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Abstract: meso-Pyridine-appended zinc(ll) porphyrins Mn and their meso—meso-linked dimers Dn assemble
spontaneously, in noncoordinating solvents such as CHCls, into tetrameric porphyrin squares Sn and
porphyrin boxes Bn, respectively. Interestingly, formation of Bn from Dn proceeds via homochiral self-
sorting assembly, which has been verified by optical separations of B1 and B2. Optically pure enantiomers
of B1 and B2 display strong Cotton effects in the CD spectra, which reflect the length of the pyridyl arm,
thus providing evidence for the exciton coupling between the noncovalent neighboring porphyrin rings.
Excitation energy migration processes within Bn have been investigated by steady-state and time-resolved
spectroscopic methods in conjunction with polarization anisotropy measurements. Both the pump-power
dependence on the femtosecond transient absorption and the transient absorption anisotropy decay profiles
are directly associated with the excitation energy migration process within the Bn boxes, where the exciton—
exciton annihilation time and the polarization anisotropy rise time are well described in terms of the Forster-
type incoherent energy hopping model by assuming a number of hopping sites of N = 4 and an exciton
coherence length of L = 2. Consequently, the excitation energy hopping rates between the zinc(ll) diporphyrin
units have been estimated for B1 (48 ps)™t, B2 (98 + 3 ps)™%, and B3 (361 & 6 ps)~. Overall, the self-
assembled porphyrin boxes Bn serve as a well-defined three-dimensional model for the light-harvesting
complex.

However, as the size and complexity of these systems grow,
the covalent strategy becomes increasingly inefficient and

Introduction

Currently, much effort has been directed toward unraveling .
the energy transport phenomena occurring in natural light- t€dioUs.
harvesting complexés3 At the same time, the mimicry of Supramolecular chemistry, using a strategy of noncovalent
natural light-harvesting complexes has been continuously at- self-assembly of molecular units, has been developed as a highly
tempted by the covalent synthesis of various types of porphyrin Promising means for the construction of two- or three-
or related pigment arrays with the goal of applying these arrays dimensional architectures that have specific structures, proper-
to artificial light-harvesting systems and molecular photonic
devices*!! The covalent approach has advantages of robust
stability and precise control in the spatial arrangement and
connecting spacer. The judicious choice of a spacer will allow
fine control of electronic interactions between chromophores.
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ties, and function&? Inspired by the noncovalent nature of Chart 1. Structures of D1-D3, DIH—D3H, T2H, and T2
natural photosynthetic systems, the self-assembly approach has
been increasingly attempted in the mimicry of light-harvesting
and charge separation systefiAmong these, the coordination
interaction between zinc(ll) porphyrin and pyridine is particu-
larly useful for its easy manipulation, relatively large association,
and a favorable tendency not to spoil the photo-excited-state
dynamics of porphyring? Interesting examples so far reported
include oligomeric conjugated porphyrin ladders developed by
Anderson et al. that exhibit very large two-photon absorption
cross-sectiof® energy-transfer and electron-transfer assemblies
reported by Hunter et al®and giant porphyrin arrays and large
porphyrin wheels as a model of light-harvesting antenna reported
by Kobuke et al., where an imidazoyl substituent is used instead
of a pyridyl substituent? Spatial control of porphyrinic pigments

is crucial in supramolecular design of artificial photosynthetic D2M=2Zn,n=1
antennae, since it directly leads to control of the electronic D3M=2Zn,n=2
interactions between chromophores. In this respect, a precise N g;: m - :2* ::‘1’
spatial control of porphyrin pigments with ample electronic D3H M = Hz n=2
interactions still remains challenging. For use as light-harvesting

antennae, careful avoidance of energy sink that deactivates the
excited state is another important requirement.

Molecular self-assembly can translate the covalent connectiv-
ity and molecular shape of the components into tertiary structure.
In this context, the molecular component ahase-messlinked
diporphyrint® is quite attractive because of its perpendicular
conformation, which may lead to unique architectures. In
addition, the two porphyrins in the component are strongly
coupled mainly with Coulombic interaction but netconjuga-
tion.1® This encourages the possibility that properly self-
assemblednese-meselinked zinc(ll) porphyrins serve as a
model for light-harvesting antennae.

Here we report self-assembly behaviorsnoésepyridine- meso-T2M=2Zn
appended zinc(ll) porphyrin®l1—M3 and theirmese-mese meso - T2HM = H,
linked dimersD1—-D3 (Chart 1). In noncoordinating solvents,
the monomeric porphyrinM1—M3 assemble into porphyrin
squaresS1—-S3 while the dimeric porphyrin®1—-D3 self-
assemble into three-dimensional porphyrin bd&&s B3 (Chart
2). Self-assembly formation of porphyrin squares has been

D1M=2Zn,n=0

dl-T2M =2Zn
‘N dl-T2HM = H,

Ar = 3,5-dioctyloxyphenyl
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Chart 2. Structures of S1—-S3, B1—B3, and TB22

aOnly structures of R)-isomers are shown fd82 andB3. Ar = 3,5-dioctyloxyphenyl.

B1-B3 are well-defined discrete molecular entities that are respectively, using aldehydésand5 instead of2. Suzuki~
pertinent for the investigations of excitonic interactions and Miyaura coupling of6 and7 with 4-pyridylboronic acid pinacol
excitation energy migration process. Thus, the excitation energy ester 8)22 gave zinc(ll) porphyrindv2 and M3 in 66% and
migration processes withiB1—B3 are comparatively investi-  53% vyields, respectively.

