are described by
eqs 3 and 4, respectively.

and

with the initial amplitudesExM(t ) 0) ) E0
xM for x ) 1, 2, and

3. The integers before the rate constants represent the number
of annihilating pathways. Mixed contributions from chro-
mophores that annihilate first with a fast/slow and second by a
slow/fast annihilation rate are for reasons of simplicity not
included as separate contributions in the model. The number
of excited chromophores that will not annihilate (S) are described
as

where the decay rate of the S1 state (k) is a sum of the ISC rate
(kisc), the radiative decay (krad), and the rate of IC to the ground
state (kIC). The chromophores that relax to the triplet state (T)
are given as

Figure 2. Steady-state absorption spectra of GnPr exemplified by G1P4
(black line) and x-GnPr exemplified by x-G1P4 (gray line) are shown
in the graph. The inset displays the emission spectra of the two different
dendrimer types.
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whereq is the ISC quantum yield (hencekISC ) qk). Because
the decay of the triplet statekT , kISC it is consequently set to
zero. In the spectral range where only excited-state S1 and T1

absorption is observed, the transient absorption kinetics can be
expressed by eq 7:

whereE1M, E2M, andE3M are counted two, three, and four times,
respectively, since they represent multiple excitations, andp is
the ratio between the extinction coefficient of the singlet and
the triplet excited state. Within a unit of four Zn(II)-porphyrins,
there will be a statistical distribution between the concentration
of one, two, three, and four excited chromophores. This places
some restrictions on the ratio between the different amplitudes
S0, E0

1M, E0
2M, andE0

3M. The scaling factor “m” is defined as 0e
m e 1 and gives the probability of exciting a chromophore.
Hence, at low excitation intensity,m is close to zero and at
high excitation intensitym is approaching unity. ForP0

f and
P0

s ) 1 - P0
f being the fraction of fast and slow annihilating

chromophores, respectively, the amplitudesS0, E0
1M, E0

2M, and
E0

3M can be written as

and

where the integers count the number of possibilities of exciting
one, two, three, or four chromophores. In this manor, the
statistical distribution is ensured.M ) f or M ) s again
represents the fast and the slow annihilation process, respec-
tively. The amplitude distribution between the concentration of
one, two, three, and four excited chromophores relative to the
sum of all excitations are plotted in percent as a function ofm

in Figure 3. Solving eqs 2-6 and utilizing the restrictions given
in eqs 8-11, yields a solution to eq 7 given by

where

and

An advantage in applying the restriction to the annihilation rate
equations is that it reduces the number of unknowns to only
countp, q, m, P0

s, k, kf, andks. For a similar Zn(II)-porphyrin
monomer,k-1 ) 2700 ps andq ) 0.84 has been reported.58

These two values will be used in the further analysis, thereby
reducing the number of unknowns to only five.

5. Results

The intensity-dependent kinetics measured at 490 nm for
x-G1P4 and x-G5P64 dissolved in 3MP are shown in the left
and the right-hand side of Figure 4, respectively. Next to the
kinetics, the excitation intensity ofx × 1014 photons/cm2 per
pulse is listed. In both graphs, the kinetics recorded at high
intensity for the symmetric monomer without a connecting chain
is shown. The monomer kinetic displays a slow rise due to ISC
to the triplet manifold, since the extinction coefficient of the
T1 f Tn transition is higher than the extinction coefficient of
the S1 f Sn transition. No intensity dependence is observed in
the monomer kinetics in contrast to the dendrimer kinetics where
a strong intensity dependence is present. Since, the intensity
dependence in the dendrimers is not associated with any process
within the individual Zn(II)-porphyrins, we assign it to
exciton-exciton annihilation. The ISC rate is relatively slow
(kISC

-1 ≈ 3200 ps58) and the concentration of singlet excited
states is therefore dominant compared to the concentration of
triplet states. Accumulation of triplet states does not occur, as
a rotational cuvette is used in the measurements. Contribution
from annihilation processes involving triplet states can conse-
quently be neglected. Thus, the exciton-exciton annihilation
process is assigned to singlet-singlet annihilation.

The intensity-dependent kinetics are analyzed using the rate
equation model derived in the previous section. For the

Figure 3. Amplitude distribution as a function of the scaling factorm
giving the excitation probability.

