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We report on a study of singlesinglet annihilation kinetics in a series of ZntHporphyrin-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{Hporphyrins, 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 Zagibyphyrin-appended dendrimers with the additional
carbon promising candidates as light-harvesting antennas for artificial photosynthesis.

1. Introduction shown previously?=54 the Zn(ll)—porphyrins in these den-
) drimers do not interact strongly, and exciton states will not
The molecular group of dendrimers has attracted a lot of jyterfere with the anisotropy signal. Contribution from rotational
attention in recent years due to, among others, their applicationsmqtion of the chromophores in the dendrimers will on the other
in guest-host chemistry;? optical data storagé] medical hand mix with the ET signal. At room temperature these two
applications; b|ology,6*11 catalytic _chem|stry‘,2 analytical contributions cannot be accurately separated. Previously it was
chemistry® and environmental chemistty**Dendrimers have  ghoyn that the individual chromophores rotate almost as freely
been proposed for use as light-harvesting antennas in artificial 35 the monome2 which means that a large contribution from

photosynthesis due to their large cross section for light absorp-stational motion is present in all the dendrimers independent
tion and their capability of directional energy transfer (ET) of molecular size.

within the dendrimer$3-4° The ET mechanism is often a result

. ) . . Singlet-singlet annihilation is very sensitive to ET between
of dipole—dipole interactions between the chromophores and 9 9 y

. N the excited states and furthermore not influenced by rotational
can .be well des<_:r|bed by “Fster ET theoﬁ”ﬁl as shown motion to the same extent as the anisotropy. Consequently, this
previously for various types of dendrimefs: experimental approach was used in this study. The method
In the porphyrin-appended dendrimers studied in this article, accounts for ET between excited states and give thereby-elear
all the Zn(ll)—porphyrin chromophores are identical and the though indirect-information about the general communication
ET is consequently not associated with any spectral changes.ang ET between excited and nonexcited chromophores in the
Nevertheless, information on the ET can be obtained by meanssystem. Due to mainly the difference in the spectral overlap
of either time-resolved anisotropy or intensity-dependent  jntegral required in singletsinglet annihilation between two
transient absorption measurements (singsétglet annihila- excited chromophores compared to energy hopping between an
tion)**>* as demonstrated previously. If the chromophores excited and a nonexcited chromophore, the two ET times will
interact strongly, an anisotropy signal can contain contributions gjffer. For the dendrimers studied in this article, it was shown
from energy relaxation between exciton states. However, aspreviously that the annihilation ET time is approximately 5 times
faster than the ET hopping tinté.
:Et?r:&ea%?cgrigg author. E-mail: Villy.Sundstrom@chemphys.lu.se. In an earlier singletsinglet annihilation study, ET between
*The Universit;yéf Sydney. all the chromophores was found to occur in the smallest
8 Current address: Center for Oxygen Microscopy and Imaging, Depart- dendrimer containing four chromophores with reasonably good
ment of Chemistry, University of Aarhus, DK-8000 Arhus, Denmark. efficiency_53 A second study showed that by changing the

5 DI.CU{\Ze”tt ad?rei? lgiggrg“ept ‘g Physics, Humboldt University at golyent from the polar tetrahydrofuran (THF) to the nonpolar
erlin, Newtonstr. y erlin, Germany. .
#Current address: IBM Almaden Research Center, 650 Harry Rd, San 3-methylpentane (3MP), the ET rates were increased by more

Jose, CA 95120. than 25%* The increase in transfer rate was found to be directly

10.1021/jp070545g CCC: $37.00 © 2007 American Chemical Society
Published on Web 10/03/2007



10590 J. Phys. Chem. A, Vol. 111, No. 42, 2007 Larsen et al.

SN e

e (O ayies

x-GOP1 G5P64 or x-G5P64

Figure 1. Structure of @Pr and x-GPr, the latter where the chain connecting the Znafpprphyrins to the dendrimeric backbone has been
extended by an additional carbon.

