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Abstract

The excitation energy hopping (EEH) in a dodecameric porphyrin box (TB2) prepared by self-assembly of fourmeso–meso linked zinc(II) tri-
porphyrin (T2)s is explored by picosecond fluorescence and femtosecond transient absorption (TA) spectroscopy. The exciton–exciton annihilation
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nd anisotropy depolarization observed in both fluorescence and TA provide a consistent EEH rate, i.e. 300± 20 ps−1, assuming F̈orster energ
opping among fourT2 units inTB2. The observed energy hopping time 300± 20 ps−1 is slower than the previous 98± 3 ps−1 of B2 (an octameri
orphyrin box), even though the size of hopping unit is larger inTB2.
2005 Elsevier B.V. All rights reserved.

eywords: Self-assembled porphyrin array; Exciton coupling; Excitation energy hopping (EEH); Transient absorption anisotropy (TAA); Exciton–excitoihi-
ation; Coupling energy matrix

. Introduction

The mimicry of natural light harvesting complexes has con-
inuously been attempted by various types of porphyrin or
elated pigment arrays with the goal of applying these arrays
o artificial light harvesting apparatus and molecular photonic
evices[1–9]. In view of synthesis, covalent approach encoun-

ers with various difficulties as the array becomes complicate.
n contrast, supramolecular chemistry using a strategy of non-
ovalent self-assembly has recently been a judicious choice to
repare multi-porphyrin arrays[10]. The coordination between
inc(II) porphyrin and pyridine is particularly useful, because
f its easy manipulation, relatively large association, and favor-
ble tendency not to deteriorate the excited-state photophysics
f constitiuent porphyrin moiety[11]. Interesting examples
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so far reported include oligomeric conjugated porphyrin
ders developed by Anderson et al. that exhibit very l
two-photon absorption cross-section[12], energy and electro
transfer assemblies reported by Hunter et al.[13], and gian
porphyrin arrays and large porphyrin wheels as a mod
light harvesting antenna reported by Kobuke et al., wher
imidazoyl substituent is used instead of a pyridyl substit
[14].

In the present study, we have prepared a three-dimens
dodecameric porphyrin box (TB2) with an aid of self-assemb
of pyridine-appended-orthogonally-linked zinc(II) triporphy
(T2)s (Scheme 1). FourT2 molecules assemble intoTB2 in non-
coordinating CHCl3 by means of axial coordination betwe
zinc(II) central metal ions ofT2 and peripheral pyridyl unit
of another neighboringT2. The structure ofTB2 was previ-
ously characterized by1H NMR, GPC (gel permeation chr
matography), and absorption/fluorescence spectroscopy,
TB2 revealed a large association constant (at least 1024 M−3)
that was estimated by the concentration dependence o
absorption/fluorescence spectra[15]. The molecular compo
nents ofTB2 are quite attractive in view of mutual perpendicu
alifornia at Santa Barbara, Santa Barbara, CA 93106, United States. geometry. Because the porphyrin units are strongly coupled
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Scheme 1. Structures ofT2 andTB2. R = 3,5-dioctyloxyphenyl.

mainly through Coulombic interaction but not�-conjugated,
TB2 would be a good candidate for three-dimensional light-
harvesting antenna.

Here, we report the excitation energy hopping (EEH) occur-
ring inTB2, which is clarified by time-resolved fluorescence and
transient absorption (TA) spectroscopy. While the steady-state
absorption/fluorescence measurements provide relevant infor-
mation about excitonic dipole coupling among the porphyrin
units, the time-resolved spectroscopic measurements can quan-
tify the EEH rate. The anisotropy depolarization observed in
both time-resolved fluorescence and TA is useful, because the
initial localization of excitations in weakly coupled multichro-
mophores leads to fast anisotropy depolarization as the exci-
tation energy is transferred. In addition, the exciton–exciton
annihilation which can be observed in both time-resolved flu-
orescence and TA is also well associated with the EEH rate,
because this process is conceived as an incoherent energy hop-
ping from the excited donor to the proximal excited acceptor
[9,14,15]. With the aids of these two observables, we are able to
quantify the EEH rate overTB2. Throughout the measurement,
T2 dissolved in strongly coordinating pyridine has been used as
reference forTB2 dissolved in CHCl3, to elucidate the unique
property ofTB2.

