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Abstract: An artificial light-harvesting multiporphyrin den-
drimer (8PZnPFB) composed of a focal freebase porphyrin
(PFB) with eight zinc(II) porphyrin (PZn) wings exhibited
unique photophysical property switching in response to
specific guest molecule binding. UV/Vis titration studies
indicated stable 1:2 host–guest complex formation between
8PZnPFB and meso-tetrakis(4-pyridyl)-porphyrin (TPyP) for
which the first and second association constants were estimated
to be > 108

m
�1 and 3.0 � 107

m
�1, respectively. 8PZnPFB origi-

nally shows 94 % energy transfer efficiency from PZn to the
focal PFB. By the formation of the host–guest complex
(8PZnPFB·2TPyP) the emission intensity of 8PZnPFB is signifi-
cantly decreased, and an ultrafast charge separation state is
generated. The energy transfer process from PZn wings to the
PFB core in 8PZnPFB is almost entirely switched to an electron
transfer process by the formation of 8PZnPFB·2TPyP.

Mimicking the photosynthetic system is one of the most
attractive subjects in terms of understanding of biological
mechanisms as well as one potential solution for the current
and upcoming energy crisis.[1] Natural light–energy conver-
sion is initiated by photon absorption of complex molecular
assemblies called light-harvesting antenna complexes
(LHC).[2] Well-ordered three-dimensional multiporphyrin
arrays in LHC2 facilitate effective photon capture and
energy migration to the reaction center of LHC1, which is
composed of a non-covalently associated pair of chromo-
phore units capable of forming a charge separation state on an
ultrafast timescale.[3] In this context, we have recently
synthesized porphyrin-based dendrimers to mimic LHC2, in
which light energy collection occurs through vectorial energy
transfer from a number of energy-donating zinc porphyrins
(PZn) to the focal freebase porphyrin (PFB).[1e] The large
number of PZn in the dendrimers allows efficient photon
capture and results in a highly efficient photoinduced energy
transfer to the focal PFB. Since the dendrimer exhibited

efficient photon capturing and excitation energy transfer to
the focal point, the next step for the LHC mimic would be
charge separation (CS).[4] A number of different electron-
accepting units such as fullerenes, carbon nanotubes, and
ferrocene have been covalently conjugated to multi-chromo-
phore donor systems to achieve an efficient donor–acceptor
pair mimicking LHC.[5] However, what renders natural LHC
systems unique is that the formation of the CS state is induced
by the excitation energy transfer from a multi-chromophore
array to a non-covalently associated pair of chromophore
units.[6] Herein we report a supramolecular host–guest com-
plex between multiporphyrin dendrimers and monomeric
porphyrins that exhibits efficient light absorption and ultra-
fast conversion into a CS state.

A series of porphyrin dendrimers made up of focal PFB

and PZn wings were synthesized to mimic the light-harvesting
antenna complex (Figure 1), and their host–guest complex

Figure 1. Structures of dendrimers and guests studied in this work.
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formation with pyridyl-bearing guest molecules was inves-
tigated by UV/Vis titration in CH2Cl2 at 20 8C (Figure 2).
Pyridyl-bearing porphyrins are capable of forming host–guest
complexes with the porphyrin dendrimers because pyridyl
groups can coordinate to the zinc atoms in PZn as axial ligand.
Due to the overlapping of the absorption bands between the
host and guest compounds their differential spectra had to be
recorded through titration of guests to host dendrimers, which
were obtained by subtracting the absorption spectra of
dendrimers and guests alone from the spectra of the
dendrimer–guest mixtures of equal concentrations. When
TPyP was titrated to 8PZnPFB the differential UV/Vis
absorption spectra exhibited isosbestic points at 380, 429,
and 544 nm, being saturated at 2 equivalents of TPyP
addition (Figure 2a). Continuous variation analysis (Job�s

plot) indicated the formation of a 1:2 host–guest complex
between TPyP and 8PZnPFB (8PZnPFB·2TPyP).[7] From non-
linear curve fitting analysis, the first and second association
constants for TPyP to 8PZnPFB were estimated to be > 108

m
�1

and (3.0� 0.3) � 107
m
�1, respectively. Similarly, when DPyP

was titrated to 2(PZn)2PFB, isosbestic points were found at 419,
430, and 575 nm (Figure 2b). Continuous variation analysis
also indicated the formation of a 1:2 host–guest complex
between 2(PZn)2PFB and DPyP (2(PZn)2PFB·2DPyP); the first
and second association constants for DPyP to 2(PZn)2PFB were
estimated to be (3.5� 0.3) � 105

m
�1 and (8.8� 0.4) � 104

m
�1,

respectively.

