
Excitation-Energy Migration in Self-Assembled Cyclic Zinc(ii)–Porphyrin
Arrays: A Close Mimicry of a Natural Light-Harvesting System

In-Wook Hwang,[a] Mira Park,[a] Tae Kyu Ahn,[a] Zin Seok Yoon,[a] Dah Mee Ko,[a]

Dongho Kim,*[a] Fuyuki Ito,[b] Yukihide Ishibashi,[b] Sazzadur R. Khan,[b]

Yutaka Nagasawa,[b] Hiroshi Miyasaka,*[b] Chusaku Ikeda,[c] Ryoichi Takahashi,[c]

Kazuya Ogawa,[c] Akiharu Satake,[c] and Yoshiaki Kobuke*[c]

Introduction

There have been numerous studies on the syntheses of cova-
lently linked porphyrin arrays with a variety of linkers;
these investigations inevitably require elaborate and time-
consuming work.[1–8] The overall structures of porphyrin
arrays hitherto prepared, however, are still remote from
those of natural light-harvesting systems, mainly due to a
lack of fine control of synthetic capabilities. As a supple-
mentary route, a synthetic strategy that utilizes supramolec-
ular chemistry has been envisaged, because it provides ver-
satility in molecular networking in multidimensional space
to increase the efficiency in light harvesting and electronic
communication.[9–15] In this way, it becomes possible to pre-
pare self-assembled porphyrin arrays in circular arrange-
ments,[10d,e] which are closer mimics of light-harvesting com-
plexes 1 and 2 (LH1 and LH2) in nature.[16]

In this context, we have developed cyclic porphyrin arrays
in which five or six slipped cofacial zinc(ii)–diporphyrin
complexes, constructed by the complementary coordination
of imidazolyl to zinc with a stability constant of the order of
1011

m
�1, are connected together through 1,3-phenylene link-

ages (Scheme 1). In a previous communication, we reported
the formation of self-assembled cyclic hexamer and penta-
mer of an imidazolyl-substituted gable porphyrin.[10d] To fur-
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ther increase the stability, the macrocycles were covalently
fixed by olefin metathesis reactions of the coordination
pairs affording the detection of molecular-ion peaks corre-
sponding to 5-mer 5 and 6-mer 6 in MALDI-TOF mass
measurements (Scheme 1).[17] The fixation is further expect-
ed to be useful for the photophysical measurements without
scrambling even in coordinating solvent such as pyridine,[9]

which generally dissociates the coordination to reduce the
macrocycles into the monomeric units. Besides the circular
arrangement, complexes 5 and 6 are especially well suited as
models for LH1 and B850 in the LH2, because the close
slipped cofacial dimeric arrangements along with regular
separations are similar to the overall structures.[16–18]

As a model for LH1 and LH2 complexes, it is indispens-
able to understand interchromophoric interactions, such as
exciton coupling and energy migration processes.[6g,9b,9c] To
reveal the excitation-energy-hopping (EEH) phenomena oc-

curring in 5 and 6, the polariza-
tion changes between the
ground and excited states have
been examined by means of
fluorescence anisotropy and
femtosecond transient absorp-
tion anisotropy (TAA). While
the nanosecond time-resolved
fluorescence anisotropy pro-
vides relevant information on
the rotational diffusion motion
of molecules in solution, femto-
second TAA measurements
give direct evidence about the
EEH, because the initial locali-
zation of the excitations in
weakly coupled multichromo-
phores gives rise to a rapid
change in depolarization as the
excitation energy is transferred.
The observed exciton–exciton
annihilation process is also as-
sociated with the EEH, because
this process can be considered
as an incoherent energy-hop-
ping process from the excited
donor to the proximal excited
acceptor.[6g,9c] Based on both
anisotropy depolarization and
exciton–exciton annihilation
processes, we were able to
quantify the EEH times for the
cyclic arrays 5 and 6.