2. Experimental section
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temperature. The excitation anisotropy spectra were obtained by
changing the fluorescence detection polarization either parallel
or perpendicular to the polarization of the excitation light. The
excitation anisotropy spectra then were calculated[6,15]. The
fluorescence quantum-yields were obtained in comparison with
ΦF = 0.03 of zinc(II) tetraphenylporphyrin in toluene at room
temperature.

2.2. Fluorescence and fluorescence-anisotropy decays

A picosecond time-correlated single photon counting
(TCSPC) system was used for the fluorescence and fluorescence
anisotropy decay measurements[9,14,15]. Especially, the exci-
tation power dependence on the fluorescence decay was explored
in this study, by adjusting the excitation laser fluence with an
aid of variable neutral-density filter. In the measurement, the slit
width in front of monochromator and photomultiplier tube were
fixed to eliminate the geometrical artifacts.

2.3. Transient absorption and transient absorption
anisotropy decay

A dual-beam femtosecond time-resolved transient absorp-
tion spectrometer with an IR-OPA (infra-red optical parametric
amplifier) as pump pulses and white light continuum as probe
p tropy
( ed in
p
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s tion
.1. Steady-state spectra

The samples were prepared in approximately microm
oncentrations in CHCl3 and pyridine, respectively. The s
ents (∼99.9% purity) were purchased from Merck Chem
o. (HPLC grade). Absorption spectra were obtained with a
adzu model 1601 UV spectrophotometer, and steady-sta
rescence and fluorescence excitation spectra were measu
Hitachi model F-2500 fluorescence spectrophotometer at
-
-
by

ulses was employed for TA and transient absorption aniso
TAA) measurements. The system has also been describ
revious reports[9,14,15].

. Results

.1. Construction of T2 and TB2

The synthetic route toT2 was previously reported[15]. The
ummary is as follows. The Ag(I)-promoted coupling reac
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Fig. 1. Steady-state absorption (left) and fluorescence (right) spectra ofT2 in
pyridine andTB2 in CHCl3. The fluorescence spectra were obtained with the
excitation wavelength 420 nm, on which the excitation wavelength dependence
was negligible.

of a pyridyl-appended zinc(II) porphyrin monomer, i.e., zinc(II)
5-(3,5-dioctyloxyphenyl)-15-[4-(4-pyridyl)phenyl]porphyrin
gavemeso–meso coupled diporphyrinD2 and triporphyrinT2
along with higher oligomers. Since the separation of these
oligomers was practically impossible due to serious self-
aggregation, these zinc(II) complexes were once demetallated
to their corresponding free-base porphyrin oligomers, which
were separated over preparative GPC to provide diporphyrin
D2H and triporphyrinT2H in 32 and 14%, respectively. The
free-base triporphyrinT2H was separated into two diastereoiso-
mersT2H-a (fast eluting, 4%) andT2H-b (slow eluting, 10%)
through a silica gel column. Zinc(II) insertion intoT2H-a led to
formation of insoluble and intractable polymeric material, while
T2H-b gave a soluble discrete zinc complex that displayed a
clear1H NMR spectrum. The H� and H� protons in the pyridyl
substituents are observed at 2.82, 3.32, 6.09, and 6.28 ppm
hence suggesting the box formation[15]. These results are
based on the stereochemistry ofT2H. T2H-a andT2H-b have
been assigned respectively asdl-T2H andmeso-T2H isomers.

3.2. Steady-state absorption, fluorescence, and
fluorescence excitation anisotropy

Fig. 1 shows the absorption and fluorescence spectra ofT2
in pyridine andTB2 in CHCl3, respectively. The peak posi-
t
i