related to a decrease in the hydrodynamic radius upon changinga Berek polarization compensator. In order to vary the intensity
solvent. For the smallest generation dendrimer, the ET efficiency of the excitation light from 3x 10 to 7 x 10 photons/cri

was completely optimized as an effect of the enhanced ET rates.per pulse, neutral density filters were inserted before the sample.
However, in the largest generation dendrimer with 64 Zr{ll) A 2 mm rotational quartz cuvette was used in the experiments
porphyrins, further enhancement of the ET was still possible, yielding a time resolution of~200 fs.

since complete annihilation was only observed within a subunit

of four chromophores. The present study shows how the ET 3. Structural and Spectral Characteristics of the Zn-

efficiency in the larger generation dendrimers can be improved (Il) —Porphyrin Dendrimers

significantly by a minor modification of the chain connecting
the Zn(Il)—porphyrin chromophores to the dendrimeric back-
bone.

The Zn(Il)-porphyrin-appended polypropylenimine dendrim-
ers, illustrated in Figure 1, are derived from a single-bonded
nitrogen and carbon backbone onto which Zn{ipprphyrins
have been attached at the end of each dendrimer arm. Two
different connecting chains are used to attach the Zn(ll)

The synthesis and purification of the compounds have beenporphyrins to the dendrimeric backbone: the “original” den-
described elsewheP856 Before use, the compounds were drimers (GPr, wheren = generation number and= number
dissolved in 3MP purchased from Aldrich and used without of Zn(ll)—porphyrins) studied previoushf,>* and the “new”
further purification. The optical density at 430 nm was 0.1Thm  dendrimers (x-@Pr) studied in this article. In x-@Pr, one
and less than 0.01 mm in the steady-state absorption and additional carbon has been added to the connecting chain. By
fluorescence experiments, respectively. In the time-resolved systematic expansion of the dendrimeric backbone, five genera-
experiments, the optical density at 400 nm varied between 0.4tions of dendrimers are created, ranging in size from the smallest
and 1.0 mm?, giving concentrations below 16 M.5257 Fresh generation dendrimer with 4 Zn(Hporphyrins (G1P4/x-G1P4)
samples were made prior to each measurement in order to avoido the largest generation with 64 Zn(Hporphyrins (G5P64/
degradation of the samples. Absorption spectra measured before-G5P64). The three-dimensional structure of the fifth-genera-
and after each measurement showed no sign of degradation. tion dendrimer resembles a sphere with the Za{fiprphyrins

Steady-state absorption and fluorescence spectra were measituated on the surface, since the size of the bulky end-groups
sured on a UV~vis diode array spectrophotometer and a Spex prevents back-folding*5® The dotted circle inside the fifth-
Fluorolog IlI, respectively. The fluorescence spectra were generation dendrimer (see Figure 1) marks the position of the
detected with a photomultiplier tube (PMT) using a spectral Zn(ll)—porphyrins in the smallest generation dendrimer (G1P4/
resolution of 0.5 nm. The spectra were afterward corrected for x-G1P4).
the wavelength-dependent PMT sensitivity. The femtosecond Normalized steady-state absorption and fluorescence spectra
transient absorption setup based on an amplified Ti:Sapphireof G1P4 and x-G1P4 are displayed in Figure 2. Only minor
laser is described in detail elsewhé&fdy frequency doubling variations are observed in the normalized spectra depending on
a part of the fundamental, the 400 nm pump light was acquired. the generation number, and G1P4 and x-G1P4 are therefore
In our previous studies, the transient absorption spectrum of representative examples of thenf® and x-GPr dendrimer
the Zn(Il)—porphyrin monomer measured from 450 to 730 nm absorption spectra, respectively. The strongly absorbing Soret
showed that 490 nm is a suitable wavelength for probing the band is centered at 430 nmy(S ), and the two much weaker
excited-state dynami®8. By focusing the other part of the  Q-bands are present around 555 and 600 nm, where the splitting
fundamental ird a 5 mmsapphire plate, a white light continuum is due to absorption to the first and the zero vibrational state
was generated from where the 490 nm probe light was selected(S;[1] — Sp[0] and S[0] — So[0], respectively). Since there
The polarization of the excitation light was set to S4(mhagic are only negligible differences between the absorption spectra
angle) with respect to the polarization of the probe light using of the monomer (GOP1/x-GOP1) and the dendrimers, strong