1H NMR studies were conducted to collect further
information on the structures of each host–guest complex
(Figure 3). Unfortunately, the 1H NMR spectrum of 8PZnPFB

was significantly broadened upon addition of TPyP, indicating
that the conformational fluctuations are slow on the NMR
timescale due to the tight binding of TPyP to 8PZnPFB and
their high molecular weight. Although all 8PZnPFB peaks were
broadened by the addition of TPyP, the pyrrolic proton
signals in TPyP were still assignable: upon formation of the
host–guest complex, the pyrrolic proton signals were shifted
strongly upfield from �2.9 to �5.2 ppm. This is because the
pyrrolic protons in the axial ligand TPyP are allocated onto
the PZn wings where they experience a strong shielding effect
due to the influence of the ring current of the p electrons in
PZn. Similar changes were observed in the 1H NMR spectra of
the complex formation of 2(PZn)2PFB and DPyP, but the
change in the chemical shifts was relatively small because only
two PZn are able to bind simultaneously to a DPyP guest
molecule. Unlike 8PZnPFB, 2(PZn)2PFB exhibited sharp
1H NMR peak patterns and clear changes upon complex
formation with DPyP, implying a fast conformational fluctu-
ation of the host–guest complex due to weak binding as well
as structural flexibility. Upon guest binding, all DPyP peaks
exhibited strong upfield shifts, whereas the peaks originating
from 2(PZn)2PFB were slightly downfield-shifted. Such spectral
changes are good evidence for the formation of the proposed
host–guest complex structures as expected from the energy-
minimized molecular models calculated using MM2 force
field (Figure 4).

Considering our previous findings that 8PZnPFB formed
a stable host–guest complex with TPyP, we have investigated
the photophysical behaviors of 8PZnPFB and 8PZnPFB·2TPyP.
We have reported previously[1e] that the existence of a large
number of PZn wings in 8PZnPFB facilitates excellent energy
transfer from PZn to the focal PFB through cooperative
interactions, the efficiency of which was estimated to be
94%. Evidence of this efficient energy migration process is
found in the fluorescence emission spectrum of 8PZnPFB,
which reveals a striking resemblance to that of a PFB (Fig-
ure S1 in the Supporting Information). The fluorescence
decay profiles (Figure 5 a and Table S1) upon photoexcitation
of the Soret bands (417 nm) reveal the picoscond timescale of
this process, in which a fast decay component with a time
constant of approximately 50 ps was observed when moni-

Figure 2. UV/Vis spectroscopic titration of a) TPyP to 8PZnPFB and
b) DPyP to 2(PZn)2PFB. Inset: binding isotherms of each titration.

Figure 3. 1H NMR spectra of dendrimers and host–guest complexes.
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tored at 600 nm (the fluorescence region of a PZn wing) and
a corresponding rise was seen at 720 nm (the fluorescence
region of a PFB). The long-lived residuals with small ampli-
tudes (1.3 and 7.8 ns) can be assigned to the fluorescence
lifetimes from the PZn and PFB units, respectively.

The fluorescence emission of 8PZnPFB·2TPyP was also
investigated to gain insight into the efficient energy transfer
process. Interestingly, the emission intensity of 8PZnPFB was
significantly reduced by the formation of 8PZnPFB·2TPyP,

which is likely due to a photoinduced electron transfer (PET)
process.[8] Time-resolved fluorescence observations also
showed an appreciable decrease in the fluorescence lifetimes
of 8PZnPFB·2TPyP along with a much faster (� 20 ps) decay
component than in the case of 8PZnPFB. In order to shed light
on the ultrafast dynamics responsible for the rigorous
fluorescence quenching of 8PZnPFB·2TPyP we also measured
the femtosecond transient absorption (TA) of 8PZnPFB and
8PZnPFB·2TPyP. As shown in Figure 5 b, the TA spectra of
8PZnPFB exhibited three different lifetime components (5 ps,
50 ps, and long residual) at the probe wavelength of 625 nm.
Of these three, we assign the major 50 ps component to the
energy transfer dynamics from PZn to the focal PFB, and the
5 ps component to the singlet–singlet annihilation process of
multiple PZn excitons formed by excitation with high-density
photons. Analysis of the TA spectra also provides evidence
for the energy transfer process from the peripheral PZn wings

