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Abstract

The excitation energy hopping (EEH) in a dodecameric porphyrin ®82) prepared by self-assembly of fomeso—meso linked zinc(ll) tri-
porphyrin (T2)s is explored by picosecond fluorescence and femtosecond transient absorption (TA) spectroscopy. The exciton—exciton annihilatiot
and anisotropy depolarization observed in both fluorescence and TA provide a consistent EEH rate;+i20 886, assuming Brster energy
hopping among fouF2 units inTB2. The observed energy hopping time 30Q0 ps! is slower than the previous 983 ps™! of B2 (an octameric
porphyrin box), even though the size of hopping unit is larg&FR2.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction so far reported include oligomeric conjugated porphyrin lad-
ders developed by Anderson et al. that exhibit very large
The mimicry of natural light harvesting complexes has con-two-photon absorption cross-sectifir?], energy and electron
tinuously been attempted by various types of porphyrin otransfer assemblies reported by Hunter et[AB], and giant
related pigment arrays with the goal of applying these arrayporphyrin arrays and large porphyrin wheels as a model of
to artificial light harvesting apparatus and molecular photonidight harvesting antenna reported by Kobuke et al., where an
deviceqd1-9]. In view of synthesis, covalent approach encoun-imidazoyl substituent is used instead of a pyridyl substituent
ters with various difficulties as the array becomes complicate[14].
In contrast, supramolecular chemistry using a strategy of non- In the present study, we have prepared a three-dimensional
covalent self-assembly has recently been a judicious choice @odecameric porphyrin boI'82) with an aid of self-assembly
prepare multi-porphyrin arrayj40]. The coordination between of pyridine-appended-orthogonally-linked zinc(ll) triporphyrin
zinc(ll) porphyrin and pyridine is particularly useful, because(T2)s (Scheme 1 FourT2 molecules assemble infdB2 in non-
of its easy manipulation, relatively large association, and favoreoordinating CHCG by means of axial coordination between
able tendency not to deteriorate the excited-state photophysiezinc(ll) central metal ions o2 and peripheral pyridyl units
of constitiuent porphyrin moiety11]. Interesting examples of another neighborind@2. The structure offB2 was previ-
ously characterized byH NMR, GPC (gel permeation chro-
matography), and absorption/fluorescence spectroscopy, where
TB2 revealed a large association constant (at lea&t MIO'3)
Bt edresses: osuka@kuchem kyoto-u.ac.p (A. Osuka) that was estimated by the concentration dependence on the
dongho@yonsei.aé_kr (D. Kim). ' A ' absorptlon/fluoresgence sp_ec{_faS]_. The molecular compo-
1 Current address: Center for Polymers and Organic Solids, University of’€Nts off B2 are quite attractive in view of mutual perpendicular
California at Santa Barbara, Santa Barbara, CA 93106, United States. geometry. Because the porphyrin units are strongly coupled
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T2 in pyridine TB2 in CHCI,

Scheme 1. Structures @2 andTB2. R = 3,5-dioctyloxyphenyl.

mainly through Coulombic interaction but natconjugated, temperature. The excitation anisotropy spectra were obtained by
TB2 would be a good candidate for three-dimensional light-changing the fluorescence detection polarization either parallel
harvesting antenna. or perpendicular to the polarization of the excitation light. The
Here, we report the excitation energy hopping (EEH) occurexcitation anisotropy spectra then were calculd&d5]. The
ring inTB2, which is clarified by time-resolved fluorescence andfluorescence quantum-yields were obtained in comparison with
transient absorption (TA) spectroscopy. While the steady-statér =0.03 of zinc(ll) tetraphenylporphyrin in toluene at room
absorption/fluorescence measurements provide relevant infalemperature.
mation about excitonic dipole coupling among the porphyrin
units, the time-resolved spectroscopic measurements can quaj,
tify the EEH rate. The anisotropy depolarization observed in
both time-resolved fluorescence and TA is useful, because the p picosecond time-correlated single photon counting

initial localization of excitations in weakly coupled multichro- (TCSPC) system was used for the fluorescence and fluorescence
mqphores Ieads to fast anisotropy c'ie'zpolarization. as the eXChinisotropy decay measuremefgisl4,15] Especially, the exci-
tation energy is transferred. In addition, the exciton—exciton,gion power dependence on the fluorescence decay was explored
annihilation which can be observed in both time-resolved flu, thjs study, by adjusting the excitation laser fluence with an
orescence and TA is also well associated with the EEH rat&yjq of variable neutral-density filter. In the measurement, the slit

because this process is conceived as an incoherent energy hth in front of monochromator and photomultiplier tube were
ping from the excited donor to the proximal excited acceptokiyed to eliminate the geometrical artifacts.