linked zinc(II) triporphyrin (Z3).Z3 exhibits two Soret bands[6]
(λmax= 414 and 473 nm in CHCl3) that reflect exciton coupling
among three orthogonally-linked zinc(II) porphyrin monomers,
whereasT2 shows three Soret bands (λmax= 425, 469, and
480 nm), plausibly indicating wide distribution in dihedral angle
between the porphyrin units. The bulky (4-pyridyl)phenyl units
asymmetrically substituted to each porphyrin are likely to per-
turb the orthogonal geometry (90◦ dihedral angle) between
the porphyrin units, resulting in an electronic interaction. This
was indeed confirmed by the examination of a series of per-
manently distorted 1,�-dioxymethylene-strappedmeso–meso
linked zinc(II) diporphyrins with dihedral angle less than 90◦
that led to broad Soret bands including charge transfer bands
[7]. In contrast toT2, TB2 shows two Soret bands that are
well split at 425 and 465 nm, with a smaller splitting energy
than those ofT2 and Z3. The well split Soret bands indi-
cate the rigidification of perpendicular geometry ofTB2 that
is driven by 12 zinc(II)-pyridine cooperative coordinations. The
small Soret band splitting energy attributed to blue shift in the
low-energy Soret band also reflects three-dimensional exciton
coupling scheme among 12 porphyrin units, which encourages
Förster-type incoherent energy hopping overTB2 (vide infra).

The fluorescence spectra indicate the same molecular geome-
tries as described in the absorption spectra. The broad fluo-
rescence spectrum occurring inT2 is interpreted in terms of
wide distribution in the dihedral angle between porphyrin units,
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ions are summarized inTable 1. The absorption spectrum ofT2
s different from that of non-pyridine-appended andmeso–meso

able 1
and maxima in absorption and fluorescence spectra ofT2 andTB2

ample Solvent Absorption (nm)

Soret (high) Soret

2 Pyridine 425 469, 4
B2 CHCl3 425 465

a The excitation wavelength 420 nm was used.
b The fluorescence quantum-yieldΦF was obtained by a relative method

oluene at room temperature.
,

ecause changes in the dihedral angle influence the elec
nteraction between the porphyrin units, resulting in a di
nt spectral character from two split fluorescence band[6]
λmax= 600 and 650 nm in toluene) occurred in zinc(II) p
hyrin monomer. In contrast to the broad fluorescence spe
f T2, the fluorescence spectrum ofTB2 clearly shows vibroni
ands (λmax= 628, 663, 680 and 725 nm), indicating sma
lectronic interaction between the porphyrin units, whic
rought about by fixation of its perpendicular conformation u

he box formation. This characteristic fluorescence spec
s rather concentration independent up to 1.0× 10−8 M, from
hich the association constant ofTB2 has been estimated
e at least 1024 M−3. In terms of fluorescence quantum-yie
B2 shows six times smaller value than that ofT2, exhibiting
dditional deactivation channels in the S1-state (Table 1).

The steady-state fluorescence excitation anisotropy sp
re comparatively measured forT2 and TB2 (Fig. 2). The
olarization anisotropy measurement is informative for the e

ation energy migration, because the energy migration bet
he same molecular units with different orientations crea

Fluorescence (nm)a

Q Q ΦF
b

577, 624, 657 650 0
575, 622, 657 628, 663, 680, 725 0

g zinc(II) tetraphenylporphyrin that had a fluorescence quantum-yield o



I.-W. Hwang et al. / Journal of Photochemistry and Photobiology A: Chemistry 178 (2006) 130–139 133

Fig. 2. Steady-state fluorescence excitation anisotropy spectra ofT2 in pyridine
andTB2 in CHCl3. The spectra were obtained with parallel and perpendicular
orientations between excitation and emission polarizations, at the fixed emission
wavelength 610 nm.

depolarization channel[6,9,14–16]. While T2 andTB2 display
common anisotropy profiles ofmeso–meso linked zinc(II) por-
phyrin array, exhibiting negative anisotropy in the high-energy
Soret band and positive anisotropies in the low-energy Soret and
Q bands[6], the absolute anisotropy value over entire absorption
spectrum becomes smaller inTB2, exhibiting additional depo-
larization channels presumably because of three-dimensional
excitation energy migration overTB2.

3.3. Fluorescence lifetime and fluorescence anisotropy
decay

The time-resolved fluorescence decays are measured forT2
and TB2 (Fig. 3), and their fitted fluorescence lifetimes are

Fig. 3. Time-resolved fluorescence decay profiles of (a)T2 in pyridine and (b)
TB2 in CHCl3, where the excitation wavelength 420 nm and emission wave-
length 650 and 680 nm were used. (c) Excitation power dependent fluorescence
decay profiles ofTB2, of which the excitation wavelength 420 nm and emission
wavelength 650 nm were used. IRF represents the instrument response function
of the TCSPC system.

