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Photochemical and photophysical properties of the triplet excited states of dendritic multiporphyrins arrays (nPZn,
n ¼ 1, 3, and 7) have been investigated by measuring the nanosecond transient absorption spectra in the visible and near-
IR regions with changing the generation number. Intermolecular triplet–triplet annihilation rates decrease with the den-
drimer generation, which was interpreted on a proposed kinetic model assuming that the excited triplet energy almost
localizes in one PZn unit in nPZn. In the presence of C60, intermolecular electron-transfer takes place via the excited trip-
let states of nPZn (3nPZn

�), yielding the cation radical of nPZn (nPZn
�þ) and the anion radical of C60 (C60

��) in PhCN.
Deceleration of the electron-transfer rate-constants from 1PZn to 3PZn and the acceleration from 3PZn to 7PZn were ob-
served, in which the latter tendency was interpreted by considering an increase in effective encounter radius for 37PZn

�.
The observed small change of the rate constants for back electron transfer between the oppositely charged species with
the dendrimer generation was also reasonably interpreted by taking a smaller effective radius due to electrostatic attrac-
tion into consideration. Dendrimer generation effect was also observed for the intermolecular hole-transfer process.

Since the first reported preparation of porphyrin dendrimers
in 1993,1 a number of functionalized porphyrin dendrimers have
been synthesized and characterized.2–26 Due to their unique
morphologies, photophysical and photochemical properties of
the porphyrin dendrimers have been explored.5,12,13,17,19 There
are two types of dendrimers relating to photochemical interests.
(1) Chromophore is at the core and (2) each dendrimer has chro-
mophores all over the molecules. Aida et al. reported light-har-
vesting dendritic porphyrinatozinc arrays to allow efficient
channel of visible photons.8,18 In recent years, the photophysics
and photochemistry of fullerene–porphyrin mixed systems in
polar solvents have attracted a great attention.27–30 Kimura et
al. reported that fullerenes formed inclusion complexes with a
dendrimer having a porphyrin in a core.31 For fullerene dendri-
mers linked with tetraphenyl porphyrin chromophores,32 photo-
induced electron transfer has been investigated. Dendritic mul-
tiporphyrin arrays covalently bonded with C60 have also been

synthesized and their intramolecular charge-separation and
charge-recombination properties have been investigated.33–35

In the present study, we report the photochemical and pho-
tophysical properties of the excited triplet state of the dendritic
multiporphyrin arrays with fanwise shapes (nPZn, n ¼ 1, 3, and
7 in Fig. 1), in which most of the porphyrin moieties are ex-
posed. This permits us to study the intermolecular reactions
such as photoinduced energy- and electron-transfer processes
of the excited states of nPZn. The rate constants of these proc-
esses for the excited triplet state of nPZn (3nPZn

�) have been
determined by the laser flash photolysis that observes the tran-
sient absorption spectra in the visible/near-IR regions. For
electron transfer, C60 was employed as an electron acceptor,
since the absorption band of the radical anion of C60 (C60

��)
does not overlap with the transient absorption of 3nPZn

�,
which permitted us to evaluate the precise rate constants to re-
veal the dendrimer generation effects. Furthermore, hole-shift-
ing processes have been investigated to obtain useful informa-
tion applicable to optoelectronic devices. In order to interpret
these data, we proposed some kinetic models that include the
radii of nPZn and probability of collision with the target excited
moiety in the dendric multiporphyrin arrays.
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Experimental

Materials. Dendric multiporphyrin arrays (nPZn) were synthe-
sized using the method described in the previous papers.18 C60

(purity of 99.9%) was obtained from Texas Fullerenes Corpora-
tion. The aromatic amine (ArA; 4,5-dihydro-5-[4-(diethylamino)-
phenyl]-3-{2-[4-(diethylamino)phenyl]ethenyl}-1-phenylpyrazole)
was available from Anan Koryo LTD, Japan. Solvents were of
spectroscopic grade and HPLC grade.

