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C O N S P E C T U S

The importance of photosynthesis has driven researchers to seek ways to mimic its fundamental features in simplified
systems. The absorption of a photon by light-harvesting (antenna) complexes made up of a large number of protein-

embedded pigments initiates photosynthesis. Subsequently the many pigments within the antenna system shuttle that pho-
ton via an efficient excitation energy transfer (EET) until it encounters a reaction center. Since the 1995 discovery of the
circularly arranged chromophoric assemblies in the crystal structure of light-harvesting antenna complex LH2 of purple bac-
teria Rps. Acidophila, many designs of light-harvesting antenna systems have focused on cyclic porphyrin wheels that allow
for efficient EET.

In this Account, we review recent research in our laboratories in the synthesis of covalently and noncovalently linked
discrete cyclic porphyrin arrays as models of the photosynthetic light-harvesting antenna complexes. On the basis of the
silver(I)-promoted oxidative coupling strategy, we have prepared a series of extremely long yet discrete meso-meso-
linked porphyrin arrays and covalently linked large porphyrin rings. We examined the photophysical properties of these
molecules using steady-state absorption, fluorescence, fluorescence lifetime, fluorescence anisotropy decay, and transient
absorption measurements. Both the pump-power dependence on the femtosecond transient absorption and the transient
absorption anisotropy decay profiles are directly related to the EET processes within the porphyrin rings. Within these struc-
tures, the exciton-exciton annihilation time and the polarization anisotropy rise time are well-described in terms of the För-
ster-type incoherent energy hopping model.

In noncoordinating solvents such as CHCl3, meso-pyridine-appended zinc(II) porphyrins and their meso-meso-linked
dimers spontaneously assemble to form tetrameric porphyrin squares and porphyrin boxes, respectively. In the latter case,
we have demonstrated the rigorous homochiral self-sorting process and efficient EET along these cyclic porphyrin arrays.
The meso-cinchomeronimide appended zinc(II) porphyrin forms a cyclic trimer. We have also shown that the correspond-
ing meso-meso-linked diporphyrins undergo high-fidelity self-sorting assembling to form discrete cyclic trimer, tetramer,
and pentamer with large association constants through perfect discrimination of enantiomeric and conformational differ-
ences of the meso-cinchomeronimide substituents. Collectively, these studies of covalently and noncovalently linked dis-
crete cyclic porphyrin arrays aid in the understanding of the structural requirements for such very fast EET in natural light-
harvesting complexes.
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Introduction
The importance of photosynthesis has driven many research-

ers to look for ways to duplicate the fundamental features of

photosynthesis in simplified systems. Photosynthesis is initi-

ated by the absorption of a photon by light-harvesting

(antenna) complexes that usually comprise a large number of

pigments embedded in protein matrixes. This process is fol-

lowed by an efficient excitation energy transfer (EET) over

many pigments within the antenna system until a reaction

center is encountered.

In 1995, the crystal structure of light-harvesting antenna

complex LH2 of purple bacteria Rps. acidophila was elucidated

to be circularly arranged chromophoric assemblies.1 LH2 con-

sists of two wheel-like pigment arrays; B800 with 9 bacterio-

chlorophyll a (Bchl a) and B850 with 9 dimeric subunits

(totally 18 pigments) of Bchl a. Since the advent of this wheel-

like structure, the designs of light-harvesting antenna systems

have been revolutionized to focus on cyclic porphyrin wheels

that allow the efficient EET in a cyclic manner. The large and

shape-persistent structures of such porphyrin wheels have also

evoked different interests in fields of host-guest chemistry,

single molecular photochemistry, and so on. In this account,

we focus on our own recent developments of cyclic porphy-

rin arrays with a particular attention on meso-meso directly

linked arrays. The electronic coupling between the constituent

porphyrin chromophores is a key parameter that controls var-

ious important photophysical functions of porphyrin arrays. In

most cases, porphyrin arrays are not π-conjugated and only

weakly electronically coupled via through-space and through-

bond interactions, while some of these arrays exhibit exci-

tonic interactions depending on their orientation and distance

between the porphyrin units. For example, rigid aromatics-

bridged porphyrin dimers have been shown to be useful for

the tuning of the exciton coupling and the rates of intramo-

lecular energy-/electron-transfer reactions, since the geome-

try of two porphyrin rings can be precisely controlled.2

We have explored a variety of covalently and nonco-

valently assembled cyclic porphyrin arrays mainly as biomi-

metic models of light-harvesting antenna in photosynthetic

systems. The key reaction is the Ag(I)-promoted coupling reac-

tion of 5,15-diaryl zinc(II) porphyrin that provides a

meso-meso-linked diporphyrin regioselectively (Scheme 1).3

Synthesis of meso-meso-linked diporphyrins opened a new

synthetic porphyrin chemistry, in which metalloporphyrins

with free meso positions are converted under appropriate oxi-

dation conditions into a variety of directly linked porphyrin

arrays with varying electronic interactions. An advantage of

this coupling reaction is its extremely easy extension to higher

porphyrin arrays, since longer porphyrin arrays have practi-

cally the same reactivity as that of the monomer. On the basis

of this strategy, we have prepared a wide range of covalently

linked diporphyrins and porphyrin arrays, including

meso-meso-linked linear porphyrin arrays,4 two-dimensional

windmill arrays,5 three-dimensional gridlike arrays,6 and cyclic

arrays,7-9 which are interesting as artificial antenna models in

terms of the well-defined arrangement of many porphyrins

(Scheme 1). Efficient EET along these porphyrin arrays has

been revealed by the time-resolved transient absorption and

fluorescence measurements.