[9,14,15] With the aids of these two observables, we are able to
quantify the EEH rate ovéFB2. Throughout the measurement, ) ) ) )
T2 dissolved in strongly coordinating pyridine has been used a&>: [7@nsient absorption and transient absorption
reference fofB2 dissolved in CHQJ, to elucidate the unique "S017oPY decay

property of TB2.

Fluorescence and fluorescence-anisotropy decays

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
pulses was employed for TA and transient absorption anisotropy
(TAA) measurements. The system has also been described in
previous report§9,14,15]

The samples were prepared in approximately micromolar
concentrations in CHGland pyridine, respectively. The sol- 3. Results
vents ¢~99.9% purity) were purchased from Merck Chemical
Co. (HPLC grade). Absorption spectra were obtained with a Shis.1. Construction of T2 and TB2
madzu model 1601 UV spectrophotometer, and steady-state flu-
orescence and fluorescence excitation spectra were measured byThe synthetic route t@2 was previously reported 5]. The
a Hitachi model F-2500 fluorescence spectrophotometer at roosummary is as follows. The Ag(l)-promoted coupling reaction

2. Experimental section

2.1. Steady-state spectra
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linked zinc(ll) triporphyrin Z3). Z3 exhibits two Soret band6]
(Amax=414 and 473 nm in CH@) that reflect exciton coupling
among three orthogonally-linked zinc(Il) porphyrin monomers,
whereasT2 shows three Soret band&.{zx=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 (9@lihedral angle) between
the porphyrin units, resulting in an electronic interaction. This
was indeed confirmed by the examination of a series of per-
manently distorted #y-dioxymethylene-strappetheso—meso
, , P linked zinc(ll) diporphyrins with dihedral angle less tharf 90
400 500 600 700 800 that led to broad Soret bands including charge transfer bands
Wavelength (nm) [7]. In contrast toT2, TB2 shows two Soret bands that are
Fig. 1. Steady-state absorption (left) and fluorescence (right) spectraiof ~ well split at 425 and 465 nm, with a smaller splitting energy
pyridine andTB2 in CHCls. The fluorescence spectra were obtained with thethan those ofI2 and Z3. The well split Soret bands indi-
excitatioq vyavelength 420 nm, on which the excitation wavelength dependencggte the rigidification of perpendicular geometry B2 that
was negligible. is driven by 12 zinc(1l)-pyridine cooperative coordinations. The
small Soret band splitting energy attributed to blue shift in the
of a pyridyl-appended zinc(ll) porphyrin monomer, i.e., zinc(ll) jow-energy Soret band also reflects three-dimensional exciton
5-(3,5-dioctyloxyphenyl)-15-[4-(4-pyridyl)phenylporphyrin  coupling scheme among 12 porphyrin units, which encourages
gavemeso—meso coupled diporphyrirD2 and triporphyrinT2  Fyrster-type incoherent energy hopping o¥&2 (vide infra).
along with higher oligomers. Since the separation of these The fluorescence spectraindicate the same molecular geome-
oligomers was practically impossible due to serious selftries as described in the absorption spectra. The broad fluo-
aggregation, these zinc(ll) complexes were once demetallatgdscence spectrum occurring 2 is interpreted in terms of
to their corresponding free-base porphyrin oligomers, whickyide distribution in the dihedral angle between porphyrin units,
were separated over preparative GPC to provide diporphyriecause changes in the dihedral angle influence the electronic
D2H and triporphyrinT2H in 32 and 14%, respectively. The interaction between the porphyrin units, resulting in a differ-
free-base triporphyrilf2H was separated into two diastereoiso- ent spectral character from two split fluorescence bd6iis
mersT2H-a (fast eluting, 4%) and’2H-b (slow eluting, 10%)  (;,,.,=600 and 650 nm in toluene) occurred in zinc(ll) por-
through a silica gel column. Zinc(ll) insertion ifk2H-aledto  phyrin monomer. In contrast to the broad fluorescence spectrum
formation of insoluble and intractable polymeric material, while of T2, the fluorescence spectrumBB2 clearly shows vibronic
T2H-b gave a soluble discrete zinc complex that displayed &ands Emax=628, 663, 680 and 725nm), indicating smaller
clear'H NMR spectrum. The Fand H* protons in the pyridyl  electronic interaction between the porphyrin units, which is
substituents are observed at 2.82, 3.32, 6.09, and 6.28 ppirought about by fixation of its perpendicular conformation upon
hence suggesting the box formati¢h5]. These results are the pox formation. This characteristic fluorescence spectrum
based on the stereochemistryk#fH. T2H-a andT2H-b have s rather concentration independent up to 1.00-8 M, from
been assigned respectively@sI'2H andmeso-T2H isomers.  \which the association constant B2 has been estimated to
be at least 1#*M—23. In terms of fluorescence quantum-yield,
3.2. Steady-state absorption, fluorescence, and TB2 shows six times smaller value than thatk#, exhibiting
additional deactivation channels in the-Sate [able J).
The steady-state fluorescence excitation anisotropy spectra
Fig. 1 shows the absorption and fluorescence specti2of are comparatively measured fdi2 and TB2 (Fig. 2). The
in pyridine andTB2 in CHCI3, respectively. The peak posi- polarization anisotropy measurementis informative for the exci-
tions are summarized ifable 1 The absorption spectrum®2  tation energy migration, because the energy migration between
is different from that of non-pyridine-appended améio—meso ~ the same molecular units with different orientations creates a
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;itr)\ﬁ rtaxima in absorption and fluorescence specti2@ndTB2
Sample Solvent Absorption (nm) Fluorescence thm)
Soret (high) Soret (low) 0 0 PP
T2 Pyridine 425 469, 480 577, 624, 657 650 0.06
TB2 CHCI3 425 465 575, 622, 657 628, 663, 680, 725 0.01