Table 2
Fitted fluorescence lifetimes and anisotropy decay parameters ofT2 andTB2

Sample Fitted fluorescence lifetime (ns)a Anisotropy decay time (ns)b

τ1 τ2 τ3 Φ1 Φ2

T2 in pyridine 1.70 (100%) 1.52± 0.03 (−0.074± 0.003)
TB2 in CHCl3 0.02 (76%) 0.18 (16%) 1.70 (08%) 7.14± 0.80 (−0.038± 0.003) 0.08± 0.04 (−0.004± 0.002)

The excitation and emission wavelengths were 420 and 650 nm, respectively.
a Using the relationI(t) = A1 exp(−t/τ1) + A2 exp(−t/τ2) + A3 exp(−t/τ3), where(t) is the time-dependent fluorescence intensity,Ai the amplitude (noted in paren-

theses as the normalized percentages i.e. [Ai /(A1 + A2 + A3)] × 100), andτ the fitted decay time; theχ2 value of the fittings was maintained as∼1.0–1.3.
b Using the relationr(t) = r1 exp(−t/Φ1) + r2 exp(−t/Φ2), wherer(t) is the time-dependent fluorescence anisotropy [r(t) = (I‖(t)–GI⊥(t))/(I‖(t) + 2G I⊥(t))], ri the

i cay time.
nitial anisotropy value (noted in parentheses), andΦi the fitted anisotropy de
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Table 3
Fluorescence decay parameters ofTB2 depending on excitation powera

Pump power (�W) Fitted decay times (ps)b

τ1 τ2 τ3

10 20 (72%) 180 (15%) 1700 (13%)
50 20 (76%) 180 (16%) 1700 (08%)

200 20 (77%) 180 (18%) 1700 (05%)

a The excitation and emission wavelengths were 420 and 650 nm, respectively.
b Using the relation I(t) = A1 exp(−t/τ1) + A2 exp(−t/τ2) + A3 exp(−t/τ3),

whereI(t) is the time-dependent fluorescence intensity,Ai the amplitude (noted
in parentheses as the normalized percentage i.e. [Ai /(A1 + A2 + A3)] × 100), and
τ the fitted decay time. Theχ2 values of the fittings were maintained as∼1.0–1.3.

tabulated (Tables 2 and 3). T2 shows a single exponential fluo-
rescence decay profile withτF = 1.7 ns, which is similar to that of
freeZ3 [6]. In contrast,TB2 shows a drastic change in fluores-
cence decay profile (Fig. 2b). The fluorescence exhibits faster
decaying profile with time constants of 20, 180, and 1700 ps
(Tables 2 and 3), of which fast time constants (20 and 180 ps)
are based on the following femtosecond TA measurement with
better time-resolution. In order to clarify three decaying compo-
nents, we examined both emission-wavelength and excitation-
power dependences. As a consequence, the fluorescence decay
is rather dependent upon the excitation power density than the
emission wavelength, in which the faster decaying components
(20 and 180 ps) do increasingly contribute to the decay profile
as the excitation power increases (Fig. 2c andTable 3). This
result implies that the observed three decaying components do
not come from multiple fluorescent states but from other deac-
tivation channels in the S1-state of porphyrin. According to our
previous report[15] regarding the octameric zinc(II) porphyrin
boxes (Bn), the pump-power dependence (0.2–1.0 mW) on tran-
sient absorption decay was indicative of exciton–exciton annihi-
lation, because the intense excitation or high density of photons
generates two or more excitons in one assembling unit, then
the recombination between the excitons led to fast deactivation
channels. Undoubtedly, the fast fluorescence decaying compo-
nents occurred inTB2 are due to exciton–exciton annihilation
between the porphyrin units, because of similar architectures.
A with
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Fig. 4. Time-resolved fluorescence anisotropy decay profiles ofT2 in pyridine
and TB2 in CHCl3. The insets show the decay profiles with better time-
resolutions. The excitation wavelength 420 nm and emission wavelength 650 nm
were used.

anisotropy[6]. Because this energy hopping proceeds on the
timescale of <200 fs (fourth part of Ref.[6]) it cannot be probed
by the TCSPC system. With lower time-resolution in the TCSPC
system, we can observe the time constants of rotational diffusion
motions ofT2 (1.52 ns) andTB2 (7.14 ns) (Fig. 4andTable 2).
With highest time-resolution in the TCSPC system, we can also
observe a fast anisotropy rising component (∼80 ps) inTB2 that
does not occur inT2 (Fig. 4, insets). This fast rising fluorescence
anisotropy indicates the presence of additional depolarization
channel reflecting fast excitation energy migration overTB2.