Measurements. Steady-state absorption spectra in the visible
and near-IR regions were measured on a Jasco V570 DS spectro-
photometer. Nanosecond transient absorption spectra in the visible

and near-IR regions were observed by the laser-flash photolysis
apparatus using the SHG (532 nm) light of a Nd:YAG laser
(Quanta-Ray; 6 ns fwhm) as an excitation source. For time-scale
measurements shorter than 10 ns, a Si-PIN photodiode module
(400–600 nm) and a Ge-APD module (600–1600 nm) were em-
ployed as detectors for monitoring the light from a pulsed Xe-
lamp. For time-scale measurements longer than 10 ns, an In-
GaAs-PIN photodiode was used as a detector for monitoring light
from a continuous Xe-lamp (150 W). The sample solutions were
deaerated by bubbling with argon gas before measurements. The
laser photolysis was performed for each solution in a rectangular
quartz cell with a 10 mm optical path. All the measurements were
carried out at 23 �C. Details of the experimental procedures are
described elsewhere.27–30 Cyclic voltammograms were measured
using a conventional three-electrode system on a BAS CV-50W
potentiostat/galvanostat. A platinum disk electrode (1 mm in di-
ameter) was used as a working electrode. A platinum wire served
as a counter electrode. An Ag/AgCl electrode was used as the ref-
erence electrode. The potentials were referenced to an internal fer-
rocene/ferrocenium (Fc/Fcþ) redox couple. Molecular structures
were optimized by the MM3 force field modified in MacroModel
package.

Results and Discussion

Optimized Structures. Figure 2 shows an optimized struc-
ture of 7PZn calculated by the MM3 force field modified in
MacroModel package. It is clear that 7PZn is a flat molecule.
For 3PZn and 1PZn, optimized structures are similar to those
of the compartments. The maximal radii of nPZn including
poly(benzyl ether) dendron substituents are evaluated to be
14, 29, and 71 �A for 1PZn, 3PZn, and 7PZn, respectively.

Cyclic Voltammograms. Each cyclic voltammogram
showed a reversible cycle in the scan range of �0:2 to 0.8 V
vs Fc/Fcþ. The first oxidation potentials were observed to
be 0.33, 0.31, and 0.29 V vs Fc/Fcþ for 1PZn, 3PZn, and
7PZn, respectively. Slight decrease of the oxidation potentials
with dendrimer generation suggests a weak interaction among
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Fig. 1. Structures of dendritic multiporphyrin arrays (nPZn).
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Fig. 2. (a) Facade view and (b) side view of dendritic multiporphyrin arrays (nPZn) structure optimized by MM3 force field calculation.
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the PZn moieties in the dendrimers.
Steady-State Absorption Spectra. Figure 3 shows absorp-

tion spectra of nPZn (n ¼ 1, 3, and 7) in PhCN, where the ab-
sorption peaks at 550 nm with wings at 500 and 580 nm are
attributed to the Q bands of the porphyrin chromophores.
The absorption intensities were almost proportional to the
number of PZn moieties in the dendrimers. In each spectrum,
the absorption spectrum of C60 is shown for comparison.
The absorption intensities in the visible region of each absorp-
tion spectrum of the mixture of nPZn (n ¼ 1, 3, and 7) with C60

are slightly larger than the corresponding added spectrum of
the two components, suggesting an appreciable interaction be-
tween nPZn and C60. Especially, a new weak peak was ob-
served at 433 nm.

Nanosecond Transient Absorption Spectra. Excited
Triplet State: Transient absorption spectra of 3PZn in anisole
are shown in Fig. 4. Anisole was employed as a solvent for dis-
solving 3PZn well with less polarity, preventing extra processes
such as photo-electron ejection. Immediately after the 6 ns la-
ser pulse excitation, the main absorption peaks appeared at 460
nm with a weak band at 840 nm; these were attributed to the
triplet–triplet transition.36–39 These absorption intensities of

33PZn
� decayed within 400–500 ms, depending on the laser

power (inset in Fig. 4). The decay profiles showed mixed first-
and second-order kinetics, which indicates that following two
processes (Eq. 1 and Eq. 2) take place simultaneously.40 When
we employed the maximal absorbance (�A0) of 33PZn

� of
0.33 and its molar extinction coefficient ("T) of 9:0� 104

mol�1 dm3 cm�1 at 460 nm,39 the maximal concentration of
33PZn

� generated by one pulsed laser light shot was estimated
to be 0.004 mmol dm�3, indicating that ca. 20% of 3PZn was
photo-excited. Thus, the probability that more than two PZn
units are excited by one laser light exposure is very low. For
7PZn, similar transient spectra and decay time profiles were
observed. Therefore, intermolecular T–T annihilation (Eq. 2)
can be considered as a decay process of 3nPZn

� in addition
to the intrinsic deactivation of 3nPZn

� (Eq. 1):

3nPZn
� ��������!

k0
Tð¼1=�0TÞ

nPZn ð1Þ
3nPZn

� þ 3nPZn
� ���!