a The excitation wavelength 420 nm was used.
b The fluorescence quantum-yielek was obtained by a relative method, using zinc(ll) tetraphenylporphyrin that had a fluorescence quantum-yield of 0.03 in

toluene at room temperature.
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Fig. 2. Steady-state fluorescence excitation anisotropy spedinfpyridine : E’n 1
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depolarization channgb,9,14—16] While T2 andTB2 display 5
common anisotropy profiles afeso—meso linked zinc(ll) por-
phyrin array, exhibiting negative anisotropy in the high-energy = ) . : iy |
Soret band and positive anisotropies in the low-energy Soret and -1 0 1 2 3 4 3 6 7

0 bandd6], the absolute anisotropy value over entire absorption Thme )

spectrum becomes smallerTiB2, exhibiting additional depo- Fig. 3. Time-resolved fluorescence decay profiles ofi@jn pyridine and (b)

larization channels presumab|y because of three-dimension#dB2 in CHCI3, where the excitation wavelength 420 nm and emission wave-
excitation energy migration ovdiB2 length 650 and 680 nm were used. (c) Excitation power dependent fluorescence

decay profiles oTB2, of which the excitation wavelength 420 nm and emission
wavelength 650 nm were used. IRF represents the instrument response function
3.3. Fluorescence lifetime and fluorescence anisotropy of the TCSPC system.

decay

The time-resolved fluorescence decays are measuréi2for
and TB2 (Fig. 3), and their fitted fluorescence lifetimes are

;iizz ﬁuorescence lifetimes and anisotropy decay parametdi afd TB2
Sample Fitted fluorescence lifetime (fis) Anisotropy decay time (n8)
71 72 73 1 7]
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%) 7.140.80 (—0.038+0.003) 0.08t 0.04 (-0.004 0.002)

The excitation and emission wavelengths were 420 and 650 nm, respectively.