Results

Construction of cyclic porphy-
rin arrays 5 and 6 : The synthet-
ic procedures for the prepara-

tion of the samples were previously reported.[17] The imida-
zolyl-substituted gable porphyrin 4 with allyloxypropyl sub-
stituents at the meso-positions was synthesized from 5-(3-
formylphenyl)-15-imidazolylporphyrin, which was synthe-
sized by the reaction of N-methylimidazole-2-carbaldehyde
(1 equiv), allyloxypropyldipyrromethane (2 equiv), and mo-
noprotected isophtalaldehyde (1 equiv) with CF3CO2H
(TFA, 3 equiv) followed by chloranil oxidation. The isola-
tion was performed by SiO2 column chromatography and re-
cycling GPC-HPLC to afford pure freebase 4 in 17 % yield.
GPC analysis of the mixture obtained after zinc insertion
showed a broad molecular weight distribution. The self-as-
sembled arrays were dissociated to smaller oligomers by dis-
solving in CHCl3/methanol [first in 5 mm of CHCl3/metha-
nol=7:3 (v/v) and then further diluted by adding methanol
to make a 3.5 mm solution of CHCl3/methanol= 1:1 (v/v)],
and then the solvent was evaporated slowly at 25�1 8C.

Scheme 1. Molecular structures of cofacially linked zinc(ii)–diporphyrin 1, 1,3-phenylene-linked zinc(ii)–dipor-
phyrin 2, 1,3-phenylene-linked zinc(ii)–tetraporphyrin 3, 1,3-phenylene-linked freebase diporphyrin 4, and 1,3-
phenylene-linked cyclic zinc(ii)–pophyrin arrays 5 and 6.
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This reorganization process under high dilution conditions
allowed the selective formation of 5-mer and 6-mer. After
reorganization the mixture was subjected to the metathesis
reaction by Grubbs catalyst to afford covalently linked
cyclic 5-mer 5 and 6-mer 6 as evidenced by MALDI-TOF
mass measurements. Scheme 1 illustrates the structures of
these compounds along with reference porphyrins employed
in our measurements.

Steady-state absorption, fluorescence, and fluorescence exci-
tation anisotropy : Figure 1 shows the absorption and fluo-

rescence spectra of two reference zinc(ii)–diporphyrins (1, 2)
and the two cyclic zinc(ii)–porphyrin arrays 5 and 6 ; to pre-
vent self assembly complex 2 was dissolved in pyridine[9] to
give pyridine-coordinated 2, whereas the others complexes
were dissolved in toluene. The peak positions are summar-
ized in Table 1. The absorption spectra of 5 and 6 are char-
acteristic of cofacially self-assembled zinc(ii)–diporphyrin 1,
exhibiting the Soret bands (S0–S2) that are split due to exci-
tonic dipole–dipole coupling[10d,17, 19] between zinc(ii)–por-
phyrin monomers. In 5 and 6, the splitting in the Soret
bands is larger than that of 1 and a new band appears at
425 nm, indicating additional dipole couplings between units
of 1 through the 1,3-phenylene linkage, as also seen in the
splitting in the Soret bands of 2 and 3 (see the Supporting

Information). These exciton couplings consequently indicate
Fçrster-type incoherent energy-hopping processes within
and between units of 1. The splitting of 6 (2119 cm�1) is
slightly larger than that of 5 (2019 cm�1), indicating relative-
ly larger exciton interactions in the case of 6. The Soret
bands of 5 and 6 show negligible differences on changing
the solvent, implying that pyridine cannot disturb the robust
cyclic structures of 5 and 6, which are formed by zinc(ii)–
imidazole coordination and the ring-closing metathesis reac-
tion with an olefinic alkyl chain (Figure 1, inset). The fluo-
rescence spectra of 5 and 6 exhibit two peaks at 627 and
682 nm, which are also similar to those found for 1. Thus
the absorption and fluorescence spectra of 5 and 6 are
mainly determined by electronic interaction between two
zinc(ii)–porphyrin monomers within the units of 1.