3.4. Femtosecond transient absorption (TA) and transient
absorption anisotropy (TAA)

With much better time resolution of femtosecond TA, we
were able to clarify the fast excitation energy migration over
TB2. Both TA including pump-power dependence and tran-
sient absorption anisotropy (TAA) decays ofTB2 are presented
(Fig. 5), where theQ band excitation (λpump= 570 nm) was
employed to avoid the involvement of S2–S1 relaxation[17].
The TA and TAA decays ofT2 are also given as reference
(Fig. 5, insets).T2 reveals slow TA decay in agreement with
the S1-state decay (1.7 ns) found in the TCSPC measurement,
and concomitantly does not show any anisotropy decay pro-
files in the time region of hundreds of picoseconds. On the
n interest is that the exciton–exciton annihilation occurs
uch lower excitation power densities (10–200�W), compared
ith the octamericBn boxes.Bn does not show such faster fl
rescence decay profile with a similar excitation power de
∼100�W) [15]. The increased number of chromophores
nit cell is likely to afford a benefit to the exciton–exciton an
ilation of TB2.

The fluorescence anisotropy decays are measured fT2
nd TB2, where the excitation of high-energy Soret b
λex = 420 nm) was employed (Fig. 4). The fitted decay param
ers are tabulated inTable 2. The fluorescence anisotropy dec
onsistently revealed negative amplitudes in agreement
he negative anisotropies at the high-energy Soret bands
teady-state excitation anisotropy spectra (Fig. 2). The exci-
ation of the high-energy Soret band is known to induce
ncoherent energy hopping within ameso–meso linked zinc(II)
riporphyrin (Z3), which gives rise to a negative fluoresce
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Fig. 5. (a) Transient absorption decay profiles ofTB2 that include pump power
dependence. (b) Transient absorption anisotropy decay profiles ofTB2; the
transient absorption decays for parallel and perpendicular orientations between
pump and probe polarizations are included, and the fitted decay parameters
are inserted. The transient absorption and transient absorption anisotropy decay
profiles ofT2 are inserted in the right of each panel. In the experiments, the
pump and probe wavelengths are consistently 570 and 510 nm, which are theQ
band pump and induced absorption probe.

other hand,TB2 shows relatively fast TA decays along with an
anisotropy rise in the same time region, also in agreement with
the fluorescence decay measurements in the TCSPC system.
The exponential fittings for the TA decays were performed with
three decaying components (20, 180, and 1700 ps), in which
the slowest time constant (1700 ps) was based on the TCSPC
measurement (Table 4). The TA decay is negligibly dependent
upon the pump-power (0.2–1.0 mW), which is plausibly under-
stood in terms of pump power saturation to the exciton–exciton
annihilation ofTB2, because of higher excitation powers. In
spite of negligible pump power dependence,Fig. 5indicates that
the exciton–exciton annihilation is due to the exciton–exciton
recombination betweenmeso–meso linked zinc(II) triporphyrins
rather than zinc(II) porphyrin monomers, because this pro-
cess does not occur inT2. The TAA decay ofTB2 is fitted
with one rising component (81 ps), consistent with the fluores-
cence anisotropy rising time (80 ps) in the TCSPC measuremen
(Fig. 5b, inset). Here we note that the TAA shows a single
exponential rising component (∼80 ps), even though the TA of
TB2 reveals the two exciton–exciton annihilation components
(20 and 180 ps). The discrepancy between the exciton–excito

Table 4
Transient absorption decay parameters forT2 andTB2a

Pump power (mW) Fitted decay times (ps)b

τ1 τ2 τ3

T2 in pyridine
1.0 1700 (100%)
0.5 1700 (100%)
0.2 1700 (100%)