@ Using the relatior(r) = A1 exp(—t/t1) + A2 exp(—t/t2) + Az exp(—t/t3), wherel(f) is the time-dependent fluorescence intengitghe amplitude (noted in paren-
theses as the normalized percentagesA;#(41 + A2 +A3)] x 100), andr the fitted decay time; thg? value of the fittings was maintained a4.0-1.3.

b Using the relation(7) = r; exp(—i/®1) + r» exp(—i®,), wherer(z) is the time-dependent fluorescence anisotrofry £ Iy (O-GILO) Uy (1) + 2G 1. (1))], ri the
initial anisotropy value (noted in parentheses), @ndhe fitted anisotropy decay time.
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Table 3 0.2

Fluorescence decay parameterdBR2 depending on excitation power e
T2

0.00

Pump power W) Fitted decay times (p)

-0.05
T1 T2 73 0.1

Anisotropy (r)

=0.10
10 20 (72%) 180 (15%) 1700 (13%)
50 20 (76%) 180 (16%) 1700 (08%)
200 20 (77%) 180 (18%) 1700 (05%)

0.0 0.5 1.0 15
Time (ns)

0.0 F il {10 AR 0 |‘ (1§ Lll.i.i‘llﬂ.\.l_

2 The excitation and emission wavelengths were 420 and 650 nm, respectively. T TR il I
b Using the relation I(r) =Aj exp(—1/t1) + Az exp(—1/t2) + Az exp(—t/t3), i

wherel(7) is the time-dependent fluorescence intengitthe amplitude (noted

in parentheses as the normalized percentagediAf + A + Az)] x 100), and

r the fitted decay time. The? values of the fittings were maintained-a$.0-1.3.

il

0.04 |

-
=l
[

Anistropy (r)

tabulated (ables 2 and 3 T2 shows a single exponential fluo-
rescence decay profile witlk = 1.7 ns, which is similar to that of
freeZ3 [6]. In contrastTB2 shows a drastic change in fluores- 0.1
cence decay profile-{g. 20). The fluorescence exhibits faster

decaying profile with time constants of 20, 180, and 1700 ps
(Tables 2 and B of which fast time constants (20 and 180 ps) J _
are based on the following femtosecond TA measurement with “r T LD | i lﬂﬂ‘"l | \;
better time-resolution. In order to clarify three decaying compo- T Tl ” | ’

nents, we examined both emission-wavelength and excitation-
power dependences. As a consequence, the fluorescence dece -1t
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 Time (ns)

as the excitation power increasddq. 2c andTable 3. This AT ved . d 266 ovrici
; ; ; . 4. Time-resolved fluorescence anisotropy decay profild2ah pyridine
result implies that the observed three decaying components d;(r%gd TB2 in CHCl;. The insets show the decay profiles with better time-