gated, using steady-state absorption and fluorescence measure- The mese-mesolinkage in D1 was previously made by
ments, the time-correlated single-photon counting technique Suzuki-Miyaura coupling of the appropriate partners, since Ag-
(TCSPC), time-resolved fluorescence anisotropy measurements(|)-promoted dimerization oM1 failed to giveD1 under the
and femtosecond transient absorption (TA) and transient absorp-standard coupling conditiort8 This time we found that Ag(l)-
tion anisotropy (TAA) measurements. In the present stly,  promoted coupling reaction dfl1 gaveD1 by refluxing the
molecules dissolved in strongly coordinating pyridine have been reaction mixture for a longer time. The Ag(l)-promoted coupling
taken as a reference of five-coordinated freese-meselinked reaction ofM2 gavemese-mesecoupled diporphyrirD2 and
zinc(ll) diporphyrin, and those dissolved in noncoordinative triporphyrin T2 along with higher oligomers. Since the separa-
CHCl; have been used for the measuremenBrofAs detailed tion of these oligomers was practically impossible due to serious
later, the time-resolved fluorescence anisotropy decays haveself-aggregation, these zinc(ll) complexes were once demeta-
shown relatively slow rotational diffusion times, while the |ated to the corresponding free-base porphyrin oligomers, which
singlet-singlet excitor-exciton annihilation process in TAand  were separated over preparative GPC to provide diporphyrin
the anisotropy decay profile in TAA measurements have D2H and triporphyrinT2H in 32% and 14% yields, respectively.
identified and quantified the fast excitation energy hopping Similarly the Ag(l)-promoted coupling d¥13 gaveD3H in 20%

processes withiB1—-B3. yield. Higher oligomers were formed but not isolated because
Results of their very poor solubility.
Synthesis of Porphyrin Blocks.Synthetic routes tdvil— Construction of Porphyrin Squares and Porphyrin Boxes.

M3 are summarized in Scheme 1. Porphyviat was prepared Construction of porphyrin squai®l from M1 was indicated
from the reaction of 3,5-dioctyloxybenzaldehyd#) (and by the characteristitH NMR spectrum oM1 in CDCl; at [M1]

4-formylpyridine @) with 2,2-dipyrrylmethane §).2* Similarly,
4-bromophenyl-appended and 4-bromobiphenyl-appended por-{23) K& J-W.; Lee, C-HiTetrahedron Lett200q 41, 4609.

- i i (22) Li, W.; Nelson, D. P.; Jensen, M. S.; Hoerrner, R. S.; Cai, D.; Larsen, R.
phyrins 6 and 7 were prepared in 16% and 14% yields, D.; Reider, P. JJ. Org. Chem2002, 67, 5394.
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Scheme 1. Synthesis of M1-M3 into T2H-a led to formation of insoluble and intractable
CgH470, polymeric material, whileT2H-b gave a soluble discrete zinc
CHO + N’:,>—CH0 + @ complex that displayed a cleti! NMR spectrum. The Mand
CaHirO NH HN H# protons in the pyridyl substituents are observed at 2.82, 3.32,
1 2 3 6.09, and 6.28 ppm, hence suggesting the box formation. The
(i) TFA, CH,Cl, o association of thmesei_somer Ieads_ t(_) formatio_n of a discrete
(i) DDQ g7 — box assemblyTB2), while the association of trei-isomer leads
Zn(OAS), CHyCh Q N to an infinite linear array. On th.e basis of this_ consideration,
CgH170 T2H-a andT2H-b have been assigned, respectivelydb$3H

andmeseT3H isomers.

Interestingly, in the GPC analyses with CH@k an eluent,
B1 exhibited a sharp elution band at a distinctly shorter retention
time than that o1H, which indicated the preservation of a
discrete porphyrin box in the HPLC moving phase under highly
diluted conditions. Similarly, the porphyrin box&2 and B3
preserve the tertiary structures in the GPC moving phase. The
GPC eluting behaviors o2, D2, and T2 and their corre-
sponding free-base counterpaM®H, D2H, and meseT2H
are compared (Supporting Information). The retention times of
D2 and T2 are much shorter than those BR2H and mese
T2H, indicating the box formation. On the other hand, the
retention time ofM2 is almost the same as that &f2H,
indicatingM2 exists as a monomer in the GPC moving phase.
The observed retention times reflect the molecular volumes of
these self-assembled entities.

Steady-State Absorption, Fluorescence, and Fluorescence

M1M=2Zn

(i) TFA, CH,Cl,
(i) DDQ

Zn(OAG),, CH,Cly

O\ 2
)
ya
8

Pd(PPhs)s, Cs,CO;,

toluene, DMF Excitation Anisotropy. Figure 1 shows the absorption and
AV fluorescence spectra of (B)l—D3 in pyridine and (bB1—B3
’ in CH.Cl,. The peak positions are summarized in Table 1.
> 3 mM, which revealed large upfield shifts for the pyridyl The absorption spectra Bin are characteristic of fremesoe-

protons. The X-ray crystal structure 8f showed a mutually ~ Meselinked zinc(ll) diporphyrin, exhibiting Soret bands«S
coordinated square structure with nearly perpendicular dihedralS2) that are split due to the exciton coupling between the
angles (89.1and 90.9) between the neighboring porphyrils, ~ POrPhyrin units:*¢23In the D1—D3 series, the Soret bands are
Almost quantitative formations of porphyrin squag®andS3 negligibly changed depending on the molecules, implying that
from M2 andM3 were both indicated by the characteristit themesesubstituted peripheral pyridyl substituents do not affect
NMR spectra in CDGJ (9(H*) = 2.72 ppm and(H?) = 5.97 the exciton coupling _between th_e porphyrin units. The fluores-
ppm for S2andd(H*) = 2.41 ppm and(Hf) = 5.70 ppm for celjce_spectrum dani is b_road Wlth peal_<s at 629 and 667 nm,
S3 (Supporting Information). On the basis of concentration- which is also characteristic of five-coordinated fraese-mese

dependent absorption changes, the association constants ha/é'ked zinc(ll) diporphyrins. The diporphyrin®2 and D3
been estimated to be 1>4 105 for S1, 1.8 x 102 for S2, and display similar broad fluorescence spectra, while the relative
7 x 10 M3 for S3, indicating dependence of the association intensity of the Q(0,0) fluorescence subband at short wavelength

constant on the length of the pyridyl side arm (Supporting increases in_ going _froriDl_to D2 apd D3. As for other free

