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ABSTRACT: A light-harvesting antenna 1 comprising
three varieties of porphyrins, each having a different number
of ethynyl groups at its meso positions, was designed and
synthesized. Antenna 1 exhibits intense absorption through-
out the visible region up to 700 nm. Steady-state and time-
resolved fluorescence studies showed that singlet-excited-
state energy transfer occurs from the peripheral porphyrins
to the central porphyrin with >90% efficiency and rate
constants on the order of 1010 s�1.

An essential component in an artificial photosynthetic system
is a light-harvesting antenna that strongly absorbs sunlight

and transfers the light energy to a reaction center with high
efficiency.1 A natural antenna system generally possesses several
types of antenna pigments, which help in collecting photons with
energies across the visible region. Moreover, these pigments are
systematically arranged to form a lowest-excited-state energy
gradient that enhances the efficiency of energy transfer.1,2 Both
the magnitude of the absorbance cross section in the visible
region and the energy-transfer efficiency are essential factors in
determining the light-harvesting ability of the antenna.3 Porphyrins
exhibit strong absorption in the visible region, making them
important chromophores for the construction of artificial light-
harvesting antennae.4 To date, a large number of porphyrin assem-
blies that act as antennae with highly efficient energy transfers
have been constructed with a combination of free-base and Zn
porphyrins as the energy acceptors and donors, respectively.5,6

However, these porphyrin antennae display the desired intense
absorption in only a limited portion of the visible region, and as a
consequence, their light-harvesting ability is restricted. Herein
we report the novel light-harvesting antenna 1 (Figure 1), which
strongly absorbs light across the 400�700 nm region with ε >
56 000 M�1 cm�1 and exhibits highly efficient energy transfer
from the peripheral porphyrins to the central porphyrin.

Antenna 1 has three different Zn porphyrins: eight tetraphenyl
Zn porphyrin units (TP-Por), four Zn porphyrin units with two
meso-ethynyl and two meso-phenyl groups (DE-Por), and a Zn
porphyrin unit with fourmeso-ethynyl groups (TE-Por) (Figure 1).
The direct connection of ethynyl groups to the meso positions of
the porphyrin results in a considerable red shift of the absorption
bands.7Therefore, the energy of the lowest excited state decreases in
the order TP-Por > DE-Por > TE-Por. These porphyrins are

arranged in a dendritic architecture in 1 in order to facilitate the
transfer of the excitation energy from the peripheral porphyrins
(TP-Por andDE-Por) to the central porphyrin (TE-Por).DE-Por
is located at the terminal of the phenylene ethynylene conjugated
chain, whereasTP-Por is linked throughnonconjugated benzyl ether
chains. For this reason, DE-Por could be expected to function
not only as a light absorber but also as a mediator in energy trans-
fer from TP-Por* to TE-Por.

Antenna 1 was synthesized according to the previously
reported convergent method (Scheme 1).8 Pinacol borate 3 with
a TP-Por terminal was connected to DE-Por-terminated con-
jugated chain 2 using a Suzuki�Miyaura coupling reaction, which
afforded compound 4 in quantitative yield.9 After incorporation
of an iodo group to give 5,10 a copper-free Sonogashira coupling
reaction with 6 provided antenna 1.11 The crude product was
purified by cycling gel-permeation chromatography to afford 1 in
17% yield. Antenna 1 was highly soluble in organic solvents such
as tetrahydrofuran (THF) and dichloromethane and was unambig-
uously characterized bymeans of NMR andMALDI�TOFmass
spectrometry experiments.