not come from multiple fluorescent states but from other deacr'esolutions. The excitation wavelength 420 nm and emission wavelength 650 nm
tivation channels in thesSstate of porphyrin. According to our were used.
previous reporfl5] regarding the octameric zinc(ll) porphyrin
boxes Bn), the pump-power dependence (0.2-1.0 mW) on trananisotropy[6]. Because this energy hopping proceeds on the
sient absorption decay was indicative of exciton—exciton annihitimescale of <200 fs (fourth part of R¢€]) it cannot be probed
lation, because the intense excitation or high density of photonsy the TCSPC system. With lower time-resolution inthe TCSPC
generates two or more excitons in one assembling unit, theslystem, we can observe the time constants of rotational diffusion
the recombination between the excitons led to fast deactivatiomotions ofT2 (1.52 ns) and’'B2 (7.14 ns) Fig. 4andTable 2.
channels. Undoubtedly, the fast fluorescence decaying compVith highest time-resolution in the TCSPC system, we can also
nents occurred iTB2 are due to exciton—exciton annihilation observe a fast anisotropy rising componer8Q ps) inTB2 that
between the porphyrin units, because of similar architecturesloes not occur T2 (Fig. 4, insets). This fast rising fluorescence
An interest is that the exciton—exciton annihilation occurs withanisotropy indicates the presence of additional depolarization
much lower excitation power densities (10-200/), compared  channel reflecting fast excitation energy migration cUBR.
with the octameri®n boxesBn does not show such faster flu-
orescence decay profile with a similar excitation power density8.4. Femtosecond transient absorption (TA) and transient
(~100pW) [15]. The increased number of chromophores perabsorption anisotropy (TAA)
unit cell is likely to afford a benefit to the exciton—exciton anni-
hilation of TB2. With much better time resolution of femtosecond TA, we
The fluorescence anisotropy decays are measuredZor were able to clarify the fast excitation energy migration over
and TB2, where the excitation of high-energy Soret bandTB2. Both TA including pump-power dependence and tran-
(Lex=420 nm) was employedF{g. 4). The fitted decay parame- sient absorption anisotropy (TAA) decaysk2 are presented
ters are tabulated ifable 2 The fluorescence anisotropy decays(Fig. 5), where theQ band excitation Xpump=570nm) was
consistently revealed negative amplitudes in agreement witemployed to avoid the involvement ob-S5; relaxation[17].
the negative anisotropies at the high-energy Soret bands of tighe TA and TAA decays off2 are also given as reference
steady-state excitation anisotropy specf&@ (2. The exci- (Fig. 5, insets). T2 reveals slow TA decay in agreement with
tation of the high-energy Soret band is known to induce arthe §-state decay (1.7 ns) found in the TCSPC measurement,
incoherent energy hopping withinmeso—meso linked zinc(Il)  and concomitantly does not show any anisotropy decay pro-
triporphyrin (Z3), which gives rise to a negative fluorescencefiles in the time region of hundreds of picoseconds. On the

0.00

-0.04

Anisotropy (r)

-0.08

" L
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Time (ns)




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

135

Table 4
p— Transient absorption decay parametersi2mandTB2?
T2 e 05 mW,
0.02¢ bl SRt Pump power (mW) Fitted decay times (ps)
a
3003t J"”"M T1 2 73
a ) °  LOmW T2 in pyridine
=} % s 05mW L
< oo1r £ Y o ::: E\\: e ﬂ(gl 200 400 600 1.0 1700 (100%)
* Time (ps) 0.5 1700 (100%)
0.2 1700 (100%)
TB2 in CHCl
000k 1.0 20 (62%) 180 (28%) 1700 (10%)
) , , J , 0.5 20 (58%) 180 (29%) 1700 (13%)
0 200 400 600 800 0.2 20 (64%) 180 (30%) 1700 (6%)
P Time (ps) -
@ P 2 The pump and probe wavelengths are 570 and 510 nm, respectively.
b Using the relatiomOD() =A1 exp(—1/T1) + A2 exp(—1lt2) + Az exp(—tlta),
o] 12 — 0.4 where AOD(y) is the transient absorption intensity,the amplitude (noted in
SRS | 3 5 parentheses as the normalized percentagetiAf + Az + Az)] x 100), andr
0.015F . Ben} M £ 403 the fitted decay time.
< 0.0 F
' - do2 e e . L
ootol = T 2 = annihilation and the anisotropy depolarization, however, has
8 loa g often been found in other multi-chromophoric systems such as
< 2 LH1 and LH2 systemgL8]. In multi-chromophoric system, nei-
0.005 T P ther exciton—exciton annihilation nor anisotropy depolarization
time is directly ascribed to the excitation energy hopping time,
0.1 because they do not occur in simple donor—acceptor pair. The
0.000 - ro =~ 0082, ( =814 22 ps, 1, = 0.02 energy hopping time can only be theoretically obtained by mod-
1 L 1 0.2 H H H
. >0 200 eling the process (vide infra).
(b) Time (ps)