Information). mese-mesalinked zinc(Il) diporphyrins, the broad fluorescence
Quantitative self-assembly db1 as its tetrameB1 was spectra oD1—D3 are interpreted in terms of a wide distribution

confirmed by'H NMR spectroscopy in CDGland cold spray in the dihedral angle between the two porphyrins, since changes

ionization mass spectroscopy (CSI-M€)0n the basis of the in the dihedral angle influence the electronic interactions
practical concentration independence of its fluorescence spectrapewveem the two porphyrins. .
shape (up to 1.0< 1078 M), the association constant &1 On the other hand, the absorption spectrumBdf (D1
was estimated to be at leastL0?> M~3 in CHCls.1 dissolved in CHCI,) exhibits a split Soret bandlfax = 426
Formation of porphyrin boxeB2 and B3 from D2 and D3 and 448 nm), but its splitting width is much less than that of
was similarly indicated byH NMR spectra in CDGJ (6(H%) free mese-mesalinked zinc(Il) diporphyrins (e.g., the Soret
= 2.78 ppm and(H?) = 6.05 ppm forB2 and6(H%) = 2.79 band ofD1 in pyridine is split at 425 and 460 nm). This feature
ppm' andd(H) = 5.93 ppm. forB3) (Supporting Informati-on) is entirely concentration independent even at very low concen-

Typically, IH NMR spectra 0D3H andD3 (B3) in CDCls show tration, ca. 107 M, which indicates a large association constant,

_3 _ H
the characteristic large upfield shifts for the pyridyl side chain 2t 1east 18t M. In contrast to those of th1—D3 series, the
of D3, supporting the formation of a discrete porphyrin box, Soret bands oBn exhibit a systematic spectral change. While
B3 the high-energy Soret band remains at the same position, the

The free-base triporphyriT2H was separated into two low-energy Soret band shifts to the blue in the ora8r< B2

. - i . o i
dlastere0|somer§72H a (fas’t_ elu“ng’ 4@) and_-ZH b _(SIOW_ (23) Cho, H. S.; Song, N. W.; Kim, Y. H.; Jeoung, S. C.; Hahn, S.; Kim, D,;
eluting, 10%), through a silica gel column. Zinc(ll) insertion Kim, S. K.; Yoshida, N.; Osuka, AJ. Phys. Chem. 2000 104, 3287.
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Table 1. Band Maxima of Absorption and Fluorescence Spectra of Dn and Bn?
absorption (nm) fluorescence (nm)
sample solvent Soret (high)? Soret (low)? AEsoe® Q(1,0) Q(0,0) Q(0,0) Q(0,1) g
D1 pyridine 424.9 (23535) 460.3 (21724) (1811) 567 607 629 667 0.030
D2 pyridine 426.2 (23463) 460.4 (21720) (1743) 568 609 633 668 0.015
D3 pyridine 426.6 (23441) 460.6 (21711) (1730) 568 609 633 668 0.014
B1 CHCl; 426.3 (23457) 447.9 (22328) (1129) 565 606 613 666 0.025
B2 CHCl, 426.3 (23457) 453.5 (22051) (1406) 565 605 614 669 0.005
B3 CHCl, 426.6 (23441) 456.6 (21901) (1540) 566 605 619 669 0.005

a2The band position was determined by the Gaussian band-fitting prédcéakies in parentheses are the absorption positions{cAEsoretindicates
the Soret band splitting energy (ci). ¢ ®; indicates the fluorescence quantum yield measured by excitation at 430 nm.
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Figure 2. Steady-state fluorescence excitation anisotropy spectnof
and Bn. The spectra were obtained using parallel and perpendicular
orientations between excitation and emission polarizations, at a fixed

Figure 1. Steady-state absorption (left) and fluorescence (right) spectra of €mission wavelength of 610 nm.
(a) Dn and (b) Bn. The fluorescence spectra were obtained using an

excitation wavelength of 430 nm, and the excitation wavelength dependencespectra of the boxeB1—B3 are rather concentration indepen-
on the fluorescence spectra was negligible.

dent up to 1.0x 10~8 M, from which the association constants

< B1, resulting in a progressive decrease in the energy have been estimated to be at least*1® 3 These large

difference between the split Soret banadsE{,e) (Figure 1b

association constants have been interpreted in terms of effective

and Table 1). In contrast to the broad fluorescence spectra ofcooperativity, where eight pyridirezinc ion coordinations work

D1-D3, the fluorescence spectrum &1 clearly shows a
vibrational structureAmax = 613 and 666 nm). We interpreted
the fluorescence spectrum BfL in terms of a small electronic
interaction between the two porphyrins in these-meselinked
zinc(ll) diporphyrin component, which is brought about as a
rigidification of its perpendicular conformatiorupon box
formation. In going fromB1 to B2 and B3, the Q(0,0)

fluorescence band is decreasedid and is red-shifted B3,

while the Q(0,1) fluorescence subband 2670 nm is not

changed. In addition, the Stokes shifts are much le8lin

B3 than those inD1—-D3, probably reflecting more rigid

simultaneously. Consistent with these results, the absorption
spectrum ofTB2 exhibits Soret bands at 425.5 and 464.5 nm,
while T2 shows very split Soret bands at 424.5 and 480 nm
(Supporting Information).

The steady-state fluorescence excitation anisotropy spectra
were comparatively measured fod—D3 andB1—B3 (Figure
2). This polarization anisotropy measurement is informative for
the excitation energy migration process, because the energy
migration between the same molecular units with different
orientations provides a depolarization charfielvhile D1—
D3 displayed common anisotropy profiles exhibiting negative

conformations in the former. These characteristic fluorescenceanisotropy in the high-energy Soret band and positive anisotro-
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(a) 200 Table 2. Fitted Fluorescence Lifetimes and Anisotropy Decay
Parameters of Dn and Bn?