The steady-state fluorescence excitation anisotropy spec-
tra monitored at 625 nm are displayed for complexes 1 and
2, and arrrays 5 and 6 (Figure 2). The fluorescence excita-
tion anisotropy measurement gives information about the
angle difference between absorption and emission dipoles as
well as the EEH process.[9c,19] Complexes 1 and 2 display the
profiles exhibiting slightly negative anisotropy in the high-
energy Soret band and positive anisotropies in the low-
energy Soret and Q bands. The negative anisotropy in the
high-energy Soret band indicates EEH process occurring be-
tween zinc(ii)–porphyrin monomers of 1 and 2, with respect
to the positive anisotropy[20] in the entire Soret band of
zinc(ii)–porphyrin monomer. Arrays 5 and 6 exhibit larger
negative anisotropies in the high-energy Soret band and
smaller positive anisotropies in the low-energy Soret and Q
bands, accordingly indicating efficient EEHs within and be-
tween units of 1. The excitation energy transfer between the
same molecular units with different orientations generally
gives rise to smaller fluorescence excitation anisotropy, re-
sulting in new depolarization channels.[9c]

Fluorescence lifetime and fluorescence anisotropy decay :
The time-resolved fluorescence decays of 1, 2, 5, and 6 were
measured (see the Supporting Information), and their fitted
fluorescence lifetimes are listed in Table 2. The fluorescence
decay profiles exhibit single exponential decays, and their
lifetimes are all similar, except for a slightly shorter fluores-
cence lifetime for 2. These results indicate that the excited
S1 states are also governed by the electronic state formed by
the cofacial interactions within units of 1. In addition, the
long S1 state lifetimes reflect an avoidance of energy-sinks
in 5 and 6, which is an important requirement in the EEH

process.
The fluorescence anisotropy

decay profiles of 1, 2, 5, and 6
were also measured (see the
Supporting Information), for
which the excitation of the
high-energy Soret band, that is,
lex = 410 nm, was employed.
The fitted decay parameters are
listed again in Table 2. The

Figure 1. Steady-state absorption and fluorescence spectra of 1, 2, 5, and
6 recorded in toluene except for 2, which was recorded in pyridine. Inset
compares the absorption spectra of 5 measured in toluene and pyridine.
The fluorescence spectra were obtained with the 410 nm excitation, for
which the excitation wavelength dependence was negligible.

Table 1. Band maxima in absorption and fluorescence spectra of samples 1, 2, 5, and 6.[a]

Absorption [nm] Fluorescence [nm][c]

Soret (high)[b] Soret (low) Q(1,0) Q(0,0) Q(0,0) Q(0,1)

1 414 439 554, 566, 574 619 626 684
2 426 442 567 613 621 672
5 410(s), 425(w) 447 555, 567, 575 621 626.5 682
6 410(s), 425(w) 449 555, 567, 575 622 627 682

[a] The solvents used were pyridine for 2 and toluene for the others. [b] The nomenclature s and w in paren-
theses indicates strong and weak. [c] An excitation wavelength of 410 nm was used.
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fluorescence anisotropy decay times are associated with the
molecular volumes, indicating that the anisotropy decay
originates from the molecular rotational diffusion motion in
solution (see the Supporting Information). The fluorescence
anisotropy decay time significantly increases in the forma-
tion of 5 and 6, reflecting much increased molecular vol-
umes relative to their constituent unit of 1. In addition, com-
plex 2 has a relatively slow rotational diffusion time in the
strongly coordinating and viscous solvent pyridine. As listed
in Table 2, the fluorescence anisotropy decays consistently
revealing negative amplitudes, in agreement with the nega-
tive anisotropies in the high-energy Soret bands of the
steady-state fluorescence excitation anisotropy spectra
(Figure 2).