TB2 in CHCl3
1.0 20 (62%) 180 (28%) 1700 (10%)
0.5 20 (58%) 180 (29%) 1700 (13%)
0.2 20 (64%) 180 (30%) 1700 (6%)

a The pump and probe wavelengths are 570 and 510 nm, respectively.
b Using the relation�OD(t) = A1 exp(−t/τ1) + A2 exp(−t/τ2) + A3 exp(−t/τ3),

where�OD(t) is the transient absorption intensity,A the amplitude (noted in
parentheses as the normalized percentage i.e. [Ai /(A1 + A2 + A3)] × 100), andτ
the fitted decay time.

annihilation and the anisotropy depolarization, however, has
often been found in other multi-chromophoric systems such as
LH1 and LH2 systems[18]. In multi-chromophoric system, nei-
ther exciton–exciton annihilation nor anisotropy depolarization
time is directly ascribed to the excitation energy hopping time,
because they do not occur in simple donor–acceptor pair. The
energy hopping time can only be theoretically obtained by mod-
eling the process (vide infra).

4. Discussion

Similar to other freemeso–meso linked zinc(II) triporphyrin
(Z3)s,T2 shows split Soret bands due to exciton coupling. The
Soret band of zinc(II) porphyrin monomer has two perpendic-
ular transition dipole moments;Bx andBy that are degenerate
in a simple monomer (Scheme 2, left). In ameso–meso linked
zinc(II) triporphyrin, however, parallel threeBzs couple effec-
tively, whereas other dipole interactions should be virtually zero
because of an averaged perpendicular conformation (Scheme 2,
middle). The Soret bands ofT2 consequently are split into a red-
shiftedBz component and unperturbedBx andBy components.

It is interesting to note that the boxTB2 exhibits a smaller
Soret band splitting energy than those ofT2 andZ3. We inter-
pret this result in terms of three-dimensional exciton coupling
scheme as described below. Even though the Soret band splitting
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f T2 is explained by simple excitonic dipole coupling betw
inc(II) porphyrin monomers[6], more complicated Soret ba
plittings are expected inTB2, because various dipole–dipo
xcitonic interactions are possible among 12 mutually per
icular porphyrin units (Scheme 2, right). As a result of 2
ossible exciton coupling states ofTB2, split Soret bands a
learly observable (Fig. 1 andTable 1). The low-energy Sore
tate indicates excitonic dipole–dipole interaction among 12
llel transition dipole moments along thez-axis, whereas th
igh-energy Soret state implies excitonic dipole–dipole inte

ion among six parallel transition dipole moments along thx-
r y-axis. In order to calculate the band splitting energy ofTB2

n comparison with that ofT2, we attempt to diagonalize t
atrix whose elements are the coupling energies (Vij). In TB2,
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Scheme 2. Exciton coupling in porphyrin monomer,meso–meso linked triporphyrin, and dodecameric porphyrin box.

assuming that the dipoles in thez-axis among three porphyrin
monomer units in the constituent porphyrin trimer for the box
formation are strongly interacting to form one coherently cou-
pled state, we can obtain four possible coupling energies among
them (Scheme 2) [19].

The dipole coupling energy,Vij, can be calculated as[20]:

Vij = 5.04f 2
L | �µ| �µij|κij

εopR
3
TS

(1)

whereεop is the dielectric constant at optical frequencies,fL
the Lorentz local field correction factor,fL = (εop + 2)/3, andκij

the orientation factor[21] of the two dipoles| �µi| and| �µj|, and
RTS the through-space center-to-center distance. In this equa-
tion, the coupling energy is expressed in cm−1, the transition
dipoles in Debye and the distance in nm. Then,Vij can be
expressed in the form of 4× 4 matrix:

Vij =




0 168 59 168

168 0 168 59

59 168 0 168

168 59 168 0


 (2)

wherei, j = 1, 2, 3, 4.
Theεop is 9.1 for CH2Cl2 at room temperature, and the orien-

tation factorκij is 1. Upon the diagonalization of the interacting
matrix, the resulting four excitonic coupled energy states com-
p alue
− n-
s ndin
t ansi

tion dipole, only the upper excitonic state�E = 395 cm−1 due
to the coupling of theBz dipoles is optically accessible, show-
ing the blue shift of low-energy Soret band with respect to the
initial position of non-interacting low-energy Soret band. The
other three eigenvalues indicate dark states, that is, the vector
summation of interacting dipoles are equal to 0, and their exci-
tonic states cannot be populated upon absorption of light. As
a result, according to the B band splitting energy of monomer
(2400 cm−1) in Table 1, that of TB2 can be calculated to be
�E = 2005 cm−1 (2005 = 2400–395 cm−1), which is in a good
agreement with the experimental values,�E = 2000 cm−1 [22].