100 - anisotropy decay parameters®

fluorescence
sample solvent lifetime 7° (ns) Iy @ (ns)

D1 pyridine 1.70+£0.02 —0.046+ 0.001 1.01+0.24
[ D2 pyridine 1.79£0.01 —0.061+0.001 1.3%+ 0.40
100 - . D3 pyridine 1.83+0.01 —0.053+ 0.003 1.73+0.50
i B1 CHCl» 1.61+£0.02 —0.029+0.001  4.69t0.41
~200 | B2 CHCl, 1.67+0.01 —0.030+£0.001  5.914+0.61

L/\/k B3 CHCl> 1.75£0.02 —0.034+0.002 9.30+0.91
-300

300 350 400 450 500 550 600 650 700 a2 An excitation wavelength of 420 nm was applied to all experiments.
wavelength (nm) The fluorescence lifetimes were obtained by averaging the fitted single

(b) 20 fluorescence lifetimes at several emission wavelendtbising the relation
1(t) = A1 exp(—t/t), wherel(t) is the time-dependent fluorescence intensity,
Athe amplitude, and the fitted fluorescence lifetime. The values of the
fittings were maintained as1.0—1.5. ¢ Using the relatiorr(t) = ro exp(—
t/®), wherer (t) is the time-dependent fluorescence anisotrafy £ (1;(t)
— Glg(t))/(ly(t) + 2GI(t)] and @ the fitted rotational rise time.

w
N

10 T T as revealed by the absorption changes. The pyridine-induced
dissociation process was followed more clearly from the CD
20 - ' N spectral changes, where the Cotton effect was significantly
x/\/\ attenuated, less than one-tenth compared with thosB2of
3000 350 400 450 500 550 600 650 700 Dissociated fraction | exhibited only the negative Cotton effect
vavelength (nm) at the high-energy Soret band (430 nm), and dissociated fraction
o eyt o e o e o colns arll €Xbted th reversed Calton effct (Figure 3b). The CD
shown ;t[t)r)lle bottbm of epach pgnel. The solid line is for the first fraction, spectra _Of optl_cally separateB_ll are similar to those 0Bz, .
and the dotted line is for the second fraction. but the intensity at 450 nm is roughly doubled (Supporting
Information). The CD spectra @1 are also similar to those of
pies in the low-energy Soret and Q baréf®3B1—-B3 showed D2.
distinctly different characteristics. First, the absolute anisotropy  Fjygrescence Lifetime and Fluorescence Anisotropy De-
values over the entire absorption region are small@&alirB3. cay. The time-resolved fluorescence decay®afandBn were
Second, the anisotropy values decreased in the @8er B2 measured (Supporting Information), and their fitted fluorescence
> B1, indicating the efficient excitation energy migration over jifetimes are tabulated in Table 2. The fluorescence decay
the Bn boxes, whose efficiency is enhanced as the size of the pecomes slightly faster in going froBn to Bn, and decreases
porphyrin box decreases. in the ordeiD3 > D2 > D1, as well asB3 > B2 > B1 (see the
Optical Resolution of Chiral Porphyrin Boxes. Owing to 7 values in Table 2). The value, however, did not reflect the
the differentmesearyl substituentsD1—D3 are all chiral, and  energy migration process withiBn, because its time scale
hence, two enantiomers are present in equal abundance in~1.6-1.8 ns) was considerably slow in view of the close

solution, since a free rotation around timese-mesolinkage proximity intermolecular coordination geometry 8. The

is severely prohibited. Accordingly, the porphyrin boxgbs— fluorescence lifetimes come from the differents3ate lifetimes
B3 are chiral and are formed bjnpmochwal self-sorting  of the porphyrin units. The analogous-Sate lifetimes reflect
assemblyf the respectiveR)- and §)-isomers oD1—-D3. To an avoidance of energy sink in tfBn boxes.

prove this, we attempted the optical resolution of the porphyrin The fluorescence anisotropy decays f and Bn were
boxes against their noncovalent assembly nature. Actually the measured, where the excitation of the high-energy Soret band
optical resolution oB1 andB2 has been accomplished with a (Lex = 420 nm) was employed (Supporting Information). The
chiral HPLC setup. BoB2 showed two bands (fractions land  fitted decay parameters are also tabulated in Table 2. The
I) with comparable peak areas when chromatographed with |,orescence anisotropy decay time constad @radually
hexane/CHCl (62/38) as eluent (Supporting Information). The jhcreased in the orddd1 (1.0 ns)< D2 (1.4 ns)< D3 (1.7
two fractions were separated, both of which were found to be ns), jumped to a level of 4.7 ns B, and further increased in
identical to the originalB2 in terms of the absorption and pg» (5.9 ns) andB3 (9.3 ns), reflecting an increasing molecular
fluorescence spectra, while the circular dichroism (CD) spectra yolyme of the box structure in this order. Therefore, the
were perfect mirror images of each other (Figure 3a). B&x  yajues have been interpreted to originate from the rotational
was separated similarly, and the CD spectra were also measuregiffusion motion in solution. The fluorescence anisotropy decays
(Supporting Information). In the case B, fraction | exhibited  consistently revealed negative amplitudes in agreement with the
Cotton effects, negative at 469 nm, positive at 454 nm, and pegative anisotropies at the high-energy Soret bands of the
negative at 435 nm, and fraction Il exhibited reverse Cotton steady-state excitation anisotropy spectra (Figure 2). The
effects at the same positions (Figure 3a). Addition of pyridine aycitation of the high-energy Soret band is known to induce a
to a solution of chiraB2 led to dissociation int®2 fragments coherent energy hopping withinraese-mesalinked zinc(l1)
(24) (@ vatskou, M. M. Koehorst, R. B. M. van Hoek, A Donker, H. diporphyrin, which gives .rise to a negative fluorescence
Schaafsma, T. J.; Gobets, B.; van Stokkum, |.; van Grondelld, Rhys. anisotropy:8¢23 Because this energy hopping proceeds on the
Chem. A2001, 105, 11432. (b) Yatskou, M. M.; Donker, H.; Novikov, E. time scale of<200 fs, it cannot be probed by the TCSPC

G.; Koehorst, R. B. M.; van Hoek, A.; Apanasovich, V. V.; Schaafsma, T. . == .
J.J. Phys. Chem. 2001, 105, 9498. systen? Finally, the fluorescence excitation anisotropy decays
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Figure 5. Transient absorption anisotropy decay profilesBif. The
0.00 . ! . ) , L . transient absorption decays for parallel and perpendicular orientations
0 50 100 150 between pump and probe polarizations are included, and the fitted anisotropy
. decay parameters are listed at the bottom of each panel. The transient
Time (ps) absorption anisotropy decay profiles@h are shown as insets in the upper
Figure 4. Transient absorption decay profiles Bf that include pump- right corner of each panel. The pump and probe wavelengths were 570 and
power dependence. The transient absorption decay profilgs efe shown 490 nm, respectively.