Femtosecond transient absorp-
tion and transient absorption
anisotropy: To explore the fast
excitation-energy migrations in
5 and 6, both femtosecond tran-
sient absorption (TA), which in-
cludes pump-power dependence
and transient absorption aniso-
tropy (TAA) decays, were mea-
sured (Figures 4 and 5). The Q-
band excitation, that is, lpump =

575 nm, was employed to avoid
an involvement of S2!S1 relax-
ation in the porphyrin. The TA
and TAA decays of 1 and 2
were also measured as referen-
ces (Figures 3 and 4a inset). It
should be noted that 1 and 2
reveal no power dependence on
the TA decay profile, with only
slow decay components that are
in agreement with the slow S1

state lifetimes found in the
TCSPC (time-correlated single-
photon counting) measure-
ments, that is, 2.33 and 1.82 ns
for 1 and 2, respectively
(Table 3). In contrast, 1 and 2
show relatively fast anisotropy
decay profiles in the time
region of a few picoseconds, in-
dicating fast depolarization
channels, presumably due to
the EEH between zinc(ii)–por-
phyrin monomers (Figure 3).
While the TAA decay of 1
shows only single decay compo-
nent with a time constant of
~200 fs, that of 2 is fitted with
two decay components, where-
by the fast anisotropy decay
component is similar to that of
1. Because the Bx and By equi-

librium process inside zinc(ii)–porphyrin monomers pro-
ceeds on the timescale of ~200 fs,[21] the fast t1 component
comes from both the dipole equilibrium of the zinc(ii)–por-
phyrin monomer and the EEH between the zinc(ii)–por-
phyrin monomers through the cofacial linkage of 1, while
the slow t2 component results from the EEH between
zinc(ii)–porphyrin monomers through the 1,3-phenylene
linkage of 2. Since the diporphyrin 2 does not have the cofa-
cial unit, only the Bx and By equilibrium process contributes
to the fast decay component. For comparison, the tetrameric
porphyrin 3, which has both the cofacial unit and the 1,3-
phenylene linker, was measured (Figure 3, bottom). In this
case, the decay curve can also be fitted with two compo-
nents of 230 fs and 4.6 ps, which are almost the same as

Figure 2. Steady-state fluorescence excitation anisotropy spectra of 1, 2, 5, and 6 recorded in toluene, except
for 2, which was recorded in pyridine. The polarized excitation spectra (EVV and EVH) were measured at the
emission wavelength 625 nm, and then the anisotropy spectra were calculated.
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those of 2. On the other hand, the rinf value of 0.05 for 3 is
smaller than that of 0.09 for 2, indicating that the Bx–By

equilibrium and the EEHs within and between units of 1 si-
multaneously occur in 3. The details of measurement and
analysis of 3 are described in the Supporting Information.

The TA decays of 5 and 6 are very sensitive to the pump
power. When the pump power is increased, the contribu-
tions of relatively fast t1 and t2 components are enhanced,
with respect to those of slowest t3 ones (Figures 4a, 5a, and
Table 3). The pump-power dependence on the TA decay is a
strong indication of S1–S1 exciton–exciton annihilation, be-
cause the intense excitation or high density of photons may
generate two or more excitons in one cyclic array, then the
recombination between the excitons gives rise to a fast deac-
tivation channel.[22,23] Figures 4a and 5a indicate that the ex-
citon–exciton annihilation of 5 and 6 is due to the exciton–
exciton recombination between units of 1 rather than
zinc(ii)–porphyrin monomers, because this process does not
occur in 1. The exciton–exciton annihilation process implies
a Fçrster-type energy transfer from the excited donor to the
nearest excited acceptor, resulting in a doubly excited ac-
ceptor state, which then quickly relaxes to the singly excited
state.[22, 23]