kT{T 1nPZn
� þ nPZn etc. ð2Þ

The first- and second-order rate constants can be separated by
the following Eq. 3:40

� d½�Ainit�=dt ¼ �k1st
T ¼ k0

T þ ð2kT{T="TÞ�A0 ð3Þ

where k1st
T refers to the apparent first-order rate constant eval-

uated from the slope of the initial part (�Ainit) in the first-order
plot; k0

T refers to the intrinsic rate constant for the decay of
3nPZn

� (Eq. 1), which can be evaluated from the intercept of
the plots of Eq. 3 as shown in the inset of Fig. 4. The inversed
values of k0

T correspond to �0T values, which are in the range
of 240–260 ms (Table 1). With an increase in the dendrimer
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Fig. 3. Steady-state absorption spectra of (a) C60 (0.1
mmol dm�3), (b) nPZn (0.02 mmol dm�3), and mixture of
nPZn (0.02 mmol dm�3) and C60 (0.1 mmol dm�3), and
calculated (a) + (b) in PhCN.
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Fig. 4. Nanosecond transient spectra observed by the 560
nm laser light excitation of 3PZn (0.02 mmol dm�3) in ani-
sole at 0.25 ms (– –) and 2.5 ms (– –). Inset: Laser pow-
er dependence of the decay time-profile and plots of Eq. 3
at 460 nm.

Table 1. Intrinsic Decay Rate Constants (k0T), Lifetimes
(�0T), and T–T Annihilation Rate Constants (kT{T

obs) of
3nPZn

�’s in Anisole

nPZn k0T/s
�1 �0T/ms kT{T

obs/mol�1 dm3 s�1a)

1PZn ð4:1� 0:2Þ � 103 250� 10 ð2:3� 0:1Þ � 109

3PZn ð3:9� 0:2Þ � 103 260� 10 ð1:2� 0:1Þ � 109

7PZn ð3:9� 0:2Þ � 103 260� 10 ð1:2� 0:1Þ � 109

a) "460 nm ¼ 9:0� 104 mol�1 dm3 cm�1 for 3ZnTPP� was em-
ployed.36
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generation, a slight increase of �0T values was found, indicat-
ing that the relaxation process from 3nPZn

� to the ground state
is slightly slowed down. The slopes of the plots of �k1st

T vs
�A0 (initial absorbance) give the ratio of 2kT{T="T, where
kT{T denotes the rate constant for T–T annihilation (Eq. 2).
On employing "T ¼ 9:0� 104 mol�1 dm3 cm�1 at 460 nm,39

the kT{T
obs values are evaluated to be ð1:2{2:3Þ � 109

mol�1 dm3 s�1 (Table 1), which are about a half of the diffu-
sion-controlled limit (kdiff ¼ 6� 109 mol�1 dm3 s�1 in ani-
sole).41 The kT{T

obs values tend to decrease with an increase
in the generation number from 1PZn to 3PZn and 7PZn by a fac-
tor of ca. 1/2.

As the first approximation that the excited triplet state de-
localizes in the whole of nPZn molecules, the rate constants
for encounter between two 3nPZn

�’s (kT{Tpred1) can be thought
to be proportional to the frequency factor (Z), as represented
by Eq. 4:42

kT{T
pred1 / Z / �T{T�T{T

�1=2 ð4Þ

where �T{T refers to the cross-section which is proportional to
the square of the radius of 3nPZn

�; �T{T refers to the reduced
mass. Thus, the ratio of the kT{T

pred1 values for 1PZn:3PZn:7PZn
was evaluated to be 1:1.25:1.92. This ratio has the opposite
tendency to the kT{T

obs values. This discrepancy between the
kT{T

obs values and the kT{T
pred1 values may be attributed to

the localization of the excited triplet energy on a PZn unit in
nPZn. Thus, the probability (PT{T) for energy transfer to
encounter the 3PZn

� moiety in nPZn should be introduced as
in Eq. 5:

kT{T
pred2 / ZPT{T ð5Þ

where the ratio of PT{T is assumed to be inversely proportional
to the number of PZn in nPZn; that is, 1:1/3:1/7 for
31PZn

�:33PZn�:37PZn. Comparison of the kT{T
obs values with

the ratio of kT{T
pred2 shows a similar tendency, as shown in

Fig. 5. Slight deviation suggests that the localization of the
3PZn

� state is not strictly limited in one unit, but the 3PZn
�

state slightly expands to the neighboring PZn moieties, result-
ing in an increase of the effective radii of the 3PZn

� state with
an increase of the dendrimer generation.