∆A(t) ) S(t) + 2[E1s(t) + E1f(t)] + 3[E2f(t) + E2s(t)] +
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exp(-3kft) + Ak2s
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exp(-6kst) (12)
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Ak ) 2(1 - qp){P0
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m2
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k
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)] + P0

s
ks
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m[(2 + m)(1 - m)2 +

3ks

3ks - k
m2(2 - 2m + 3m

k
k - 6ks

)]} (14)

Ak1M
) m2(6 - 6m + 9

5
m2)P0

M[1 + (1 - qp)
kM

kM - k] (15)

Ak2M
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M[1 + (1 - qp)
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) 1

5
m4P0
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monomer kinetics, one has only to take into account eqs 5 and
6 usingE0

1f ) E0
1s ) 0, as annihilation is absent. This reduces

the annihilation rate model significantly. When applying the
previously reported value for the S1 state lifetime (k-1 )
2700 ps) and the ISC yield (q ) 0.84) for a similar compound,58

only the ratio between the extinction coefficients of the triplet
and the singlet state (p) is an unknown parameter in the rate
equation model describing the monomer kinetics. Therefore,
from the monomer kineticsp ) 2.12 can be obtained and is
used in the further analysis of the dendrimer annihilation
kinetics. The solid lines in Figure 4 superimposed on the
measurements are fits of the data using eqs 12-17. The
dendrimer intensity-dependent kinetics are analyzed globally in
order to acquire the same annihilation rates at all intensities
within one dendrimer. For x-GnPr with the extended connecting
chain, the fast annihilation ratekf

-1 (x-GnPr) ) 10 ( 5 ps is
the same as observed previously in GnPr.54 However, the slow
annihilation rate differs depending on the generation number
yielding values ofks

-1 (x-G1P4)) 100 ( 30 ps andks
-1 (x-

G5P64)) 165 ( 30 ps, compared toks
-1 (GnPr) ) 145 ( 30

ps.
For all the dendrimers, a saturation level is reached, at which

stage further increase of the excitation intensity does not induce
additional annihilation. The saturation level is calculated as the
difference between the transient absorption data of the monomer
kinetics and the dendrimers at 550 ps, both measured at high
intensity. In GnPr, the saturation level has previously been
reported to be the same independent of the dendrimer size.53,54

For x-GnPr, a lower saturation level is observed in x-G5P64
compared to x-G1P4 as can be seen in Figure 4. Hence,

annihilation becomes more efficient the larger x-GnPr is. Table
1 lists the saturation level and the annihilation rate constants
for both GnPr and x-GnPr, and also includes the values for the
second-generation dendrimers, G2P8 and x-G2P8.

The values ofS0, E0
f,total () 2E0

1f + 3E0
2f + 4E0

3f), andE0
s,total

() 2E0
1s + 3E0

2s + 4E0
3s) obtained from the fits of the x-G1P4

and x-G5P64 data are plotted in Figure 5 as a function of the
excitation intensity. It can be seen that the amount of excited
Zn(II)-porphyrins not involved in annihilation (S0) is somewhat
larger in x-G1P4 than in x-G5P64. The total number of
chromophores involved in either the fast (E0

f,total) or the slow
(E0

s,total) annihilation processes includes contributions from one,
two, and three annihilation processes. Figure 5 shows that the
number of chromophores annihilating with the fast rate constant
increases as a function of the excitation intensity following the
same trend, independent of dendrimer size. However, the
number of chromophores annihilating with the slow rate constant

Figure 4. Singlet-singlet annihilation kinetics observed in x-G1P4 and x-G5P64 are shown in the left-hand and the right-hand graphs, respectively.
Next to the data traces, the excitation intensity is listed given in units ofx × 1014 photons/cm2 per pulse. The solid gray lines are fits of the data
obtained using the rate equation model described in the text.

Figure 5. Amplitude of the chromophores not involved in annihilation (S0) and the total amplitude of the chromophores involved in the fast and
the slow annihilation process (E0

f,total andE0
s,total, respectively) are plotted as a function of the excitation intensity for x-G1P4 (left-hand graph) and

x-G5P64 (right-hand graph). The lines drawn behind the points are double-exponential fits meant only as guidance for the eye.

TABLE 1: Values of the Saturation Level and the
Annihilation Rates

saturation
level (%)a kf

-1 (ps) ks
-1 (ps)

G1P4 47 10( 5 145( 30
G2P8 46 10( 5 145( 30
G5P64 47 10( 5 145( 30
x-G1P4 41 10( 5 100( 30
x-G2P8 37 10( 5 150( 30
x-G5P64 30 10( 5 165( 30

a The saturation level is given as the difference between the monomer
kinetics and the dendrimer kinetics at 550 ps.
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is strongly dependent on the size of the dendrimer. In x-G1P4,
E0

s,total increases as a function of the excitation intensity,
whereas it is more or less independent of excitation intensity
in x-G5P64.