Arrays 5 and 6 have relatively fast TAA decays in the
time region of a few picoseconds, reflecting the fast depo-
larizations arising from the energy migration (Figures 4c and
5c). It is evident that the rinf value of 0.22 in 1 decreases to
0.07 in 5 and further to 0.02 in 6, reflecting additional depo-
larization channels[20] due to the energy migration along the
entire cyclic arrays. In view of energy-hopping dynamics, the
fast t1 TAA decay of 5 and 6 is due to the depolarization
process inside units of 1, because a similar time constant of
~200 fs was observed in 1. On the other hand, the slow t2

components are responsible for the EEHs through the 1,3-
phenylene linkages of 5 and 6, because the similar time con-
stant of 4.7 ps was observed in 2 (Figures 3, 4c, and 5c). It
should be noted that there is a discrepancy between the

TAA decay times and the exciton–exciton annihilation
times in both 5 and 6. In multichromophore systems, howev-
er, neither exciton–exciton annihilation nor anisotropy de-
polarization time directly represents the EEH time between
the energy-hopping sites, because they do not occur in a
single donor–acceptor pair. The EEH time can only be cal-
culated by simulating the EEH process by using these two
observables simultaneously.

Table 2. Fitted fluorescence lifetimes and anisotropy decay parameters of
samples 1, 2, 5, and 6.[a]

Fitted fluorescence lifetime[b] Anisotropy decay parameters[d]

t [ns][c] r0
[e] F [ns][e]

1 2.33�0.01 (100 %) �0.10�0.01 0.43�0.02
2 1.82�0.02 (100 %) �0.04�0.01 1.72�0.02
5 2.18�0.01 (100 %) �0.13�0.01 2.22�0.02
6 2.19�0.01 (100 %) �0.12�0.01 2.84�0.02

[a] The solvents used were pyridine for 2 and toluene for the others; the
excitation wavelength, 410 nm, was applied to all experiments. [b] The
fluorescence lifetimes of the samples were obtained by averaging the
fitted single fluorescence lifetimes at several emission wavelengths.
[c] Obtained from the relation I(t)= Aexp(�t/t), in which I(t) is the time-
dependent fluorescence intensity, A the amplitude (noted in parentheses
as the percentage), and t the fitted fluorescence lifetime; the c2 values of
the fittings were maintained as 1.0–1.3. [d] The fluorescence anisotropy
decays were monitored at lem =625 nm. [e] Obtained from the relation
r(t)= r0 exp(�t/F), in which r(t) is the time-dependent fluorescence aniso-
tropy [r(t)= (Ik(t)�GI?(t))/(Ik(t)+2GI?(t)], r0 the initial anisotropy
value, and F the fitted anisotropy decay time.

Figure 3. Transient absorption anisotropy decay profiles of 1 in toluene, 2
in pyridine, and 3 in dimethylformamide (DMF), in which the polarized
transient absorption decays for parallel (VV) and perpendicular (HV)
orientations between pump and probe beams are included in each panel.
Insets show the deconvolution fitted anisotropy decay parameters with a
train of 150 fs pump pulse. The pump and probe wavelengths are 575 and
490 nm, which are the Q-band pump and induced-absorption probe, re-
spectively.
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Discussion

Excitonic dipole–dipole interaction : The absorption spectra
of 5 and 6 can be qualitatively explained in terms of exciton
coupling theory.[24] The Soret band of the porphyrin has two
perpendicular transition dipole moments By and Bz that are
degenerate. In the cofacial zinc(ii)–diporpyrin 1, two transi-
tion dipole moments By are coupled as a J-aggregate to give
rise to the red-shifted Soret band, and Bz are coupled as an
H-aggregate to give rise to the blue-shifted Soret band, re-
spectively (Scheme 2, left). In addition, the Soret band is
further split through the 1,3-phenylene linkage of 5 and 6.
The dipole moments of 5 and 6 consist of the dipole mo-
ments parallel (By) and perpendicular (Bz) to the long axis
of the cyclic arrays. These dipole moments are coupled in a
similar manner to that of 1. For the By components, the in-
phase arrangement of transition dipoles is attractive and
leads to a lowering of energy, and the out-of-phase arrange-
ment of transition dipoles is repulsive and causes an in-
crease in energy (Scheme 2, right). In contrast, for the Bz