as insets in the upper right corner of each panel. In the experiments, the
pump and probe wavelengths are 570 and 490 nm, which are the Q ba”dperformed using three decay componenmtsi,, andrs), where
excitation and induced absorption probe. . .
the slowest decay componentswere fixed as the values in

revealed the excitation energy migration witldn. The initial the TCSPC measurements (Table 3). The TA decaihatere
ro value of the fluorescence anisotropy decay became smallerinterestingly dependent upon both the pump power and the
in going fromDn (~—0.05) toBn (~—0.03), indicating the molecule. When the pump power was increased, the relative
presence of additional depolarization channel8in contributions of the fast; andt, components were enhanced,

Femtosecond Transient Absorption and Transient Ab- as compared to that af. In addition, bothr; and 7, values
sorption Anisotropy. To investigate the fast excitation energy systematically increased in the ord&t < B2 < B3 (Table 3).
migration processes withiBn, both TA including pump-power  The pump-power dependence on the decay is indicative of an
dependence and TAA decays were measured (Figures 4 andexciton—exciton annihilation process, because the intense
5), where the Q band excitation, i.€sump = 570 nm, was excitation or high density of photons generates two or more
employed to avoid the involvement 0§-SS; relaxation?®> The excitons in one assembly unit, and then the recombination
TA and TAA decays oDn were also measured as references between the excitons gives rise to a fast deactivation préeéss.
(insets of Figures 4 and 5Pn revealed slow TA decays that  Figure 4 indicates that the exciterxciton annihilation process
are in agreement with the-State lifetimes{1.6-1.8 ns) found of Bn is due to the excitorexciton recombination between
in the TCSPC measurements, and concomitantly did not showmese-meselinked zinc(ll) diporphyrins rather than zinc(ll)
any anisotropy decay profiles in the time region of tens of porphyrin monomers, because this process does not occur in
picoseconds (insets of Figures 4 and 5). On the other lHBmd, Dn and becomes slower as the distance betweenmibse-
showed relatively fast TA decays along with anisotropy rises
in the same time region, indicating fast depolarization processes.(26) (a) Trinkunas, G.; Herek, J. L.; Poka, T.; Sundstim, V.; Pullerits, T.
The exponential fittings for the TA decays d@n were Eggékgeérl";géé%%,sgﬂ;41\%?1;', %Tc”r']‘gr‘#_‘agﬁgz-obiquzgggéo(ﬁ)
Mdller, M. G.; Hucke, M.; Reus, M.; Holzwarth, A. Rl. Phys. Chem.

(25) Bradforth, S. E.; Jimenez, R.; van Mourik, F.; van Grondelle, R.; Fleming, 1996 100, 9537. (e) Bfggemann, B.; Herek, J. L.; SundstipV.; Pullerits,
G. R.J. Phys. Chem1995 99, 16179. T.; May, V. J. Phys. Chem. BR001, 105 11391.
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Table 3. Transient Absorption Eecay Parameters for Bn excitation energy hopping between the covalently linked por-
Depending on the Pump Power phyrin monomer units proceeds on this time scal2qo fs)!8c23
pump power fitted decay times? (ps) . .
(mw) o 7 73 Discussion
SampleB1 i ;
10 3 (44%) 30 (40%) 1610 (16%) hOne ofh the ke?j/ lreguwemepts for rrlml;aclular dgs!gn of
05 4 (46%) 30 (24%) 1610 (30%) P otosynthetic mode s is a precise control o e ectronic mterag-
0.2 4 (48%) 30 (14%) 1610 (38%) tion between porphyrin-like chromophores, since the electronic
SampleB2 interaction is a key parameter in determining excitation energy
1.0 9 (42%) 57 (39%) 1670 (19%) transfer and electron transfer. This control is often very difficult
0.5 9 (42%) 60 (29%) 1670 (29%) in noncovalent assemblies, because of low chemical stability
0.2 10 (31%) 59 (22%) 1670 (47%) . . . .
SampleB3 and ambiguous spatial arrangement. This stands in sharp contrast
amp : -
1.0 24 (48%) 230 (47%) 1750 (5%) to strictly arranged chromophore arrays in natural antenna
0.5 25 (37%) 228 (19%) 1750 (44%) systems.
0.2 26 (30%) 228 (16%) 1750 (54%) Zinc(Il) insertion intomesepyridyl-appended porphyrins and

m ridyl- n mesalink iporphyrins driv
aThe pump and probe wavelengths are 570 and 490 nm, respectively. esepyridyl-appendednese-meselinked diporphyrins drives

b Using the relatiomAOD(t) = A; exp(—t/t1) + Ag exp(—t/r) + As exp(— the formation of porphyrin squares and .boxes, .re.sp'ecti\./ely.
t/z3), whereAOD(t) is the transient absorption intensity,the amplitude Interestingly, box formation is accompanied by rigidification
(noted in parentheses as the normalized percentage Al A2+ of the perpendicular conformation ofiese-meselinked di-

100), andr the fitted d time. . . . o .
Ad)] x 100), andr the fitted decay time porphyrin, leading to very precise fixation of the spatial

meselinked zinc(ll) diporphyrins increases in going froBil erangement and hen(?e .the electronic coupling among porphy-
to B2 and B3. rins. While the association constant of porphyrin squame
depends on the length of the pyridyl arms, box formation
proceeds with an exceptionally large association constant
. . . S through simultaneous eight-point cooperative coordination,
(Figure 5, inset). Increasing TAA rising time in the ordir < which is practically not affected by the presence of one or two

B2 =< _BS indi_cates that not energy hopping withinnaese- 1,4-phenylene spaces between the porphyigseposition and
meselinked zinc(ll) diporphyrin but energy transfer between 4-pyridyl group. Owing to the large association constaBts,

neighboringmese-meselinked zinc(ll) diporphyrins is respon- — popave jike a covalently linked single chemical entity in

sible for this anisotropic rise. Here we note that the TAA of 0 dinating solvents, which allows for the various steady-

Bn showed a single-exponential rising componemt,even  giate and ultrafast measurements as well as the optical separation
though the TA of Bn revealed the two excitorexciton of B1 and B2.

annihilation components; and 7,. The discrepancy between
the excitor-exciton annihilation and the anisotropy depolar-
ization, however, has often been found in other multichro-
mophoric systems such as LH1 and LP2in a multichro-
mophoric system, neither excitemxciton annihilation nor
anisotropy depolarization time is directly ascribed to the
excitation energy hopping time, because they do not occur in a

donor-acceptor pair. The energy hopping time can only be nonspecific assembly gives rise to ill-defined oligomers or

theoretically obtained by modeling the process. polymers. The preferential formation Bh may be understood

It is noteworthy thaBn displayed an anisotropy rise in the iy terms of a favorable entropic gain toward other assembly
TAA measurement, which converges+@.1 att = «, whereas processes.