2. Materials and Methods
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100 F T . . . G1P4 tion can be ignored, since the ISC to the triplet manifold is
/ -G1P4 slow compared to the observed time wind&in order to

analyze the singletsinglet annihilation kinetics, a rate equation
model based on the procedure described by van Amerongen et
al.>® was developed in a previous publicatitmpplication 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)(or the slow rate
constant k) and the number of excited chromophores not
involved in annihilation, are described separately. If more than
two chromophores are excited simultaneously, the chromophore

Wavelength (nm) still excited after one annihilation step can annihilate again with
Figure 2. Steady-state absorption spectra oRFGexemplified by G1P4 @ third excited chromophore. This process is referred to as
(black line) and x-@Pr exemplified by x-G1P4 (gray line) are shown  sequential annihilation and has previously been included in the
in the graph. The inset displays the emission spectra of the two different annihilation amplitude&>* However, as the sequential an-
dendrimer types. 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

. . o chromophores can be excited simultaneously. The model can
[ml]e;x::n;;l Steth?snge(folrhe ?&g]r)egggniissgrgct(gog)f G?I; 4 an dbe extended to include contributions from sequential annihilation

x-G1P4 are shown in the inset of Figure 2. Again, only minor within units of five or more excited chromophores as could
differences are observed depending on thé gener,ation numberporeml‘fJIIIy occur in the largest dendrimer. However, expanding

In addition to the Q-band fluorescence, there is an efficient the model further is notla trivial task and Wlllltherefore not be
. . . pursued here. The amplitude of the set of excited chromophores
intersystem crossing (ISC) from the, State to the triplet L . M o i

; annihilating three timess®M) either by theM = fast (f) or the
manifold, from where phosphorescence can be observed at;, R .
wavelengths above 800 riff = slow (s) annihilation rate are described by eq 2, and those

ihi i 2M 1M i
The transient absorption spectra of bothR& and x-GPr that annihilate twice B*) and once E™) are described by

recorded in the spectral range from 450 to 730 nm 1 ps after €qs 3 and 4, respectively.

excitation exhibit similar features independently of the genera- aM

tion number (data not shown here). At our chosen probe dE™ _ —6k, EM(t) 2)
wavelength (490 nm), it has been shown previously that only dt
S, and T, excited-state absorption contribute to the sigdal.
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interactions between the Zn(Hporphyrins within the same
dendrimer are not presetit.>* Upon excitation into the Soret
band () internal conversion (IC) to the Q-bandif®ccurs in
less than 1 p% from where two fluorescence bands with

2M
Contributions from both ground state bleach and stimulated dE” _ —3kME2M(t) + 6kME3M(t) (3)
emission signals can thus safely be ignored in the further dt
analysis.
and
4. Singlet-Singlet Annihilation Theory dEM
At low excitation intensity, only one chromophore is excited i —kyE™M(t) + 3K, B (1) (4)

within the same dendrimer. Energy hopping can then occur from
the excited chromophore to a nonexcited chromophore. The timeyith the initial amplitudes©Mt = 0) = EM for x = 1, 2, and

scale for the energy hopping between the two nearest neighbor3 The integers before the rate constants represent the number
ing chromophores separated by approximately 2 nm is of anpihilating pathways. Mixed contributions from chro-
~100 ps as calculated previousiyusing Foster ET theory.  mophores that annihilate first with a fast/slow and second by a
When the excitation intensity is increased, more than one gjow/fast annihilation rate are for reasons of simplicity not