components, the in-phase arrangement of transition dipoles
is repulsive and leads to an increase in energy, whereas the
dipole–dipole interaction between out-of-phase arrange-
ments should be cancelled (Scheme 2, right). The Soret
band splitting of 6 is larger than that of 5 by 100 cm�1, indi-
cating that the exciton interaction in 6 is slightly larger than
that in 5.

EEH time through 1,3-phenylene linkage of 2 and 3 : The
EEH process of 2 and 3 is reversible between porphyrin
units, which is conceived as a simple equilibrium as shown
in Equation (1) in which P represents the porphyrin unit, k1

Table 3. Transient absorption decay parameters for samples 1, 2, 5, and
6.[a]

Fitted decay times [ps][b]

Pump power
[mW]

t1 t2 t3

1 1.0 2330 (100 %)
0.5 2330 (100 %)
0.2 2330 (100 %)

2 1.0 1820 (100 %)
0.5 1820 (100 %)
0.2 1820 (100 %)

5 1.0 1.33 (23 %) 8.30 (22 %) 2180 (55 %)
0.5 1.15 (18 %) 8.25 (20 %) 2180 (62 %)
0.2 1.23 (12 %) 8.25 (15 %) 2180 (73 %)

6 1.0 1.50 (29 %) 8.30 (21 %) 2190 (50 %)
0.5 1.50 (20 %) 8.27 (17 %) 2190 (63 %)
0.2 1.50 (20 %) 8.27 (06 %) 2190 (74 %)

[a] The pump and probe wavelengths are 575 and 490 nm, and the sol-
vents used were pyridine for 2 and toluene for the others. [b] Obtained
from the relation DOD(t)=A1 exp(�t/t1)+A2 exp(�t/t2)+A3 exp(�t/t3),
in which DOD(t) is the transient absorption intensity, A the amplitude
(noted in parentheses as the normalized percentage, that is, [Ai/
(A1+A2+A3)] � 100), and t the fitted decay time.

Figure 4. a) Transient absorption decay profiles of 5, which include pump
power dependence, whereby the pump and probe wavelengths are 575
and 490 nm, that is, the Q-band pump and induced-absorption probe
(inset shows the transient absorption decay profiles of 1 that include
pump power dependence). b) Polarized transient absorption decays of 5
for parallel (VV) and perpendicular (VH) orientations between pump
and probe beams. c) Transient absorption anisotropy decay profiles of 5,
for which the pump and probe wavelengths are 575 and 490 nm; the inset
shows the deconvolution fitted anisotropy decay parameters. The solvent
used was toluene.
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and k�1 are forward and reverse reaction rate constants, re-
spectively, which correspond to the EEH times.

P* þ PG
k1

k�1

HPþ P* ð1Þ

Because the EEH time through the 1,3-phenylene linkage
corresponds to the slow t2 TAA decay component, the re-
laxation time of the above Scheme can be defined by Equa-
tion (2)

t2 ¼
1

k1 þ k�1
ð2Þ

From Equation (2), the EEH rate constants through the
1,3-phenylene linkage are determined as 1.06 � 1011 s�1

((9.4 ps)�1) with t2 = 4.7 ps for 2 and 1.09 � 1011 s�1

((9.2 ps)�1) with t2 =4.6 ps for 3.