The TAA decays ofBn were fitted using one rising
component, i.e., 12 ps fa1, 25 ps forB2, and 89 ps foB3

The porphyrin boxe881—B3 are formed via a homochiral
self-sorting assembly process BfL—D3, respectively. These
processes are aided by the dynamic nature of pyridine coordina-
tion toward zinc(ll) porphyrin. Among many possible assembly
routes, the homochiral self-sorting process leads to a discrete
box, while the regularly alternate assembly of different enan-
tiomers ofDn leads to a linear infinite polymer network, and

Dn showed constant anisotropy of = r., ~ 0, in the time Similar to other freenese-mesalinked zinc(ll) diporphyrins,
region of tens of picoseconds. Without rotational diffusion pn, display split Soret bands due to exciton coupl#Z3The
motion, themese-meselinked zinc(ll) diporphryin has. ~ Soret band of zinc(ll) porphyrin monomer has two perpendicular

0, because of its rodlike structure, and the zinc(ll) porphyrin ransition dipole momentd, and B,, that are degenerate in a
monomer has., ~ 0.1, because of its disklike structife.  simple monomer (Scheme 2, left). Imese-mesalinked zinc-
Therefore, the TAA rise and. ~ 0.1 of Bn imply that the (1) diporphyrin, however, paralleB, dipole moments couple
excitation energy hopping process amongrtiese-meselinked effectively, whereas other dipole interactions should be virtually
zinc(ll) diporphryins leads to an alteration of molecular zero because of an averaged perpendicular conformation
polarization from dimeric character to monomeric character. (scheme 2, middle). Thus, the Soret band®ofare split into

To investigate the faster depolarization process wifbin a red-shifted B, component and unperturbeBy, and By
andBn, the TAA measurements were performed in the time components. It is known that the dihedral angle is not strictly
region of hundreds of femtoseconds (Supporting Information). fixed at 90 but has a wide distribution of 9@ 20°. This has
The anisotropy decays consistently have decay times26f0 been taken as a cause of the broad Soret bamtesB-meseo
fs. In addition, the decay time becomes shorter in going from linked zinc(Il) diporphyrins. The electronic interaction should
Dn to Bn, as box formation occurs, where a more detailed be a minimum at exactly 90and increase upon a decrease in
description of the decay time is not applicable, because of the the dihedral angle. This was indeed confirmed by the examina-
broad pump pulse~150 fs). According to our previous report tion of a series of permanently distorted3idioxylmethylene-
on the orthogonally linked zinc(ll) porphyrin array, the coherent strappednese-meselinked zinc(I1) diporphyrind’ with dihedral
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Scheme 2. Exciton Coupling in the Monomer, meso—meso-Linked Diporphyrin, and Porphyrin Box
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angles of less than 9@nd was used as a switching excitation-
energy-transfer componefitin this context, it is interesting to
note that the boxeB1—B3 exhibit common features of a small
Soret band splitting and fluorescence spectrum with distinct
vibrational structure, which indicate the attenuation of the
electronic interaction within amese-meselinked zinc(ll)
diporphyrin in comparison to those in nornmaése-meselinked
zinc(ll) diporphyrins. We interpreted this attenuation in terms
of the rigidification of a strictly perpendicular conformation of
mese-meselinked zinc(ll) diporphyrin as a result of simulta-
neous multipoint coordinative interactions.

The CD spectra of optically activiel, B1, D2, andB2 are
quite informative on the orientations and mutual interactions
of the transition dipole moments. The CD spectra of optically
pureD1 andD2 exhibit weak bisignate exciton coupling at the

case of fraction | ofB2, the first Cotton effect at 469 nm is
negative and the second one at 454 nm is positive, thus
indicating a counterclockwise arrangement of the transition
dipole moments involved. Among many complicated exciton
coupling interactions, these strong Cotton effect8afhave
been assigned due to the coupling of coupled dipole moments
(B, + B, with perpendicularly arrange@y or By in the
neighboring diporphyrins in the porphyrin box formed froR)-(

D2. As shown in Scheme 3, the coupled dipole momeBRisH

B) in the diporphyrin unit (Il and IV) can interact strongly
with By(l) and Bx(VIl) and weakly withB,(V) and By(VI) but
cannot interact witlB(1), Bx(Il), BA11), BAV), BAVI), BAVII),
By(VIII), or BL(VIIl) due to the coplanar arrangements. Here it
is noted that the strongest interactions are apparently for the
coupling of B, + By)(lll, IV) with By(l) andBy(VII), and thus,

high-energy Soret band. This Cotton effect can be consideredthe spatial arrangements of these dipole moments are both

to stem from the dipole coupling dByx and By, which are
designated in Scheme 3, left, reflecting differanesearyl
substituents (3,5-dioctyloxyphenyl versus 4-pyridyl or 4-py-
ridylphenyl). The relatively small CD intensity can be related

interpreted to be counterclockwise. This interpretation has been
supported by the CD spectraBi, in which the corresponding
Cotton effects are increased by a factor of 2, siBdehas a
shorter distance between the dipole moments that are responsible

to a small different chiral environment caused by these different for the Cotton effects.

substituents. According to the empirical exciton chirality
methods and related studi#s*°the first eluting isomer with a
negative Cotton effect has been assigned2xn, which has

a counterclockwise arrangement of appended pyridyl substitu-

ents. The Cotton effects are remarkably very enhancegilin
and B2 at both the high- and low-energy Soret bands. In the

(27) (a) Yoshida, N. Osuka, AOrg. Lett. 200Q 2, 2963. (b) Yoshida, N.;
Ishizuka, T.; Osuka, A.; Jeong, D. H.; Cho, H. S.; Kim, D.; Matsuzaki, Y.;
Nogami, A.; Tanaka, KChem—Eur. J. 2003 9, 58.