. : . , . 4. Discussion
Fig. 5. (a) Transient absorption decay profiled'82 that include pump power

dependence. (b) Transient absorption anisotropy decay profil@B2f the Lo . . . .
transient absorption decays for parallel and perpendicular orientations between Similar to other freeneso—meso linked ch(!l) t”porphy”n
pump and probe polarizations are included, and the fitted decay parametefZ£.3)s, T2 shows split Soret bands due to exciton coupling. The

are inserted. The transient absorption and transient absorption anisotropy dec8nret band of zinc(ll) porphyrin monomer has two perpendic-
profiles of T2 are inserted in the right c_)f each panel. In the experiments, theu|ar transition dipole moments®, and By that are degenerate
pump and probe wavelengths are consistently 570 and 510 nm, which &@e the. . .
band pump and induced absorption probe. ina S|mp_le mono_merSIcheme 2left). In ameso—meso linked
zinc(Il) triporphyrin, however, parallel thre®,s couple effec-
tively, whereas other dipole interactions should be virtually zero
other handTB2 shows relatively fast TA decays along with an because of an averaged perpendicular conformaBoh€me 2
anisotropy rise in the same time region, also in agreement witmiddle). The Soret bands @2 consequently are splitinto a red-
the fluorescence decay measurements in the TCSPC systeshiftedB, component and unperturb®&gd andB, components.
The exponential fittings for the TA decays were performed with It is interesting to note that the baB2 exhibits a smaller
three decaying components (20, 180, and 1700 ps), in whicBoret band splitting energy than thoself andZ3. We inter-
the slowest time constant (1700 ps) was based on the TCSR®et this result in terms of three-dimensional exciton coupling
measurementl@ble 4. The TA decay is negligibly dependent scheme as described below. Even though the Soret band splitting
upon the pump-power (0.2—-1.0 mW), which is plausibly under-of T2 is explained by simple excitonic dipole coupling between
stood in terms of pump power saturation to the exciton—excitorzinc(Il) porphyrin monomergs], more complicated Soret band
annihilation of TB2, because of higher excitation powers. In splittings are expected iliB2, because various dipole—dipole
spite of negligible pump power dependerfeg,. 5indicates that  excitonic interactions are possible among 12 mutually perpen-
the exciton—exciton annihilation is due to the exciton—excitondicular porphyrin units $cheme 2right). As a result of 24
recombination betweeneso—meso linked zinc(ll) triporphyrins  possible exciton coupling states BB2, split Soret bands are
rather than zinc(ll) porphyrin monomers, because this proelearly observableHig. 1 andTable 1. The low-energy Soret
cess does not occur 2. The TAA decay ofTB2 is fitted  stateindicates excitonic dipole—dipole interaction among 12 par-
with one rising component (81 ps), consistent with the fluoresallel transition dipole moments along theaxis, whereas the
cence anisotropy rising time (80 ps) in the TCSPC measuremehigh-energy Soret state implies excitonic dipole—dipole interac-
(Fig. 5, inset). Here we note that the TAA shows a singletion among six parallel transition dipole moments alongxthe
exponential rising component80 ps), even though the TA of or y-axis. In order to calculate the band splitting energ{rB2
TB2 reveals the two exciton—exciton annihilation componentsn comparison with that oT2, we attempt to diagonalize the
(20 and 180 ps). The discrepancy between the exciton—excitamatrix whose elements are the coupling energigs. (In TB2,
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Ground state p
Monomer Trimer DodecamericBox

Scheme 2. Exciton coupling in porphyrin monomeeso—meso linked triporphyrin, and dodecameric porphyrin box.

assuming that the dipoles in theaxis among three porphyrin tion dipole, only the upper excitonic statef =395 cnt! due
monomer units in the constituent porphyrin trimer for the boxto the coupling of theB, dipoles is optically accessible, show-
formation are strongly interacting to form one coherently cou-ing the blue shift of low-energy Soret band with respect to the
pled state, we can obtain four possible coupling energies amorigitial position of non-interacting low-energy Soret band. The
them Scheme 2[19]. other three eigenvalues indicate dark states, that is, the vector
The dipole coupling energy;;, can be calculated §20]: summation of interacting dipoles are equal to 0, and their exci-
20 tonic states cannot be populated upon absorption of light. As
— m 1 a result, according to the B band splitting energy of monomer
80pR?'s (2400 cnTl) in Table 1 that of TB2 can be calculated to be
whereeqy is the dielectric constant at optical frequencijes, AE=2005 C”.Tl (2005 = 2.400_395 crmf), which is in ? good
the Lorentz local field correction factgf, = (eop + 2)/3, andc;; ~ 29reement with the experimental valuad; =2000 cnt* [22].
the orientation factof21] of the two dipolesji;| and|ji,|, and The eXC|t0n_—eXC|t_0n _ann|h|laf[|on that depend_s upon laser
Rrs the through-space center-to-center distance. In this equQ_ower has provided rich information about the excitation energy