The exciton–exciton annihilation that depends upon laser
power has provided rich information about the excitation energy
migrations within the natural light-harvesting antenna of LH1
and LH2, in which the exciton–exciton annihilation was under-
stood in terms of formation of a doubly excited state as a
consequence of F̈orster-type incoherent energy transfer upon
the absorption of more than two photons in a single molec-
ular entity. The doubly excited state thus formed quickly
relaxes to the singly excited state[17,18]. Consequently, the
observed exciton–exciton annihilation is a direct evidence of the
Förster-type incoherent energy hopping among many orthog-
onally associated zinc(II) triporphyrins ofTB2. It is note-
worthy that the two fast annihilation components (τ1 = 20 ps
and τ2 = 180 ps) are observed inTB2. However, it is usually
known that the energy hopping process is a migration-limited
p slow-
e the
F cture
[

ared to noninteracting case are obtained as four eigenv
277,−59,−59, 395 cm−1. As the magnitudes of all four tra

ition dipoles are the same and the eigenvectors correspo
o the eigenvalues are the relative contribution for each tr
s;

g
-

rocess rather than a trapping-limited process, and the
st exciton–exciton annihilation component can describe
örster-type incoherent energy hopping over entire archite

17,18].
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We have examined the excitation energy migration ofTB2
using the exciton–exciton annihilation and anisotropy depolar-
ization. Here we quantify the energy hopping time with these two
observables. The description of the exciton–exciton annihilation
and anisotropy depolarization has been well developed for LH1
and LH2 that have cyclic multi-porphyrin architectures[17,18].
In LH1 and LH2, an explicit F̈orster-type incoherent energy hop-
ping model has been constructed assuming a migration-limited
character of exciton–exciton annihilation, and a random walk
formalism of anisotropy. In this context, the analytical depo-
larization and exciton–exciton annihilation times are connected
with the excitation energy hopping time by the following equa-
tions[17],

τdepolarization= τhopping

4(1− cos2(2π/N))
= τhopping

4(1− cos2 α)
(3)

τannihilation= N2 − 1

24
τhopping (4)

whereN is the number of hopping sites andα the angle between
adjacent transition dipoles. The number of hopping sitesN is
defined byNm/L, whereNm is the number of molecules andL
the exciton coherence length of the array[18]. Theτannihilation
value in Eq.(4) is also defined as the slowest exciton–exciton
annihilation time that reflects a migration-limited character of
the exciton[23]. Eq. (3) is understood by considering that the
d ates
t ired
f Eq
( the
m long
t this
r

ow-
e ng
u e
t h
t c(II)
p
e n-
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a oles
s -
s ropy
a g
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a
r
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m
a g
α

τ y
h the
a t
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(τ2 = 180 ps) listed inTable 3. It is interesting that the two dif-
ferent observables, exciton–exciton annihilation and anisotropy
depolarization, result in a consistent excitation energy hop-
ping time with a small error (300± 20 ps). The excitation
energy migration overTB2 consequently is well described by
the F̈orster-type incoherent energy hopping model, plausibly
because of their rigid and well-defined perpendicaulr orienta-
tions. Another interest is thatTB2 reveals slower energy hop-
ping time (300± 20 ps) than the previous 98± 3 ps ofB2 (an
octameric porphyrin box), even though they have the same inter-
coordination distance (14̊A) between the hopping units (di- or
tri-porphyrin). This observation indicates that the energy hop-
ping time becomes slower as the size of hopping unit increases
from two to three zinc(II) porphyrins. The energy hopping time
consequently reflects intra-energy equilibrium process within
the hopping site, which is slower in longer zinc(II) triporphyrin.
From a viewpoint of light harvesting, more choromopores per
unit cell, however, have a benefit in terms of light absorbing
ability. Consequently, two counteracting properties, i.e., the hop-
ping time and the size of hopping unit should be in an effective
ensemble to give the highest light harvesting efficiency, such as
diporphyrin hopping unit in the natural LH2 antennae.