Photoinduced ET from 3nPZn
� to C60: Upon excitation

of the 3PZn moiety at 560 nm in PhCN with the presence of
C60, transient absorption spectra were observed as shown in

Fig. 6. Under the concentration of 3PZn (0.05 mmol dm�3),
96% of the 560-nm light was absorbed by 3PZn in the presence
of C60 (0.1 mmol dm�3). At 1-ms delayed time after the laser
light excitation, the transient absorption bands due to 33PZn

�
appeared at 460 and 820 nm, while at 10-ms delayed time,
the absorption bands due to C60

�� at 1080 nm rose together
with concomitant decays of the absorption bands due to
33PZn

�.43,44 The absorption bands at 440 and 600–700 nm
are observed in the spectrum at 10 ms, which are attributed
to the radical cation of 3PZn (3PZn

�þ).27 This observation clear-
ly indicates that electron transfer takes place from 33PZn

� to
C60, producing C60

�� and 3PZn
�þ. Similar transient absorption

spectra were observed for 1PZn and 7PZn in the presence of
C60. In the case of 0.05 mmol dm�3 of 1PZn and 7PZn, 87%
and 99% of 1PZn and 7PZn were excited in the presence of
C60 (0.1 mmol dm�3), respectively. The energy diagram of
these processes is schematically represented in Fig. 7. Exother-
mic electron transfer process was confirmed from the negative
free-energy changes for electron transfer (�Get

o) from
3nPZn

�’s to C60 in PhCN, as calculated by the Rehm–Weller
equation (Table 2).45

The electron transfer rate constants (ket) were evaluated
from the quenching rate constants (kq) of

3nPZn
�’s in the pres-

ence of C60. Decays of
3nPZn

�’s obey first-order kinetics, giv-
ing the first-order rate constant (k1st-order), which increases with
the C60 concentrations. Such a pseudo-first order relation indi-
cates that the intermolecular dynamic events are predominant-
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ly occurring, even though a part of nPZn and C60 is interacting
in the ground state as presumed from the absorption spectra in
Fig. 3.46 The pseudo-first-order plots give a straight line; the
slope gives kq of 3nPZn

� by C60 as summarized in Table 2.
From the rise of C60

��, similar kq values in the range of
ð1:4{2:1Þ � 109 mol�1 dm3 s�1 were obtained. A smaller kq
value was found for 33PZn

�, which indicates that the two
PZn units in the ground state sterically hinder an approach of
C60 to 3PZn

�, when the 3PZn
� state is almost localized in one

PZn unit in 3PZn. On the other hand, a larger kq value was
found for 37PZn

�, which suggests that the huge dendrimer
PZn moieties in 37PZn

� wrap C60.
31

The quantum yield (�et) of electron transfer from 3nPZn
� to

C60 was estimated from the ratio of the maximal concentration
of C60

�� ([C60
��]max) to the initial concentration of 3nPZn

�
([3nPZn

�]init), employing the reported molar extinction coeffi-
cient of C60

�� ("RA ¼ 12100 mol�1 dm3 cm�1).43,44 On plot-
ting [C60

��]max/[
3nPZn

�]init with [C60], the ratio showed satu-
ration at higher [C60]; the saturation ratios can be put equal to
the �et values,

47,48 which are listed in Table 2. The �et values
are in the range of 0.36–0.63; the minimum value was ob-
served for 33PZn

�, suggesting that the PZn moieties in
33PZn

� hinder the approach of C60 to the 3PZn
� moiety. The

�et value for 37PZn
� is rather similar to that of 31PZn

�. This
result suggests that stronger interactions are likely to operate
between C60 and 7PZn. The ket

obs values were evaluated from
the relationship: ket

obs ¼ kq ��et.
47,48 The ket

obs values are in
the range of ð0:5{1:2Þ � 109 mol�1 dm3 s�1; 33PZn

� shows a
minimum value, while 37PZn

� shows a maximal value. It is no-
table that the efficient electron-transfer ability of 37PZn

� found
in the present study may be related to the flat molecular surface

with a large pocket capable of trapping C60.
In general, the bimolecular electron-transfer rate-constant

(ket) between
3nPZn

� and C60 can be represented as Eq. 6:49

ðket�1Þ ¼ kdiff
�1 þ Z�1 exp½ð�=4Þð1þ�G0=�Þ2=kBT� ð6Þ

where reorganization (�) was assumed to be 0.8 eV for elec-
tron transfer from 3nPZn