tion, the coupling energy is expressed in@mthe transition migrations within the natural light-harvesting antenna of LH1
dipoles in Debye and the distance in nm. Thaf, can be and LH2, in which the exciton—exciton annihilation was under-

ij

expressed in the form of 4 4 matrix: stood in terms Qf formation_ of a doubly excited state as a
consequence of dfster-type incoherent energy transfer upon
0 168 59 16 the absorption of more than two photons in a single molec-
168 0 168 59 ular entity. The doubly excited state thus formed quickly
Vij = 50 168 0O 168 (2 relaxes to the singly excited staf&7,18] Consequently, the

observed exciton—exciton annihilation is a direct evidence of the
Forster-type incoherent energy hopping among many orthog-
wherei, j=1, 2, 3, 4. onally associated zinc(ll) triporphyrins ¢fB2. It is note-

Thesqpis 9.1 for CHCl, at room temperature, and the orien- worthy that the two fast annihilation components €20 ps
tation factor;; is 1. Upon the diagonalization of the interacting and 72 =180 ps) are observed 1fB2. However, it is usually
matrix, the resulting four excitonic coupled energy states comknown that the energy hopping process is a migration-limited
pared to noninteracting case are obtained as four eigenvalugy:ocess rather than a trapping-limited process, and the slow-
—277,—59,-59, 395 cntl. As the magnitudes of all four tran- est exciton—exciton annihilation component can describe the
sition dipoles are the same and the eigenvectors correspondif@rster-type incoherent energy hopping over entire architecture
to the eigenvalues are the relative contribution for each trans{17,18}

168 59 168 O
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We have examined the excitation energy migratioMB2  (r2=180ps) listed inTable 3 It is interesting that the two dif-
using the exciton—exciton annihilation and anisotropy depolarferent observables, exciton—exciton annihilation and anisotropy
ization. Here we quantify the energy hopping time with these twalepolarization, result in a consistent excitation energy hop-
observables. The description of the exciton—exciton annihilatioping time with a small error (30@ 20ps). The excitation
and anisotropy depolarization has been well developed for LHEnergy migration oveT'B2 consequently is well described by
and LH2 that have cyclic multi-porphyrin architectuf@s,18]  the Forster-type incoherent energy hopping model, plausibly
InLH1 and LH2, an explicit Brster-type incoherent energy hop- because of their rigid and well-defined perpendicaulr orienta-
ping model has been constructed assuming a migration-limitetions. Another interest is thdiB2 reveals slower energy hop-
character of exciton—exciton annihilation, and a random wallping time (300t 20 ps) than the previous 983 ps of B2 (an
formalism of anisotropy. In this context, the analytical depo-octameric porphyrin box), even though they have the same inter-
larization and exciton—exciton annihilation times are connectedoordination distance (].51) between the hopping units (di- or
with the excitation energy hopping time by the following equa-tri-porphyrin). This observation indicates that the energy hop-
tions[17], ping time becomes slower as the size of hopping unit increases

from two to three zinc(ll) porphyrins. The energy hopping time

Tdepolarzaton= 7 2‘822"(29 N = 4(;““;'2'3 ) (3)  consequently reflects intra-energy equilibrium process within
- / o o the hopping site, which is slower in longer zinc(ll) triporphyrin.