Zn(Il)—porphyrin chromophore can be excited simultaneously, jnclyded as separate contributions in the model. The number
which facilitates interactions between the excited chromophores 4t excited chromophores that will not annihilag ére described
observed as singlesinglet annihilation. Energy is transferred 54
between two excited Zn(ltyporphyrins, de-exciting one of the
chromophores to the ground state while exciting the other to a ds 1 15
higher lying state, from where it will relax back to the lowest ot = —kS1) + KE'(1) + KE(1) ()
excited state through fast IC.
- fastIC where the decay rate of the State k) is a sum of the ISC rate
SS+§—&+S,—S+S (8] (kiso), the radiative decaykfxg), and the rate of IC to the ground
state kic). The chromophores that relax to the triplet stafe (
The population of the Sstate is reduced as a result of the are given as
singlet-singlet annihilation process, which will be observed as g
) . L T
a decay of the transient absorption kinetics at 490 nm. = gkgt) — k,T(t) (6)

Contributions from singlettriplet and triplet-triplet annihila- dt
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100 T . T . in Figure 3. Solving eqs-26 and utilizing the restrictions given
in egs 8-11, yields a solution to eq 7 given by
80 F E
5, AA= Ay + Acexp(-kt) + A exp(-kt) +
60 - 1 A expCkd) + A, exp(3kt) + A exp(—3kd) +
2 - -
S il A, exp(—6kt) + A, exp6ky) (12)
-1M where
20F r‘n EzM i E
o _ Ao=apm2(L — m*2+ m) + mf(4 — 3m)]  (13)
%0 02 0.4 0.6 0.8 1.0 ” 3,
At _ _ f 2
Scaling factor m Ac=201 qp){ = km’(2 MM il
Figure 3. Amplitude distribution as a function of the scaling factor Kk kg
giving the excitation probability. (2 - 2m+ BW)] + Pgmm’(Z +m(1 - m)2 +
whereq is the ISC quantum yield (hendgc = gk). Because 3K _ k
the decay of the triplet state < kisc it is consequently set to 3k, — kmz 2-2m+3 k — 6 (14)
zero. In the spectral range where only excited-statar®l T,
absorption is observed, the transient absorption kinetics can be 9 Ky
expressed by eq 7: A, = "12(6 —6m+ gmz)PP)A[l +(1- qp)—kM _— (15)
_ 1s, 1f 2f 25,
AA®) = S(t) + 2[E™() + EY(1)] + 3[E” () + EXXY)] + A, =2 - m)pg[l +(1- qp)%] (16)
A[E% (1) + B0 + pTC) (7) K
. and
whereEM, E2M, andE®M are counted two, three, and four times,
respectively, since they represent multiple excitations,paisd I Ry k
the ratio between the extinction coefficient of the singlet and Ak3M o Em Po [1 +1- qp)k — em] 17

the triplet excited state. Within a unit of four Zn(#porphyrins,
there will be a statistical distribution between the concentration An advantage in applying the restriction to the annihilation rate
of one, two, three, and four excited chromophores. This placesequations is that it reduces the number of unknowns to only
some restrictions on the ratio between the different amplitudes countp, g, m, P, k, ki, andks. For a similar Zn(ll)-porphyrin

S, BEEM E(Z)M, andEgM_ The scaling factortfi’ is defined as Q< monomer k1 = 2700 ps andy = 0.84 has been reporté&é.

m < 1 and gives the probability of exciting a chromophore. These two values will be used in the further analysis, thereby
Hence, at low excitation intensityn is close to zero and at  reducing the number of unknowns to only five.