� to C60 on the basis of the reported
values.49 Then, on putting kdiff ¼ 5:3� 109 mol�1 dm3 s�1 in
PhCN at T ¼ 300 K,41 the ket values were calculated, which
refer to ket

pred1. As shown in Fig. 8, the ket
pred1 values increase

with the dendrimer generation; however, this trend is not con-
sistent with that of the ket

obs values. On introducing a probabil-
ity factor for electron transfer (Pet = 1:1/3:1/7 for
1PZn:3PZn:7PZn), the values of ket

pred2 (¼ ket
pred1 � Pet) were

evaluated as shown in Fig. 8. A decreasing tendency of the
ket

obs values from 1PZn to 3PZn is in agreement with that of
ket

pred2. However, an increasing tendency of the ket
obs value

from 1PZn (and 3PZn) to 7PZn is not predicted even in the
ket

pred2 value; as a reason for this, the increases of the effective
radius of the 3PZn

� state in 7PZn and of the trapping ability of
7PZn can be considered.

Back Electron-Transfer: After reaching maximum con-
centration by electron-transfer, C60

�� begins decaying, as
shown in long time-scale measurements (Fig. 9). Linear rela-
tionships of the second-order plots (inset in Fig. 9) indicate
that the radical ions are separately solvated as free ions. From
the second-order plots, the rate constants for back electron
transfer (kbet

2nd) were evaluated as ratios to "RA. On employ-
ing the reported "RA value,43,44 the kbet

2nd values are evaluated

Table 2. Quenching Rate-Constants (kq) of
3nPZ

� by C60, Quantum Yields (�et) and Electron-Transfer Rate-
Constants (ket

obs) from 3nPZn
� to C60, and Back Electron-Transfer Rate-Constants (kbet

2nd) from C60
�� to

nPZn
�þ in PhCN

Eox
a) �Get

0b) kq � 10�9 �et
c) ket

obs � 10�9 kbet
2nd c) � 10�9

/V /eV /mol�1 dm3 s�1 /mol�1 dm3 s�1 /mol�1 dm3 s�1

1PZn 0.33 �0:26 1:6� 0:1 0:63� 0:03 1:0� 0:1 5:5� 0:3
3PZn 0.31 �0:28 1:4� 0:1 0:36� 0:02 0:5� 0:1 6:0� 0:3
7PZn 0.29 �0:31 2:1� 0:1 0:56� 0:03 1:2� 0:1 5:2� 0:3

a) vs Fc/Fcþ. b) The values of �Get
0 were evaluated from the Rehm–Weller equation,45 employing the

values of Ered and ET for C60 to be �0:93 V and 1.54 eV, respectively.42–44 c) "RA ¼ 12100

mol�1 dm3 cm�1 for C60
��.37,39
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in the range of ð5:2{6:0Þ � 109 mol�1 dm3 s�1 as listed in
Table 2. The kbet

2nd values are almost the same within the ex-
perimental error and are close to kdiff in PhCN.41 The diffu-
sion-controlled reactions may be mainly controlled by Eq. 4,
predicting a smooth increase of the kbet

2nd values with the den-
drimer generation; however, when the positive charge is main-
ly localized on a PZn unit, a ratio of the probability for the en-
counter of C60

�� and PZn
�þ (Pbet) must be introduced again.

For example, on assuming that the ratios for Pbet are about a
half of those of Pet (Pbet ¼ 1:2/3:2/7 for 1PZn

�þ:3PZn
�þ:

7PZn
�þ), the invariant tendency of the observed kbet

2nd values
with the dendrimer generation can be well reproduced. As
one of reasons for high Pbet, one can consider that C60

�� hits
the PZn

�þ moiety in nPZn
�þ in higher probability in the en-

counter between the oppositely charged species. As other rea-
sons, one can also consider a slight delocalization of the hole
of PZn

�þ to the neighboring PZn moieties.
Hole-Shifting from nPZn

�þ to Aromatic Amines: On ad-
dition of aromatic amine (ArA; Fig. 10) to the mixture of 7PZn
and C60 in PhCN, transient absorption spectra were observed,
as shown in Fig. 11, upon excitation at 560 nm. The absorption
bands of 37PZn

� appearing at 460 and 820 nm immediately af-
ter the laser light excitation decayed with producing C60

�� at
1080 nm, as shown in the inserted time profile of Fig. 11;
the absorption band of 7PZn