The scaling factorm is higher in x-G5P64 than in x-G1P4,
when comparing the values obtained at the same excitation
intensity. As a consequence, the distribution of Zn(II)-
porphyrins annihilating one, two, or three times recorded at the
same excitation intensity is different in x-G1P4 and x-G5P64,
as illustrated in Figure 6. At the saturation level (highest
excitation intensity) in x-G1P4, the number of chromophores
involved in one and two annihilation processes (2E0

1M and
3E0

2M, respectively) is the same, which corresponds to 50% of
the chromophores being excited on average. However, in

x-G5P64 there is a higher percentage of the chromophores
involved in two or three annihilation processes (3E0

2M and
4E0

3M, respectively) compared to x-G1P4. To describe the
annihilation process in x-G5P64 more accurately, contributions
from chromophores involved in four, five, six, etc. annihilation
processes should in principle be included. However, this is not
a trivial task; the assumption that all chromophores can
annihilate with one another is not valid for units with more than
four chromophores. The amplitude of 4E0

3M therefore includes
a small contribution from annihilation within units of five and
six chromophores also.

6. Discussion

6.A. Annihilation within G nPr Compared to x-GnPr.
Annihilation is clearly more efficient in x-GnPr compared to
GnPr as seen in Figure 7, where the annihilation kinetics
measured at the same excitation intensities are compared for
the two types of dendrimers. It is apparent from the figure that
this effect becomes more pronounced the higher the dendrimer
generation. The fast annihilation rate constant is independent
of dendrimer generation and type (see Table 1). This implies
that the distance between the closest neighboring Zn(II)-
porphyrins (the main factor influencing the fast annihilation rate)
does not change much depending on dendrimer generation or
type.

The small differences observed in the annihilation kinetics
of G1P4 and x-G1P4 can be explained by the increase of the
slow annihilation rate fromks

-1 (G1P4)) 145 ( 30 ps toks
-1

(x-G1P4)) 100( 30 ps. Conversely, in the largest dendrimer
with 64 Zn(II)-porphyrins there is a dramatic enhancement of
the annihilation efficiency in x-GnPr compared to GnPr (see
Figure 7): the same degree of annihilation requires 10 times
lower excitation intensity in x-G5P64 compared to G5P64. For
G1P4/x-G1P4, the difference in annihilation efficiency is
explained by an increase of the slow annihilation rate. In G5P64/
x-G5P64, the slow annihilation rate instead decreases slightly.
In order to explain why the annihilation is clearly more efficient
in x-G5P64 than in G5P64, we need to consider the amplitudes
of the fast and the slow annihilation components in the two
dendrimers. The amplitude of the fast annihilation component
(E0

f,total) at a specific excitation intensity varies only to a minor
extent depending on the length of the dendrimeric connecting
chain. The slow annihilation amplitude is more or less constant
at all excitation intensities in x-G5P64, whereas it exhibits

Figure 6. Distributions of the amplitudes describing annihilation within
a unit of four chromophores, where two (2E0

1M), three (3E0
2M), or four

(4E0
3M) of them are excited simultaneously, are shown in the top graph

for x-G1P4 and in the bottom graph for x-G5P64 as a function of the
excitation intensity. The same picture is obtained for bothM ) f and
M ) s. Behind the symbols, double-exponential fits are drawn only as
guidance for the eye.

Figure 7. Singlet-singlet annihilation kinetics observed in GnPr (circles) compared to x-GnPr (stars) recorded at the same excitation intensities.
In the left-hand graph, the kinetics measured in the smallest generation dendrimer are shown, whereas the kinetics measured in the largest are
displayed in the right-hand graph. The excitation intensities are listed next to the traces in unit ofx × 1014 photons/cm2 per pulse. For comparison,
the monomer kinetic plots are shown in both graphs. The solid lines superimposed on the measurement points are the fits of the data.
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significant variation with intensity for G5P64. Hence, compared
to G5P64,E0