(28) Shinmori, H.; Ahn, T. K.; Cho, H. S. Kim, D.; Yoshida, N.; Osuka, A.
Angew. Chem., Int. EQ003 42, 2754.

To explain the blue shift in the low-energy Soret band@af
(Figure 1b, left), the following excitonic dipole coupling scheme

(29) (a) Nakanishi, K.; Berova, N. I€ircular Dichroism: Principles and
Applications Nakanish, K., Berova, N., Woody, R. W., Eds.; VCH
Publishers Inc.: New York, 1994; p 361. (b) Mason, SVielecular Optical
Activity and the Chiral Discriminations Cambridge University Press:
Cambridge, 1982. (c) Harada, N.; Nakanishi,ACc. Chem. Re4.972 5,
257.

(30) (a) Kurtan, T.; Nesnas, N.; Li, Y.-Q.; Huang, X.; Nakanishi, K. Berova,
N. J. Am. Chem. So2001 123 5962. (b) Pescitelli, G.; Gabriel, S.; Wang,
Y. K.; Fleischhauer, J.; Woody, R. W.; Berova, NAm. Chem. So2003
125 7613. (c) Borovkov, V. V; Lintuluoto, J. M.; Inoue, Y. Am. Chem.
Soc.2001 123 2979.
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Scheme 3. Structures of (R)-Dn and (R)-Bn?

B <2
it o v <o \Ow Vn

Vil

aIn (R)-Bn, coupled dipole moment8{ + B,) in diporphyrins Il and
IV are coupled withBy in porphyrin |, withBy in porphyrin VII, and weakly
with By in porphyrin V andBy in porphyrin VI.

is introduced. The Soret band splitting in tnese-meselinked
zinc(ll) diporphyrin is explained by simple excitonic dipole
coupling between zinc(ll) porphyrin monomé#&23In the case

of Bn, however, more complicated Soret band splittings are
expected, because various dipotipole excitonic interactions

of LH1 and LH2, in which the excitonexciton annihilation
was understood in terms of formation of a doubly excited state
as a consequence of drster-type incoherent energy-transfer
process upon the absorption of more than two photons in a single
molecular entity. The doubly excited state formed quickly
relaxes to the singly excited st#fe?® Consequently, the
observed excitonexciton annihilation process &n is direct
evidence of the Fster-type incoherent energy hopping process
among many orthogonally associated zinc(ll) diporphyrins. It
is noteworthy that the two fast annihilation componentand
7, are observed iBn, and the contribution of the latter is more
sensitive to the laser power (see the relative amplitudes in Table
3). It is well-known that the energy hopping process is a
migration-limited process rather than a trapping-limited process,
and the slowest exciterexciton annihilation component de-
scribes well the Feter-type incoherent energy hopping process
over a multichromopore systeth26

We have confirmed the excitation energy migration processes
within Bn, using the excitorrexciton annihilation and anisot-
ropy depolarization. Nevertheless, neither annihilation nor

are possible among eight mutually perpendicular porphyrin units depolarization time represents the straightforward energy hop-
(Scheme 2, right). Among sixteen possible exciton coupling ping times. To obtain the energy hopping times, a modeling of
states oBn, only two states are transition-allowed (Supporting energy migration and the simultaneous consideration of two
Information)3! The low-energy Soret state indicates excitonic observables are necessary. The description of the exeiton

dipole—dipole interaction among eight parallel transition dipole exciton annihilation and anisotropy depolarization has been well

moments along the-axis (blue arrows in Scheme 2, right),
whereas the high-energy Soret state implies excitonic dipole
dipole interaction among four parallel transition dipole moments
along thex- or y-axis (red or green arrows in Scheme 2, right).
Using the reported transition dipole strength (29.5 D)*? of
the Soret band of the pyridyl-substituted zinc(ll) porphyrin
monomer (5-(4-pyridyl)triphenylporphyrin) and the porphyrin
center-to-center distances 88 x 10 A3), the excitonic Soret
band splitting energyEsqret0f B1 was calculated to be 1112
cm™1, in good agreement with the experimental splitting value
of 1129 cn1? (Supporting Information§*-33

The blue shift in the low-energy Soret bandRi is due to
H-type dipole coupling between molecule | and molecules IV,
V, and VIII (Scheme 2, right). The H-type dipole coupling,
however, is expected to decrease in going fi®into B2 and
B3, resulting in the small blue shift of the low-energy Soret
band. The excitonic Soret band splitting energidSsqre:0f B2
andB3 were calculated by procedures similar to those used to
calculate AEsqret Of B1, in which the different geometrical
parameters (& 14 x 14 A3 for B2 and 8x 18 x 18 A3 for
B3) give rise toAEsoretvalues of~1635 and~1741 cnr? for
B2 andB3, respectively, which are larger tharl112 cnt? of
B1. The corresponding experimental values are 1406 and 154
cm1, obtained from Table 1. The differences between the

developed for LH1 and LH2, which have cyclic multiporphyrin
structureg32432 In LH1 and LH2, an explicit Fuster-type
incoherent energy hopping model has been constructed assuming
a migration-limited character of exciterexciton annihilation,

and a random walk formalism of anisotropy. In this context,
the analytical depolarization and exciteexciton annihilation
times are connected with the excitation energy hopping time
by the following equationg®

Thopping rhopping

depolarizaion 41 — cod(27/N)) 41— cof o)
N°—1
Tannihilation — Trhopping )

whereN is the number of hopping sites andhe angle between
adjacent transition dipoles (Scheme 4, left). The number of
hopping sitesN is defined byNn/L, whereNy, is the number of
molecules and. the exciton coherence length of the arféy.
The Tanninilation Value in eq 2 is also defined as the slowest
exciton—exciton annihilation time assuming a migration-limited
character of the excitor#.

o Now, we model the excitation energy migration process

within Bn, and simultaneously use the two different observables

calculated values and the experimental ones may be rationalized© estimate the energy hopping times. ‘Breboxes are regarded

in terms of plausible conformational flexibilities in larger
porphyrin boxes.