high excitation intensitym is approaching unity. FOPB and

PS = 1 — P! being the fraction of fast and slow annihilating
chromophores, respectively, the amplitudsEr", E2Y, and The intensity-dependgnt kineti_cs measured at 490 nm for
EM can be written as Xx-G1P4 and x-G5P64 dissolved in 3MP are shown in the left
0 and the right-hand side of Figure 4, respectively. Next to the
kinetics, the excitation intensity of x 10 photons/cr per
S =4m(1 - m)’ (8) 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 — T, transition is higher than the extinction coefficient of
B2V = 4m*(1 — m)Py (10) the § — S, 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
and dependence in the dendrimers is not associated with any process
within the individual Zn(Il)-porphyrins, we assign it to
Eg"" = 4p3" (11) exciton—exciton annihilation. The ISC rate is relatively slow
(ke ~ 3200 pg®) and the concentration of singlet excited
) I .. states is therefore dominant compared to the concentration of
where the integers count the number of possibilities of exciting {1ipjet states. Accumulation of triplet states does not occur, as
one, two, three, or four chromophores. In this manor, the 3 rotational cuvette is used in the measurements. Contribution
statistical distribution is ensuredd = f or M = s again  from annihilation processes involving triplet states can conse-
represents the fast and the slow annihilation process, respecquently be neglected. Thus, the excite@xciton annihilation
tively. The amplitude distribution between the concentration of process is assigned to singtetinglet annihilation.
one, two, three, and four excited chromophores relative to the The intensity-dependent kinetics are analyzed using the rate
sum of all excitations are plotted in percent as a functiomof  equation model derived in the previous section. For the

5. Results

Eg" = 6n(1 — m)’Py ©)
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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>ofl0 photons/crf per pulse. The solid gray lines are fits of the data
obtained using the rate equation model described in the text.
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Figure 5. Amplitude of the chromophores not involved in annihilati&) (and the total amplitude of the chromophores involved in the fast and
the slow annihilation proces&f*® and ES"™ 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.

monomer kinetics, one has only to take into account eqs 5 andtag| E 1: values of the Saturation Level and the
6 usingEy = E;° = 0, as annihilation is absent. This reduces Annihilation Rates
the annihilation rate model significantly. When applying the

- e saturation
previously reported value for the, State lifetime k™t = level (%) k™ (ps) K (ps)
2700 ps) and the ISC yield|& 0.84) for a similar compount?,
. S - . G1P4 47 16t 5 145+ 30
only the ratio between the extinction coefficients of the triplet G2P8 46 10t 5 145+ 30
and the singlet statep) is an unknown parameter in the rate G5P64 47 1G5 145+ 30
equation model describing the monomer kinetics. Therefore, x-G1P4 41 10t 5 100+ 30
from the monomer kineticp = 2.12 can be obtained and is x-G2P8 37 16t 5 150+ 30
x-G5P64 30 16t 5 165+ 30

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-112 The
dendrimer intensity-dependent kinetics are analyzed globally in
order to acquire the same annihilation rates at all intensities annihilation becomes more efficient the larger RRBis. Table
within one dendrimer. For x-@Pr with the extended connecting
chain, the fast annihilation ralq_l (x-GnPr) =10+ 5 psis

the same as observed previously inf&34 However, the slow
annihilation rate differs depending on the generation number
yielding values ofk;* (x-G1P4)= 100 + 30 ps andk " (x-

G5P64)= 165 = 30 ps,
ps

compared th; ' (GnPr) = 145+ 30

aThe saturation level is given as the difference between the monomer
kinetics and the dendrimer kinetics at 550 ps.

1 lists the saturation level and the annihilation rate constants

for both &Pr and x-Pr, and also includes the values for the

second-generation dendrimers, G2P8 and x-G2P8.

The values ofS, EJ°? (= 2B + 3E2" + 4E2), and ES™
(= 2E3° + 3E5° + 4E>) 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

For all the dendrimers, a saturation level is reached, at which Zn(ll) —porphyrins not involved in annihilatiorf) is somewhat

stage further increase of the excitation intensity does not inducelarger in x-G1P4 than in x-G5P64. The total number of
additional annihilation. The saturation level is calculated as the chromophores involved in either the fasi; ") or the slow
difference between the transient absorption data of the monomer(Ef,’“"aﬁ annihilation processes includes contributions from one,
kinetics and the dendrimers at 550 ps, both measured at hightwo, and three annihilation processes. Figure 5 shows that the
intensity. In GPr, the saturation level has previously been number of chromophores annihilating with the fast rate constant
reported to be the same independent of the dendrimeP%t2e.  increases as a function of the excitation intensity following the
For x-GnPr, a lower saturation level is observed in x-G5P64 same trend, independent of dendrimer size. However, the
compared to x-G1P4 as can be seen in Figure 4. Hence,number of chromophores annihilating with the slow rate constant
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Figure 6. Distributions of the amplitudes describing annihilation within
a unit of four chromophores, where twoE2"), three (E3%), or four
(4E§M) 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 bdtk f and