to the PFB core, in which a negative peak at 640 nm,
assignable to the 0–1 stimulated emission (SE) signal of
PZn, gradually shifted to 655 nm, ascribable to the 0–0
SE band of the focal PFB. In contrast, the TA spectra of
8PZnPFB·2TPyP exhibited completely different shapes.
As shown in Figure 5 c, 8PZnPFB·2TPyP exhibits
a broad excited-state absorption (ESA) from 600 to
750 nm, which clearly matches the cationic radical
bands of diphenyl-substituted PZn found in literatur-
e.[8a,e] Under careful observation, an ultrafast compo-
nent (2 ps) followed by a long residual of 650 ps was
observed when this region was directly probed. More-
over, the initial TA spectra exhibit the SE signal of PZn

at 645 nm, which disappeared within 2 ps, indicating
that the singlet excitation state of PZn immediately
transforms into cation radicals through an ultrafast
PET process. Therefore, we can assign the former 2 ps
lifetime component to the formation time of the CS
state and the latter 650 ps lifetime to the corresponding
charge recombination time.

The PET process from PZn to TPyP can be
explained by the electronic density changes of both
PZn and TPyP due to the axial coordination of pyridyl
groups in TPyP to PZn.

[9] Sauvage et al. demonstrated
the PET process from PZn to TPyP in a similar system,
which occurs by the formation of a 1:2 complex
between TPyP and oblique PZn dimers with a rigid
bridge.[9a] The coordination of pyridyl groups in TPyP
to the oblique PZn dimers resulted predominantly in
photoinduced energy transfer from PZn to TPyP,
followed by a HOMO–HOMO electron transfer to
form the CS state, which is one possible reason for the
rather slow formation of the CS state (� 160 ps). In

contrast, only 2 ps were needed to form the CS state in
8PZnPFB·2TPyP, possibly due to the flexible nature of 8PZnPFB

and its ability to induce very tight and close binding of PZn to
TPyP. The excited electron in PZn migrates directly to the
closely contacted, electron-deficient TPyP within an ultrafast
timescale.

As reported in our previous paper,[1e] 94 % of the
excitation energy in 8PZnPFB was emitted from the PFB core,
and the remaining 6 % was emitted from PZn wings due to the

Figure 4. Energy-minimized molecular models for the host–guest com-
plexes 8PZnPFB·2TPyP (left) and 2(PZn)2PFB·2DPyP (right) calculated by
using MM2 force field. blue, N; red, O; black, C; white, H.

Figure 5. a) Fluorescence decay profiles of 8PZnPFB (left) and 8PZnPFB·2TPyP
(right) at the indicated wavelengths. Transient absorption spectra and the
kinetic traces of b) 8PZnPFB and c) 8PZnPFB·2TPyP with the pump wavelength of
540 nm.
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efficient energy transfer. The emission at 600 nm, originating
from PZn, completely vanished after the formation of
8PZnPFB·2TPyP, which indicates that the total excitation
energy of PZn should migrate to the PFB core or TPyP through
either energy or electron transfer processes. The emissions
originating from the PFB core at 650 and 720 nm were also
greatly reduced by the formation of 8PZnPFB·2TPyP ; only 7%
of the emission remained after complete formation of
8PZnPFB·2TPyP, implying a considerable decrease in the
contribution from the energy transfer process from PZn to the
focal PFB. Assuming that the remaining 7% of emission from
the PFB originates fully from the energy transfer from PZn, it is
the rest (93%) of the excitation energy of PZn that remains
and is able to contribute to the PET process. However,
because the weak emission from 8PZnPFB·2TPyP at 650 and
720 nm eventually includes the result of the direct excitation
of the focal PFB and TPyP, the actual efficiency of PET from
PZn to TPyP would be much greater than 93%. We can
therefore conclude that the efficient energy transfer process
from PZn wings to the PFB core in 8PZnPFB is switched almost
exclusively to the PET process by coordination of TPyP to
8PZnPFB.

In summary, the efficient energy transfer process in
8PZnPFB switches to an ultrafast photoinduced electron trans-
fer process to induce a long-lived CS state by the formation of
a host–guest complex with TPyP. It is noteworthy that the CS
state is induced by a non-covalent assembly of the same
porphyrin units, which strongly mimics LHC1 in purple
photosynthetic bacteria. Therefore, 8PZnPFB can be consid-
ered as a novel biomimetic model which can serve both
functions of LHC1 and LHC2 in a switchable manner through
the binding of TPyP.
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