Excitation-energy migration within 5 and 6 : We have exam-
ined the EEH processes of 5 and 6 by using the exciton–ex-
citon annihilation and anisotropy depolarization. When Fçr-
ster-type energy-transfer model is employed by assuming a
migration-limited character of exciton–exciton annihilation
and a random-walk formalism of anisotropy decay, the EEH
time can be deduced from the analytical depolarization and
exciton–exciton annihilation times through Equations (3)
and (4) in which N is the number of excitation energy hop-
ping sites, a is the angle between the neighboring transition
dipoles, tannihilation is the slowest exciton–exciton annihilation
time, and thopping is the inverse of the nearest neighbor
energy-hopping rate.[22]

tdepolarization ¼
thopping

4ðl�cos2ð2p=NÞÞ ¼
thopping

4ðl�cos2aÞ ð3Þ

tannihilation ¼
N2�l

24
thopping

ð4Þ

Figure 5. a) Transient absorption decay profiles of 6 that include pump
power dependence, for which the pump and probe wavelengths are 575
and 490 nm, that is, the Q-band pump and induced-absorption probe.
b) Polarized transient absorption decays of 6 for parallel (VV) and per-
pendicular (VH) orientations between pump and probe beams. c) Tran-
sient absorption anisotropy decay profiles of 6, for which the pump and
probe wavelengths are 575 and 490 nm; the inset shows the deconvolu-
tion fitted anisotropy decay parameters. The solvent used was toluene.

Scheme 2. Excitonic dipole–dipole coupling within 5 and 6.
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Equation (3) is understood by considering that the depo-
larization is complete when the transition dipole migrates
through 908 and how many hops are required for one cycle
of this rotation. On the other hand, Equation (4) assumes
that the exciton–exciton annihilation reflects the migration-
limited exciton–exciton recombination process along the
cyclic array and how many hops are required for this recom-
bination to be accomplished.

The EEH times within 5 and 6 are calculated by using the
exciton–exciton annihilation and anisotropy decay times,
given in Table 3 and Figures 4 and 5. Because arrays 5 and 6
consist of five and six cofacial zinc(ii)–diporphyrin units of
1, the numbers of hopping sites should be N= 5 and 6, re-
spectively. Introducing N=5 and a =728 to Equations (3)
and (4) results in the thopping =3.62 �tdepolarization and thopping =

tannihilation for 5.[22] Similarly, introducing N= 6 and a =608
leads to thopping =3.00�tdepolarization and thopping =0.686�tannihilation

for 6.[22] As consequence, the EEH times between the adja-
cent cofacial zinc(ii)–diporphyrin units through the 1,3-phen-
ylene linkage are calculated to be 7.6 ps for 5 and 4.9 ps for
6 with the anisotropy decay times of 2.11 and 1.62 ps, given
in Figures 4c and 5c, respectively. In a different approach,
by using the slowest exciton–exciton annihilation decay
times of ~8.3 ps for 5 and 6, as given in Table 3, the EEH
times were evaluated to be 8.3 ps for 5 and 5.7 ps for 6. It is
worth noting that the two different experimental observa-
bles, exciton–exciton annihilation and anisotropy depolariza-
tion, result in consistent EEH times (8.0�0.5 ps and 5.3�
0.6 ps) within small error ranges. The excitation-energy mi-
gration process, thus, is well described by the Fçrster-type
incoherent energy-hopping model, assuming the well-ar-
ranged cyclic systems of 5 and 6.

Interesting is that 5 and 6 have faster EEH times (8.0 and
5.3 ps) than the ~9 ps of linear porphyrin arrays 2 and 3,
and that 6 has a faster EEH time than 5. The accelerated
hopping rate in the cyclic porphyrin arrays is rationalized in
terms of a rigid geometry of 5 and 6, in which the well-ar-
ranged and fixed porphyrin units have an advantage in
dipole–dipole resonance with respect to the porphyrin units
in random motion in the linear complexes 2 and 3. The ac-
celerated hopping rate of 6 relative to that of 5 can be ac-
counted for in terms of different dipole coupling strength
between cofacial zinc(ii)–diporphyrin units observed as a
larger splitting of the Soret band of 6 (2119 cm�1) than that
of 5 (2019 cm�1). Another possible consideration is the tran-
sient orientation or fluctuation caused by twist (or rotation-
al) motions of units of 1 with respect to the m-phenylene
group. Adjacent units of 1 may twist in the opposite direc-
tion to each other, whereby the meso-substituted phenylene
groups in the encountering positions twist against the por-
phyrin plane in reverse direction. In the case of 6, which has
an even number of units of 1, alternating disrotatory motion
between adjacent units allows closer approaches to coplanar
orientation over the molecule to facilitate the delocalization
of excitation and the energy transfer rate of 6. In contrast,
array 5, with an odd number of units of 1, does not permit
the coplanar conformation over the molecule and the deloc-