Antenna 1 in THF exhibits characteristic bands due to the
component porphyrins (Figure 2). Three intense absorption
bands at λmax (log ε) = 426 nm (6.69), 453 nm (6.23), and
498 nm (5.85) were assigned to Soret bands attributed to TP-
Por, DE-Por, and TE-Por, respectively, on the basis of compar-
isons to the spectra of 3, 2, and 7. In addition, a series of weak Q
bands with maxima at λmax = 557 nm (5.28), 598 nm (5.12),
653 nm (5.56), and 697 nm (5.11) were observed as an overlap of
absorptions of TP-Por, DE-Por, and TE-Por on the basis of the
spectra of 3, 2, and 7, respectively (Figure 2 inset). Although the
observed absorption spectrum of the antenna 1 could be roughly
simulated using the spectra of the reference compounds 2, 3, and 7
[Figure S1 in the Supporting Information (SI)], thereweremodest
differences between observed and simulated spectra. These results
suggest weak electronic interactions between the porphyrin units
in the ground state. Antenna 1 has strong absorptions across the
400�700 nm region with ε > 56 000 M�1 cm�1. Furthermore,
the absorption spectral shape of 1 is roughly similar to the solar
spectrum. Because of these characteristic shapes of the absorp-
tion and emission spectra (see below), selective excitation of
TP-Por, DE-Por, and TE-Por in 1 and detection and identifica-
tion of the emitting porphyrin were possible.
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To evaluate the efficiency of singlet-excited-state energy
transfer from TP-Por* to TE-Por and from DE-Por* to TE-Por,
steady-state fluorescence quenching in 1 was investigated with
model compounds 2 and 3 in degassed THF. The excitation of
TP-Por in 3 andDE-Por in 2 showed characteristic fluorescence
spectra for the two porphyrin units at λEM-max = 604 and 656 nm
for 3 and 656 and 717 nm for 2with quantum yields of 0.033 and
0.16, respectively (Figure 3). Selective excitation of TP-Por in 1
at 426 nm, at which wavelength the incident light is absorbed by
TP-Por and DE-Por with an absorption (I) ratio of I(TP-Por):
I(DE-Por) = 23:1, resulted in the appearance of an intense
emissionwith λEM-max = 707 and 780 nm (Figure 3a). The quantum
yield of the emission was determined to be 0.14 by the absolute

method.12 The observed fluorescence spectral shape was suc-
cessfully simulated using component fluorescence patterns from
2 and 3, showing that the observed fluorescence can be divided
into three components with TE-Por:DE-Por:TP-Por area ratios
of 91:7:1 (Figure S2). Thus, selective excitation of TP-Por gave
TE-Por* with 91% quantum efficiency for the energy transfer and
a fluorescence quantum efficiency (Φf) of 0.13 for the acceptor
chromophore TE-Por. Similarly, selective excitation of DE-Por
at 455 nm, at which wavelength I(DE-Por):I(TE-Por) = 30:1,
gave a fluorescence pattern similar to that for TE-Por with a
quantum yield of 0.13, accompanied by fluorescence quenching
ofDE-Por (Figure 3b). The observed fluorescence spectrum was
reconstructed from two components with a TE-Por:DE-Por
area ratio of 94:6 (Figure S3), indicating selective singlet energy
transfer fromDE-Por* toTE-Porwith 94% quantum efficiency for
the energy transfer andΦf = 0.12 for the acceptor chromophore
TE-Por. The fluorescence quantum yields in these intramole-
cular energy transfers are in good agreement with the quantum
yield (0.13) for direct excitation of TE-Por in 1. Because of the
smaller loss during energy transfer and stronger absorptions of 1
in the visible region, the fluorescence from TE-Por* in 1 should
be much greater in intensity than that of 7 when the samples are
exposed to the same intensity of visible light.

The dynamic processes involved in the energy transfer were
investigated using time-resolved fluorescence spectroscopy.13 The
singlet-excited-state energy transfer in 1 involves three pro-
cesses: TP-Por* to DE-Por (EN1), TP-Por* to TE-Por (EN2),
and DE-Por* to TE-Por (EN3). First, for simpler analysis, we
measured the rate constants of energy transfer (kEN) for themodel
compounds 4, 8, and 9 (Figure 4), which have the least fluorescence
overlap, to obtain approximate values for the energy-transfer
rates for EN1, EN2, and EN3, respectively. The kEN values for EN1
and EN2 are similar and on the order of 109 s�1, and the value for
stepEN3 is∼10 times larger than those for EN1 andEN2 (Table 1).
These rate constants are roughly reproduced by theF€orster equation
(Table S2 in the SI),14 although the participation of the superexchange
mechanism thorough conjugated bridges cannot be excluded.15

Figure 1. Chemical structure of light-harvesting antenna 1.