s,total (x-G5P64) is larger, especially at low excita-
tion intensities. In dendrimers with more than four chro-
mophores, annihilation can occur subsequent to energy hopping
between an excited and a nonexcited chromophore. This two-
step process, referred to as “delayed annihilation”, is not
accounted for in the annihilation rate equation model which
describes annihilation within a subgroup of four chromophores,
all able to annihilate directly with one another. If the chro-
mophores in the larger x-GnPr dendrimers couple more strongly
than in the GnPr dendrimers, delayed annihilation will become
increasingly important. The delayed annihilation process occurs
on a time scale longer than the energy hopping time, previously
found to be 100( 25 ps for energy hopping between two nearest
neighboring chromophores.52 The delayed annihilation process
observed in x-G5P64 is, as stated above, not included as a
separate contribution in the rate equation model describing
annihilation within a subgroup of four chromophores. Therefore,
the amplitude related to the slow annihilation process will in
x-G5P64 also contain contribution from the delayed annihilation.
At higher excitation intensities, more chromophores are excited
and the effect of delayed annihilation decreases, since the need
of a two-step process in order to observe annihilation becomes
smaller when the probability of having two excited chro-
mophores as nearest neighbors from the beginning increases.
Consequently, delayed annihilation will predominantly be
observed at lower excitation intensities, explaining the almost
constant level ofE0

s,total in x-G5P64. The huge increase in the
annihilation efficiency in x-G5P64 compared to G5P64 can thus
be assigned to an increase in the communication between the
chromophores, resulting in more effective energy hopping
yielding delayed annihilation. A similar effect is not observed
in the smallest dendrimers, since all four chromophores can
annihilate directly and the two-step delayed annihilation process
is thus suppressed by the direct one-step annihilation process.

6.B. Annihilation Efficiency. The saturation level observed
in all the measurements provides information on the overall
efficiency of the annihilation process, including both sequential
and delayed annihilation. Hence, the lower the saturation level,
the higher the efficiency. The saturation level (L) obtained when
(1) on average 50% of the chromophores within a subunit ofy
chromophores are excited, and (2) complete annihilation occurs
until one excitation remains, is given as

wherex counts the number of excitations within they chro-
mophores, and∆Abeforeand∆Aafter are the transient absorption
signal before and after complete annihilation, respectively. In
the smallest dendrimers, the observed saturation level ofL )
47% agrees very well with the situation wherey ) 4 in eq 18.
Complete annihilation is thus observed between all the chro-
mophores in x-G1P4. For GnPr the saturation level was
independent of dendrimers size, suggesting that full communica-
tion in the larger dendrimers is not present. If complete
annihilation occurs in the largest dendrimer with 64 chro-
mophores, a saturation level of 3% should be observed (obtained
from eq 18 with y ) 64). However, complete sequential
annihilation is not possible, since the efficient ISC to the triplet
manifold will decrease the concentration of excited chro-
mophores in the singlet state before the multiple energy hopping
steps (which are needed in order to bring the remaining excited
chromophores in close enough proximity to facilitate annihila-

tion) would have time to occur. For x-G5P64, a saturation level
of 30% is observed corresponding to a situation where complete
annihilation occurs within a subunit of approximately seven
chromophores according to eq 18. Hence, complete annihilation
in x-G5P64 occurs within a subunit of almost twice the number
of Zn(II)-porphyrins as compared to G5P64. As discussed
earlier, this improvement in annihilation efficiency is assigned
to more pronounced energy hopping in x-G5P64 compared to
G5P64 resulting delayed annihilation. Figure 6 shows that
sequential annihilation is occurring within a subunit of more
than four chromophores in x-G5P64 compared to x-G1P4.

6.C. Additional Carbon. The structural difference between
GnPr and x-GnPr is very small. Considering the hydrodynamic
radius of the dendrimers, one would expect that (1) the
hydrodynamic radius increases upon adding an extra carbon and
that (2) the smallest dendrimer would be affected to the largest
extent. Assuming that the hydrodynamic radius and thereby the
chromophore-chromophore distance (R) becomes larger would
in turn mean that the energy transfer described by Fo¨rster ET
theory should become slower.50,60The Förster ET rate is given
as