5. Conclusions

One of the key requirements for molecular design of pho-
t rac-
t ronic
i ergy
t cult
i y and
a rast to
s a sys-
t
l ric
p m-
p of
m on
o pling
a and
u ands
o ns
a
a g the
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m mall
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c ergy
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a e and
f ation
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t e
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epolarization is complete when the transition dipole migr
hrough 90◦ and by considering how many hops are requ
or this rotation to be accomplished. On the other hand,
4) assumes that the exciton–exciton annihilation reflects
igration limited exciton–exciton recombination process a

he whole cyclic array and how many hops are required for
ecombination to be accomplished.

TB2 has 12 mutually perpendicular porphyrin units, h
ver, the number of hopping sites isN = 4, because the hoppi
nits are fourmeso–meso linked zinc(II) triporphyrins that hav

he exciton coherence length ofL = 3, respectively. Althoug
he exciton coherence length of the orthogonally linked zin
orphyrin array is known to beL = 4–5 in theQ state[6], the
xciton coherence length ofTB2 is L = 3, because of its no
ovalent linkages. In order to describe the random walk o
nisotropy, the orientations of the molecular transition dip
hould be considered. As shown inScheme 2, right, the tran
ition dipoles that are attributable to the change of anisot
re arranged in a square cycle onxy-plane; the energy hoppin
mong the transition dipoles alongz-axis does not change t
nisotropy. Consequently, the anisotropy decay profile ofTB2
eflects the energy hopping process occurring in squarexy-plane
hat consists of mutually perpendicular four transition dip
oments. This consideration makesTB2 a cyclic porphyrin
rray and concomitantly Eqs.(3) and(4) are used. Introducin
= 90◦ andN = 4, the relationsτhopping= 4× τdepolarizationand

hopping= 1.6× τannihilation are obtained forTB2. The energ
opping time accordingly is calculated to be 324 ps with
nisotropy rise time (81 ps) given inFig. 5. In a differen
pproach, the energy hopping time is also estimated t
88 ps with the slowest exciton–exciton annihilation compo
.

e
t

osynthetic modules is a precise control of electronic inte
ion between porphyrin-like chromophores, since the elect
nteraction is a key parameter in determining excitation en
ransfer and electron transfer. This control is often very diffi
n noncovalent assemblies, because of low chemical stabilit
mbiguous spatial arrangement. This stands in a sharp cont
trictly arranged chromophore arrays in the natural antenn
ems. Zinc(II) insertion into meso-pyridyl-appendedmeso–meso
inked triporphyrin (T2)s drives the formation of dodecame
orphyrin box (TB2). Interestingly, the box formation is acco
anied by rigidification of the perpendicular conformation
eso–meso linked triporphyrin, leading to very precise fixati
f the spatial arrangement and hence the electronic cou
mong porphyrins, which allow for various steady-state
ltrafast measurements. The high- and low-energy Soret b
f TB2 are indicative of excitonic dipole–dipole interactio
mong six parallel transition dipole moments along thex or y
xis and among 12 parallel transition dipole moments alon
-axis, respectively, which consequently bring about an en
igration over three-dimensional space. The relatively s
olarization anisotropy observed in the steady-state flu
ence excitation spectra reflect the efficient excitation en
igration overTB2. The exciton–exciton annihilation and t
nisotropy rise observed in both time-resolved fluorescenc

emtosecond transient absorption describe well the excit
nergy hopping rate overTB2. Modeling of the energy migra

ion process withinTB2 with N = 4 andL = 3 consistently giv
he excitation energy hopping time of 300± 20 ps among th
eso–meso linked zinc(II) triporphhyrins, which is slower tha

he previous 98± 3 ps ofB2 (an octameric zinc(II) porphyri
ox). After all, the excitation energy migration ofTB2 is well
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described by the F̈orster-type incoherent energy-hopping model,
because of its well-defined perpendicular orientations. In addi-
tion, the energy hopping time reflects intra-energy equilibrium
process within the hopping site, which becomes slower in longer
zinc(II) triporphyrin ofTB2.
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