M = s. Behind the symbols, double-exponential fits are drawn only as
guidance for the eye.

is strongly dependent on the size of the dendrimer. In x-G1P4
ES@ increases as a function of the excitation intensity,

Larsen et al.

x-G5P64 there is a higher percentage of the chromophores
involved in two or three annihilation processesE{$ and
4EM . 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 oEf#" 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-@°r 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(Il)
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 fronk; ' (G1P4)= 145+ 30 ps tok '
(x-G1P4)= 100+ 30 ps. Conversely, in the largest dendrimer
with 64 Zn(Il)—porphyrins there is a dramatic enhancement of

» the annihilation efficiency in x-8Pr compared to GPr (see
Figure 7): the same degree of annihilation requires 10 times

whereas it is more or less independent of excitation intensity lower excitation intensity in x--G5P64 compared to G5P64. For

in x-G5P64.
The scaling factom is higher in x-G5P64 than in x-G1P4,

G1P4/x-G1P4, the difference in annihilation efficiency is
explained by an increase of the slow annihilation rate. In G5P64/

when comparing the values obtained at the same excitationx-G5P64, the slow annihilation rate instead decreases slightly.

intensity. As a consequence, the distribution of Zrf{ll)

In order to explain why the annihilation is clearly more efficient

porphyrins annihilating one, two, or three times recorded at the in x-G5P64 than in G5P64, we need to consider the amplitudes
same excitation intensity is different in x-G1P4 and x-G5P64, of the fast and the slow annihilation components in the two
as illustrated in Figure 6. At the saturation level (highest dendrimers. The amplitude of the fast annihilation component
excitation intensity) in x-G1P4, the number of chromophores (E5°?) at a specific excitation intensity varies only to a minor
involved in one and two annihilation processefé& and extent depending on the length of the dendrimeric connecting
3E§M, respectively) is the same, which corresponds to 50% of chain. The slow annihilation amplitude is more or less constant
the chromophores being excited on average. However, inat all excitation intensities in x-G5P64, whereas it exhibits

= !
Monomer]

5 I
Monomer

A\

Ly

Time (ps)

Time (ps)

Figure 7. Singlet-singlet annihilation kinetics observed imB (circles) compared to x-@r (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 inxuritl@f* photons/criper 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 tion) would have time to occur. For x-G5P64, a saturation level
to G5P64 E5" (x-G5P64) is larger, especially at low excita- 0of 30% is observed corresponding to a situation where complete
tion intensities. In dendrimers with more than four chro- annihilation occurs within a subunit of approximately seven
mophores, annihilation can occur subsequent to energy hoppingchromophores according to eq 18. Hence, complete annihilation
between an excited and a nonexcited chromophore. This two-in x-G5P64 occurs within a subunit of almost twice the number
step process, referred to as “delayed annihilation”, is not of Zn(ll)—porphyrins as compared to G5P64. As discussed
accounted for in the annihilation rate equation model which earlier, this improvement in annihilation efficiency is assigned
describes annihilation within a subgroup of four chromophores, to more pronounced energy hopping in x-G5P64 compared to
all able to annihilate directly with one another. If the chro- G5P64 resulting delayed annihilation. Figure 6 shows that
mophores in the larger x4@®r dendrimers couple more strongly ~ sequential annihilation is occurring within a subunit of more
than in the @Pr dendrimers, delayed annihilation will become than four chromophores in x-G5P64 compared to x-G1P4.
increasingly important. The delayed annihilation process occurs  6.C. Additional Carbon. The structural difference between
on a time scale longer than the energy hopping time, previously GnPr and x-GPr is very small. Considering the hydrodynamic
found to be 10Gk 25 ps for energy hopping between two nearest radius of the dendrimers, one would expect that (1) the
neighboring chromophoré3 The delayed annihilation process hydrodynamic radius increases upon adding an extra carbon and
observed in x-G5P64 is, as stated above, not included as athat (2) the smallest dendrimer would be affected to the largest
separate contribution in the rate equation model describing extent. Assuming that the hydrodynamic radius and thereby the
annihilation within a subgroup of four chromophores. Therefore, chromophore-chromophore distanc&) becomes larger would
the amplitude related to the slow annihilation process will in in turn mean that the energy transfer described brsteo ET
x-G5P64 also contain contribution from the delayed annihilation. theory should become slow& The Faster ET rate is given
At higher excitation intensities, more chromophores are excited as
and the effect of delayed annihilation decreases, since the need
of a two-step process in order to observe annihilation becomes Forster 1
smaller when the probability of having two excited chro- T _(4neoh)2c
mophores as nearest neighbors from the beginning increases.
Consequently, delayed annihilation will predominantly be
observed at lower excitation intensities, explaining the almos
constant level oE5™? 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 th
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 leve) obtained when
(1) on average 50% of the chromophores within a subunyt of
chromophores are excited, and (2) complete annihilation occurs
until one excitation remains, is given as