whereµD andµA are the dipole moments of the donor and the
acceptor chromophore, respectively, andκ is the dipole-dipole
orientation factor. Since the emission spectrum of the donor
and the excited-state absorption spectrum of the acceptor are
basically identical in both types of dendrimers, the overlap
integral (Θ) and the dipole moments (µD andµA) are indepen-
dent of the length of the connecting chain. Hence, only changes
in the dipole-dipole orientation factor (κ) and/or the chro-
mophore-chromophore distance (R) are expected to alter the
Förster ET rate when inserting the additional carbon in the
connecting chain. Though the ET time is expected to be most
affected by the structural modification in the smallest dendrimer,
the data show the opposite trend, and an increase in hydrody-
namic radius can consequently not explain the observed increase
of the ET efficiency in x-GnPr. Furthermore, the ET process
becomes more efficient and distinct for the bigger dendrimers
having an extended connecting chain. It is possible that the
dipole-dipole orientation factor could change when the con-
necting chain is extended, thereby allowing a more favorable
orientation of the dipole moments. A change of 20% can account
for the increase in ET efficiency, which increases the slow
annihilation rate in the smallest dendrimer. A small hint of this
improved dipole-dipole orientation (and thereby enhanced
coupling between the chromophores) is found when comparing
the steady-state spectra, where a small red-shift reminiscent of
a slightly stronger coupling between the chromophores is
observed in x-GnPr compared to GnPr. The increase of the
connecting chain might also allow the chromophores to move
even more freely or perhaps bend a bit backward, thereby
actually reducing the chromophore-chromophore distance
instead of increasing it. A small decrease in distance of
approximately 6% can also explain the faster annihilation rates
observed. We therefore propose that the additional carbon in
the connecting chain allows for a larger chromophoric degree
of freedom bringing about a largerκ value and/or a smaller
value ofR.

In x-G5P64, the slow annihilation rate seems to decrease
compared to the slow annihilation in x-G1P4 (ks

-1 (x-G1P4))
100 ( 30 ps andks

-1 (x-G5P64)) 165 ( 30 ps). However,

L )
∆Aafter

∆Abefore

) ∑
x)1

y y!

x!(y - x)!

1

x
(18)

kET
Förster) 1

(4πε0p)2c
|κµAµD|2ΘR-6 (19)
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this decrease can be explained by a contribution from delayed
annihilation observed only in x-G5P64. If the slow annihilation
process could be distinguished from the delayed annihilation
process, the slow annihilation in x-G5P64 would most probably
be identical to that found in x-G1P4.53,54

The addition of one additional carbon in the connecting chain
significantly improves the overall ET efficiency in the larger
dendrimers, lowering the saturation level from 47% to 30%.
This effect is assigned to the presence of delayed annihilation
brought about by more effective energy hopping between the
chromophores. In the small dendrimers delayed annihilation is
not present, since the direct annihilation is faster than the energy
hopping mechanism, which precedes the delayed annihilation.
However, in the large dendrimers energy hopping may contain
several consecutive steps and the energy can be spatially
transferred around in the larger dendrimers allowing for delayed
annihilation. In order to obtain complete annihilation between
all the chromophores in the largest dendrimer, the slow
annihilation rate component and the energy hopping needs to
be optimized further. This study clearly demonstrates how the
energy hopping can be improved by adding one additional
carbon to the connecting chain. If the connecting chain is
extended with yet another methyl group, further improvement
could possibly be obtained.

7. Summary

In this study we have demonstrated how the ET efficiency
can be significantly improved by extending the molecular chain
that connects the light-harvesting chromophores to the den-
drimeric backbone in a series of Zn(II)-porphyrin-appended
dendrimers. Only∼10% of the excitation intensity was needed
in order to observe the same degree of annihilation in x-G5P64
as compared to G5P64 without the additional carbon in the
connecting chain. Complete annihilation is now obtained within
a subunit of seven chromophores in x-G5P64 instead of four
chromophores in G5P64 when on average half of the chro-
mophores are excited.

The increased annihilation efficiency in x-G5P64 was shown
to be not so much a result of an increase in the annihilation
rates but more as a considerable enhancement of the two-step
delayed annihilation process subsequent to energy hopping
between excited and nonexcited chromophores. In the smallest
dendrimer with only four chromophores, delayed annihilation
was not present, since the direct annihilation process was more
efficient than the two-step delayed annihilation process. Along
with an increase in the dendrimer size, the chances of originally
exciting two neighboring chromophores decreased, thereby
making the delayed annihilation process becomes more visible.

The change in energy hopping time is brought about by a
more favorable orientation of the chromophore dipoles and/or
a small decrease in the chromophore-chromophore distance
due to a larger flexibility of the dendrimer. In the smaller
dendrimers, direct annihilation suppresses contributions from
delayed annihilation. Consequently, this study demonstrates how
the energy hopping and thereby the overall annihilation can be
improved by adding one additional carbon to the connecting
chain. This in turn makes the x-GnPr dendrimers promising
candidates as artificial light-harvesting antennas to be utilized
in artificial photosynthesis.
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