Scheme 1

Figure 2. Absorption spectra of 1 (black), 2 (green), 3 (blue), and 7
(red) measured in THF. The inset shows expanded absorption spectra
in the Q-band region.
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Selective excitation of TP-Por (λex = 427 nm) in 1, which has
two possible EN routes, gave a fluorescence decay (λdetect =
610 nm, TP-Por*) with kEN = 1.2 � 1010 s�1. As expected, the
kEN value is very close to the sum of those obtained from the
model compounds, suggesting that the EN1 and EN2 processes
with similar rate constants occur concurrently in 1. Excitation of
DE-Por (λex = 456 nm) in 1 gave a major fluorescence decay
(λdetect = 660 nm, DE-Por*) with kEN = 3.0 � 1010 s�1 for
EN3,16 which is in good agreement with the values estimated
from model compound 9. These decay parameters of TP-Por*,
DE-Por*, andTE-Por* in 1 are summarized in Figure 5. The decay
rate constants without energy transfer (kd) were determined using
model compounds 3 (λex = 427 nm, λdetect = 610 nm, kd = 5.3�
108 s�1) for TP-Por* and 2 (λex = 456 nm, λdetect = 660 nm,

kd = 6.7 � 108 s�1) for DE-Por* and using a longer decay
constant in 1 (λex = 456 nm, λdetect = 710 nm, kd = 4.0� 108 s�1)
forTE-Por*. From these rate parameters, the following quantum
efficiencies of energy transfer were calculated: 51 and 45% from
TP-Por* to DE-Por and TE-Por, respectively (giving a total
quantum efficiency of 96%) and 98% fromDE-Por* toTE-Por. The
rapid energy transfer from DE-Por* to TE-Por plays an important
role (∼50% contribution) in this cascade process by mediating the
transfer of excitation energy from TP-Por* to TE-Por.

Finally, we analyzed the fluorescence decay at 710 nm after
selective excitation of TP-Por (λex = 427 nm) using the deter-
mined rate parameters in Table 1. TE-Por* has a strong fluores-
cence intensity at 710 nm; however, DE-Por* and TP-Por* also
have weak fluorescence intensities at this wavelength. Obviously,
TE-Por* is generated via all three steps EN1�EN3. According to
the kinetic model (see the SI), the time dependence should be
expressed by eq 1:17

IðtÞ ¼ a expf � ½kEN1 þ kEN2 þ kdðTP-Por�Þ�tg
þ b expf � ½kEN3 þ kdðDE-Por�Þ�tg
þ c exp½ � kdðTE-Por�Þt� ð1Þ

With the values in Figure 5, the observed decay curve at 710 nm
was successfully simulated using the parameters a = �0.32,
b = 0.10, and c = 0.58 (Figure 6). Furthermore, the time-dependent
contributions of the excited states of TP-Por*, DE-Por*, and
TE-Por* were clarified (Figure S12). These features are com-
pletely consistent with highly efficient energy transfer in 1.

In conclusion, we have synthesized a novel light-harvesting
antenna in which three kinds of porphyrins with different numbers
of ethynyl groups at the meso positions are precisely located.
Strong absorption throughout the visible region and nearly
quantitative energy transfer from the peripheral porphyrins to
the central porphyrin were observed. In addition, it should be
noted that the benzyl ether chains in the antenna 1 could easily be
replaced by dendritic structures, which would be advantageous

Figure 3. Steady-state fluorescence spectra of (a) 1 (red) and 3 (blue)
(λex = 426 nm) and (b) 1 (red) and 2 (green) (λex = 453 nm) measured
in THF. Fluorescence intensities were measured after normalizing the
absorbance at the excitation wavelength.

Figure 4. Chemical structures of reference compounds 8 and 9.

Table 1. Photophysical Data for 1, 4, 8, and 9 in THF

λex/nm λdetect/nm kEN/s
�1 energy-transfer step

1 427 610 1.2� 1010 EN1 + EN2

4 427 610 5.7� 109 EN1

8 427 610 5.0� 109 EN2

1 456 660 3.0� 1010 EN3

9 456 660 3.0� 1010 EN3

Figure 5. Energy diagram and relaxation process from excited states of
TP-Por in antenna 1. * and ** denote the first and second excited states,
respectively.

Figure 6. Fluorescence decay curve at 710 nm of 1 excited at 427 nm in
THF (dots). The red solid line was obtained by the simulation using
eq 1. The shape decay (blue) is the laser pulse profile.
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for the construction of light-harvesting systems with large numbers
of chromophores. These results prove that the synthesis of
porphyrin dendrimers using snowflake architectures is a valuable
tool for the construction of artificial light-harvesting antennae.
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