|ttt | “OR (19)

t Whereup andua are the dipole moments of the donor and the
acceptor chromophore, respectively, arid the dipole-dipole
orientation factor. Since the emission spectrum of the donor
and the excited-state absorption spectrum of the acceptor are

eoasically identical in both types of dendrimers, the overlap
integral @) and the dipole momentg{ andua) are indepen-
dent of the length of the connecting chain. Hence, only changes
in the dipole-dipole orientation factor«) and/or the chro-
mophore-chromophore distanceR) are expected to alter the

Forster 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-@Pr. 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-

AAe, y y/ 1 ne_cting_chain is e_xtended, thereby allowing a more favorable
L= — Z : - (18) orientation of the dipole moments. A change of 20% can account
APgiore  EXI(y — X)! X for the increase in ET efficiency, which increases the slow
annihilation rate in the smallest dendrimer. A small hint of this
wherex counts the number of excitations within tiyechro- improved dipole-dipole orientation (and thereby enhanced

mophores, andAperore aNd AAgiier are the transient absorption  coupling between the chromophores) is found when comparing
signal before and after complete annihilation, respectively. In the steady-state spectra, where a small red-shift reminiscent of
the smallest dendrimers, the observed saturation level=sf @ slightly stronger coupling between the chromophores is
47% agrees very well with the situation where= 4 in eq 18. observed in x-@Pr compared to @Pr. The increase of the
Complete annihilation is thus observed between all the chro- connecting chain might also allow the chromophores to move
mophores in x-G1P4. For ir the saturation level was €ven more freely or perhaps bend a bit backward, thereby
independent of dendrimers size, suggesting that full communica-actually reducing the chromopherehromophore distance
tion in the |arger dendrimers is not present_ If Comp|ete instead of ianeaSing it. A small decrease in distance of
annihilation occurs in the largest dendrimer with 64 chro- approximately 6% can also explain the faster annihilation rates
mophores, a saturation level of 3% should be observed (obtainedobserved. We therefore propose that the additional carbon in
from eq 18 withy = 64). However, complete sequential the connecting chain allows for a larger chromophoric degree
annihilation is not possible, since the efficient ISC to the triplet Of freedom bringing about a larger value and/or a smaller
manifold will decrease the concentration of excited chro- value ofR.

mophores in the singlet state before the multiple energy hopping In x-G5P64, the slow annihilation rate seems to decrease
steps (which are needed in order to bring the remaining excited compared to the slow annihilation in x-G1Rg { (x-G1P4)=
chromophores in close enough proximity to facilitate annihila- 100 + 30 ps andg1 (x-G5P64)= 165 + 30 ps). However,
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this decrease can be explained by a contribution from delayedWe further thank the Australian Research Council for a
annihilation observed only in x-G5P64. If the slow annihilation Discovery Research Grant (DP0208776) to Professor M. J.
process could be distinguished from the delayed annihilation Crossley.

process, the slow annihilation in x-G5P64 would most probably
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