N2_1 From a viewpoint of light harvesting, more choromopores per

Tannihilation =~ ,— Thopping (4)  unit cell, however, have a benefit in terms of light absorbing

ability. Consequently, two counteracting properties, i.e., the hop-
whereN is the number of hopping sites aadhe angle between ping time and the size of hopping unit should be in an effective
adjacent transition dipoles. The number of hopping s@s  ensemble to give the highest light harvesting efficiency, such as
defined byNy/L, whereNy, is the number of molecules aid  diporphyrin hopping unit in the natural LH2 antennae.
the exciton coherence length of the arfag]. The tanninilation
value in Eq.(4) is also defined as the slowest exciton—exciton5. Conclusions
annihilation time that reflects a migration-limited character of
the exciton[23]. Eq. (3) is understood by considering that the  One of the key requirements for molecular design of pho-
depolarization is complete when the transition dipole migratesosynthetic modules is a precise control of electronic interac-
through 90 and by considering how many hops are requiredtion between porphyrin-like chromophores, since the electronic
for this rotation to be accomplished. On the other hand, Eqinteraction is a key parameter in determining excitation energy
(4) assumes that the exciton—exciton annihilation reflects th&ransfer and electron transfer. This control is often very difficult
migration limited exciton—exciton recombination process alongn noncovalent assemblies, because of low chemical stability and
the whole cyclic array and how many hops are required for thimmbiguous spatial arrangement. This stands in a sharp contrastto
recombination to be accomplished. strictly arranged chromophore arrays in the natural antenna sys-
TB2 has 12 mutually perpendicular porphyrin units, how-tems. Zinc(ll) insertion into meso-pyridyl-appendegko—meso
ever, the number of hopping sitesNs= 4, because the hopping linked triporphyrin [[2)s drives the formation of dodecameric
units are fourneso—meso linked zinc(ll) triporphyrins that have  porphyrin box TB2). Interestingly, the box formation is accom-
the exciton coherence length ff=3, respectively. Although panied by rigidification of the perpendicular conformation of
the exciton coherence length of the orthogonally linked zinc(Il)ymeso—meso linked triporphyrin, leading to very precise fixation
porphyrin array is known to b&=4-5 in theQ state[6], the  of the spatial arrangement and hence the electronic coupling
exciton coherence length @B2 is L= 3, because of its non- among porphyrins, which allow for various steady-state and
covalent linkages. In order to describe the random walk of theiltrafast measurements. The high- and low-energy Soret bands
anisotropy, the orientations of the molecular transition dipoleof TB2 are indicative of excitonic dipole—dipole interactions
should be considered. As shown$theme 2right, the tran- among six parallel transition dipole moments along tta y
sition dipoles that are attributable to the change of anisotropgxis and among 12 parallel transition dipole moments along the
are arranged in a square cyclexnplane; the energy hopping z-axis, respectively, which consequently bring about an energy
among the transition dipoles alongaxis does not change the migration over three-dimensional space. The relatively small
anisotropy. Consequently, the anisotropy decay profilER2 polarization anisotropy observed in the steady-state fluores-
reflects the energy hopping process occurring in squaptane  cence excitation spectra reflect the efficient excitation energy
that consists of mutually perpendicular four transition dipolemigration overTB2. The exciton—exciton annihilation and the
moments. This consideration mak&82 a cyclic porphyrin  anisotropy rise observed in both time-resolved fluorescence and
array and concomitantly Eq€3) and(4) are used. Introducing femtosecond transient absorption describe well the excitation
a=90 and N =4, the relationghopping=4 X TdepolarizationaNd  energy hopping rate ovdfB2. Modeling of the energy migra-
Thopping= 1.6 X Tannihilation are obtained foflB2. The energy tion process withirfB2 with N=4 andL =3 consistently give
hopping time accordingly is calculated to be 324 ps with thethe excitation energy hopping time of 3&®0 ps among the
anisotropy rise time (81ps) given iRig. 5 In a different  meso—meso linked zinc(ll) triporphhyrins, which is slower than
approach, the energy hopping time is also estimated to bhe previous 9& 3 ps of B2 (an octameric zinc(ll) porphyrin
288 ps with the slowest exciton—exciton annihilation componenbox). After all, the excitation energy migration ®B2 is well
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described by thedtster-type incoherent energy-hopping model, [8] A. Tsuda, A. Osuka, Science 293 (2001) 79;

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(Il) triporphyrin of TB2.
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