alization may be limited within dimer, leading to the rela-
tively slow energy-transfer rate similar to 2 and 3. It would
be interesting to consider such a difference in even–odd
number of constituent units in future studies as a working
hypothesis.

Conclusion

We have investigated the excitation-energy migration pro-
cess within two dimensional cyclic porphyrin arrays 5 and 6,
which have been prepared by the intermolecular coordina-
tion and ring-closing metathesis reactions of meso-olefinic
substituents. Both exciton–exciton annihilation and anisotro-
py depolarization describe well the energy migration process
among the cofacially linked zinc(ii)–diporphyrin units of 1 in
5 and 6. Assuming the number of energy-hopping sites is
N=5 and 6, the two different experimental observables con-
sistently give the EEH times of 8.0�0.5 and 5.3�0.6 ps
through the 1,3-phenylene linkages of 5 and 6, respectively.
The obtained EEH times of 5 and 6 are faster than those of
the linear porphyrin arrays 2 or 3, because of a well-ar-
ranged and fixed circular geometry of the pigments. The
faster EEH time of 6 relative to that of 5 is rationalized by
considering the different dipole–dipole coupling strength as
observed in the steady-state absorption spectra, as well as
the differences in transient orientation between 5 and 6 aris-
ing from the even and odd number of cofacial diporphyrin
units in 5 and 6. Overall, the investigation on the excitation-
energy migration process of 5 and 6 affords a well-defined
molecular model for the complicated excitation-energy mi-
gration process occurring in natural light-harvesting systems.

Experimental Section

Steady-state spectra : The samples were prepared in approximately micro-
molar concentrations in toluene or pyridine. All the solvents (~99.9 %
purity) were purchased from Merck Chemical Co. (HPLC grade). Ab-
sorption spectra were obtained with a Shimadzu model 1601 UV spec-
trometer, and steady-state fluorescence and fluorescence excitation spec-
tra were measured by a Hitachi model F-4500 fluorescence spectropho-
tometer at room temperature. Steady-state fluorescence excitation aniso-
tropy spectra were obtained by changing the fluorescence detection po-
larization either parallel or perpendicular to the polarization of the
excitation light. The excitation anisotropy spectra then were calculated
by using Equation (5) in which EVV (or EVH) is the fluorescence excita-
tion spectrum when the excitation light is vertically polarized and only
the vertically (or horizontally) polarized portion of fluorescence is detect-
ed, that is, the first and second subscripts represent excitation and detec-
tion polarization, respectively. The factor G is defined by IVV/IVH, which
is equal to the ratio of the sensitivities of the detection system for verti-
cally and horizontally polarized light.

r ¼ EVV�GEVH

EVV þ 2 GEVH
ð5Þ

Time-resolved fluorescence decay : A picosecond time-resolved time-cor-
related single-photon-counting system was used for the fluorescence
decay and fluorescence anisotropy decay measurements. The system has
been described in previous reports.[6g, 9b,19]
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Femtosecond TA and TAA decay : A dual-beam femtosecond time-re-
solved transient absorption spectrometer that included an IR-OPA (infra-
red optical parametric amplification) pump and white light continuum
probe was employed for TA and TAA measurements. The system has
also been described in previous reports.[6g,9b, 19]
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