�þ was also anticipated to appear
at 620 nm, although in this region other strong absorption
bands overlapped. In the spectrum at 10 ms, new absorption
bands were observed at 620 and 1300 nm, which were attrib-
uted to the radical cation of ArA (ArA�þ).50 Thus, it is con-
firmed that the radical cation (hole) of 7PZn

�þ shifts to ArA,
producing ArA�þ as drawn in Fig. 10. This hole shift is possi-
ble, because the oxidation potential of ArA (�0:02 V vs Fc/
Fcþ) is much lower than those of nPZn (0.4–0.5 V vs Fc/
Fcþ).50 From the rise of ArA�þ, the rate constants for hole-
shifting process (khs) were evaluated to be ð3:1{5:8Þ � 107

mol�1 dm3 s�1 for nPZn; a smooth increase of the khs values
with the dendrimer generation was observed, which is a rather
similar tendency to that of ket

pred1. For the hole-shift process

between PZn
�þ of 3PZn and neutral ArA molecule, the remain-

ing two PZn moieties do not hinder an approach of ArA mole-
cule, supporting a slight delocalization of the hole of PZn

�þ to
the neighboring PZn moieties.

After reaching maximal concentration, ArA�þ began to de-
cay in long time-scale measurements, indicating that final back
electron transfer after hole transfer (kfbet

ht) takes place between
ArA�þ and C60

��, returning to ArA, C60, and nPZn. The decay
of ArA�þ obeys second-order kinetics; the kfbet

ht values were
evaluated to be ð2:7{2:8Þ � 108 mol�1 dm3 s�1 for nPZn, which
are one order smaller than the kdiff value in PhCN. Even for the
oppositely charged species, the final back electron-transfer
process after hole transfer is appreciably slowed down com-
pared with the kbet

2nd values between nPZn
�þ and C60

��, be-
cause of the lower oxidation potential of ArA. Since no dendri-
mer effect was observed for the kfbet

ht values, back electron
transfer between ArA�þ and C60

�� takes place outside of the
effect of nPZn.

Summary

In the present study, we demonstrate effects of the dendri-
mer generation on the photoinduced intermolecular processes
of nPZn (n ¼ 1, 3, and 7). In the intramolecular processes,
the lifetimes of the 3nPZn

� states are not significantly changed
with the dendrimer generation. The intermolecular T–T annihi-
lation process was slowed down with the dendrimer genera-
tion, which was well interpreted by the localization of the
3PZn

� state almost on a unit in nPZn. In the electron-transfer

N
N

N

N
ArA

4,5-dihydro-5-[4-(diethylamino)phenyl]-3-
{2-[4-(diethylamino)phenyl]ethenyl}-1-
phenylpyrazole
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nPZn

nPZn

ket

hν
3nPZn*

kht
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C60
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Fig. 10. Hole-shift system and structure of ArA.
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Fig. 11. Nanosecond transient absorption spectra obtained
by 560 nm laser excitation of 7PZn (0.05 mmol dm�3) in
the presence of C60 (0.10 mmol dm�3) and ArA (0.6
mmol dm�3) in deaerated PhCN at 1 ms (– –) and 10
ms (– –). Inset: Time profiles of absorbance at 470 and
1280 nm.

Table 3. Hole-Shifting Rate Constants (khs) and Final Back
Electron-Transfer Rate-Constants after Hole-Shifting
(kfbet

hs) in PhCN

khs/mol�1 dm3 s�1 kfbet
hsa)/mol�1 dm3 s�1

1PZn ð3:1� 0:2Þ � 107 ð2:7� 0:2Þ � 108

3PZn ð4:2� 0:2Þ � 107 ð2:8� 0:2Þ � 108

7PZn ð5:8� 0:3Þ � 107 ð2:7� 0:2Þ � 108

a) As molar extinction coefficient of ArA�þ, 14000
mol�1 dm3 cm�1 at 1280 nm was employed.50
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processes from the excited triplet states of nPZn to C60 in
PhCN, the ket

obs value for 37PZn
� is larger than those of

31PZn
� and 33PZn

�. This result is attributed to the increase
of the effective radius due to a slight delocalization of the
3PZn

� state and to the C60-trapping ability of 37PZn
�. In the

back electron-transfer process between the oppositely charged
species, a small dendrimer generation effect was observed. In
the hole-transfer process occurring between the charge species
and neutral molecules, a smooth increase of the khs values with
the dendrimer generation was observed, suggesting the deloc-
alization of the hole to the neighboring PZn moieties.
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