The excitor-exciton annihilation, which depends on laser
power, has provided rich information about the excitation energy
migration processes within the natural light-harvesting antennae

(31) Hwang, I.-W.; Cho, H. S.; Jeong, D. H.; Kim, D.; Tsuda, A.; Nakamura,
T.; Osuka, A.J. Phys. Chem. B003 107, 9977.

(32) Yatskou, M. M.; Koehorst, R. B. M.; Donker, H.; Schaafsma, D. Phys.
Chem. A2001, 105, 11425.

(33) (a) Kasha, MRadiat. Res1963 20, 55. (b) Kasha, M.; Rawls, H. R;
El-Bayoumi, M. A.Pure Appl. Chem1965 11, 371. (c) Scholes, G. D.;
Ghiggino, K. P.J. Phys. Chem1994 98, 4580.
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as a cyclic multiporphyrin array that consists of four mutually
perpendiculamese-meselinked zinc(ll) diporphyrins. They
have eight mutually perpendicular porphyrin units; however,
the number of hopping sites N = 4, because the hopping
sites are foumese-mesalinked zinc(Il) diporphyrins that have
an exciton coherence length af = 2 (Scheme 4, right).
Although the exciton coherence length of the orthogonally linked
zinc(Il) porphyrin array is known to be ~ 4—5,9218¢Bn has

an exciton coherence length &f = 2, because of their
noncovalent linkages. To describe the random walk of the
anisotropy, the orientations of the molecular transition dipoles
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Scheme 4. Energy Hopping Model of Bn

500

are considered. As shown in Scheme 4, right, the transition
dipoles that are attributable to the change of anisotropy are
arranged in a rectangular cycle on theplane; the energy
hopping process among the transition dipoles alongztheis
does not change the anisotropy. Consequently, the anisotropy
decay profile ofBn reflects the energy hopping process in a
forward (black) or backward (gray) rectangular cycle that
consists of four mutually perpendicular transition dipole mo-
ments. This modeling indicates that the excitation energy
migration process withiBn can directly be described by egs 1
and 2. Introducingt = 90° andN = 4, the relationSnopping= 0
4T depolarizatior@Nd Thopping= 1.6Tanninilationare obtained for th&n ) ) ) .
boxes. As a consequence, the energy hopping times are le+7 2e+7 3e+7 de+7
calculated to be 48, 100, and 356 psBih, B2, andB3 using RY/&S

the anisotropy rise times, i.er, = 12, 25, and 89 ps, given in
Figure 5. In a different approach, the energy hopping times are
estimated to be 48, 96, and 365 ps using the slowest exciton conclusions
exciton annihilation components, i.e;,= 30, 60, and 228 ps,
listed in Table 3. It is noteworthy that the two different
observables, exciterexciton annihilation and anisotropy de-
polarization, result in consistent excitation energy hopping times
within error ranges (48 ps iB1, 98 + 3 ps inB2, and 361+

6 ps inB3). This implies that the excitation energy migration

process withinBn is vyell described by the I-Tfster-type. andB2. The features of exciton coupling withBn have been
incoherent energy hopping model, because of their well-defined revealed by the examinations of the absorption spectBnof

and perpendicular orientations. The calculated energy hoppinganol the CD spectra of the optically puBdL and B2. The
times ofBn are also well expressed as a function of the distance porphyrin boxesBn consist of four regularly arrangedese-
between adjacenmese-meselinked zinc(ll) diporphyrins  mesglinked zinc(ll) diporphyrin subunits, which is favorable
within Bn, i.e., eer 0 Roa® (Figure 6). Finally, using the  for 3 model of light-harvesting antennae. In this regard, we have
modeling, the anisotropy rise profiles Bh that converge to  jnyestigated the excitation energy migration process wigtin
~0.1 can be understood. Although the coherent energy hoppingThe relatively small polarization anisotropy in the steady-state
process within themese-meselinked zinc(ll) diporphyrins  fluorescence excitation spectra and the small initial anisotropy
results inr. ~ 0, the energy migration process over the value in the time-resolved fluorescence anisotropy decay reflect
rectangular cycle on thgy-plane can give rise to., ~ 0.1, the efficient excitation energy hopping processes. Both the
because this process proceeds among the transition dipoles oéxciton—exciton annihilation and the anisotropy rise in femto-
zinc(ll) porphyrin monomers. Similarly, the excitation energy second transient absorption and transient absorption anisotropy
hopping process among the porphyrin monomers within LH1 describe well the different excitation energy hopping rates within
and LH2 results irme, ~ 0.12534.35 Bn. Modeling of the energy migration process wittn with
N = 4 andL = 2 consistently gave excitation energy hopping
(34) Jimenez, R.; Dikshit, S. N.; Bradforth, S. E.; Fleming, GIJRhys. Chem. times of 48, 98+ 3, and 361+ 6 ps among thenese-mese

1996 100 6825. linked zinc(ll) diporphyrins forB1, B2, andB3, respectively.

(35) Chachisvilis, M.; Klan, O.; Pullerits, T.; Sundstno, V. J. Phys. Chem. B R o X .
1997, 101, 7275. These results indicate that the excitation energy migration

Teer (PS)

B2

=

Figure 6. Energy hopping timerker) of Bn as a function oRpab.

In noncoordinating solventyin and Dn assemble to form
their tetrameric assemblieSn and Bn, respectively. The
association constants &n are much larger than those 8h
owing to double eight-point simultaneous coordinative interac-
tions. Bn are formed by a homochiral self-sorting assembly
process, which has been proved by the optical separatiBi of
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processes withirBn are well described by the "Fster-type Time-Resolved Fluorescence Decay picosecond time-resolved
incoherent energy hopping model, because of their well-defined TQSPC system was used for the fluorescgnce decay gnd fluorescence
arrangements and perpendicular orientations. Overall, the por-anisotropy decay measurements (Supporting Information).

. , Transient Absorption and Transient Absorption Anisotropy
phyrin boxesBn are demonstrated to serve as a well-defined . ; .
. . o o . Decay.A dual-beam femtosecond time-resolved transient absorption
light-harvesting model e)(.hlbltlr.]g excitation energy hopping rates spectrometer was employed for TA and TAA measurements (Supporting
that depend on the vertical distance betweenniese-mese Information).
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