SCHEME 1. A List of meso-meso-Linked Porphyrin Arrays
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Discussion and Results
Oxidative Coupling Reaction and Transition-Metal
Catalyzed Cross-Coupling Reaction. After the pioneering

work of Sanders and Anderson in 1989,10 several cyclic por-

phyrin arrays have been reported, in which each porphyrin is

connected by covalent bonds.9 However, the linkages have

been limited to aryl- or alkynyl-based meso-substituents, ren-

dering the intramolecular excitonic interaction between the

neighboring chromophores to remain small. In contrast,

meso-meso directly linked porphyrin arrays possess a dis-

tinct advantage that they are directly linked and are favor-

able for achieving rapid energy- and electron-transfer reactions

owing to a short center-to-center distance (ca. 8.4 Å) and large

excitonic interaction (Figure 1).11 A nearly orthogonal confor-

mation minimizes the π-conjugation of neighboring porphy-

rins, making a state-to-state dynamic energy- and/or electron-

transfer process feasible without causing serious electronic

delocalization.

The silver(I)-prompted oxidative coupling reaction is highly

regioselective, occurring only at the meso position. A zincated

porphyrin monomer substrate is favorable for the coupling

reaction owing to its low oxidation potential. In each coupling

step, dimerized, trimerized, and tetramerized compounds were

obtained constantly in 20-30%, ∼13%, and ∼6% yields,

respectively, along with the recovery of starting materials

(50-55%). Highly regioselective coupling is ascribed to the

large electron density at meso-positions in the highest occu-

pied molecular orbital (HOMO) of a zinc porphyrin radical cat-

ion. To obtain oligomers with a desired number of porphyrins,

reaction conditions should be carefully controlled for concen-

tration, equivalent of Ag(I) salt, temperature, and reaction time.

The remarkable advantages of this coupling reaction are (1) its

easy repeatability owing to practically the same coupling reac-

tivities of longer meso-meso-linked porphyrin arrays and (2)

high solubilities of long porphyrin arrays. Coupling products

were separated through preparative GPC-HPLC by taking

advantage of a large difference in the retention time. The

longest meso-meso-linked porphyrin arrays thus synthesized

is 1024-mer, which is an extremely long monodisperse mol-

ecule with a molecular length of ca. 0.84 µm.11

The silver(I)-promoted oxidative coupling reaction is partic-

ularly effective in the homocoupling of zinc(II) porphyrins but

is not applicable to heterocoupling of different porphyrins. To

complement this, we developed a meso-meso hetero(cross)-

coupling of different porphyrins by means of transition metal-

catalyzed reactions (typically 60-80% yield in each C-C

bond formation) (Scheme 2).12 Porphyrins have been merely

recognized as a reaction substrate in transition metal-cata-

lyzed transformations. Recently, application of such method-

ologies to porphyrin synthesis has proven to be very powerful

in creating new types of porphyrin arrays, which have their

own intriguing structures and properties.13 New transforma-

tions of porphyrins via transition metal catalysis offer us pros-

pects of new designs of architectures, thus facilitating further

development of this important class of functional

molecules.14,15

We have also reported that further oxidation of singly

meso-meso-linked porphyrin arrays under stronger oxida-

tive conditions (DDQ and Sc(OTf)3) provided meso-meso, �-�,

�-�, triply linked porphyrin arrays (porphyrin tapes), whose

Q-like bands, the lowest electronic absorption bands, exhibit

continuous red-shifts, reaching deeply into the infrared region

because of the extensive π-conjugation over the molecules

(Figure 2).15,16

Excitonic Interaction in meso-meso Directly Linked
Porphyrin Arrays. EET processes are the most important

function of antenna complexes. Thus, many artificial model

compounds have been explored, which absorb visible light in

a wide range and funnel the resulting excited-state energy

rapidly and efficiently to a designed site. The electronic inter-

actions of neighboring porphyrin chromophores in the arrays

are the key parameters for EET. Such interactions can be eval-

uated from their absorption spectra. The simple point-dipole

FIGURE 1. X-ray crystal structure of meso-meso-linked porphyrin
trimer.

SCHEME 2. Synthetic Routes for the Construction of Various
Shaped Porphyrin Arrays
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exciton coupling theory developed by Kasha is useful to inter-

pret the spectral changes caused by the interchromophore

interactions, where the strength of dipole interaction is repre-

sented by Coulombic interactions that depend on the oscilla-

tor strength, orientation, and distance.17 Interaction of

transition dipole moments in a head-to-tail arrangement

results in an optically allowed lower energy transition (J-type

coupling), while that in a parallel arrangement results in an

optically allowed higher energy transition (H-type coupling).

Characteristically, meso-meso-linked porphyrin arrays exhibit

split Soret bands due to J-type exciton coupling (Figure 3). The

components of Soret band, Bx and By, which are degenerate

in a porphyrin monomer, independently interact with the tran-

sition dipole moments of neighboring porphyrins. Bx transi-

tion dipole moments along the meso-meso bond are

excitonically coupled to generate an allowed lower energy

transition (Bx + Bx), while the mutual Coulombic interactions

between Bx and By (or Bz) transition dipole moments are non-

interacting owing to their orthogonal orientation. Conse-

quently, the Soret band of meso-meso-linked linear porphyrin

arrays is split into a red-shifted band and an unperturbed one.

meso-meso Directly Linked Cyclic Porphyrin Arrays.18

It is expected that the regular cyclic arrangement and the large

electronic coupling between neighboring pigments are

required for efficient EET. Cyclic porphyrin architectures, in

which the constituent porphyrins are all directly linked at

meso-meso positions, were an attractive target in view of syn-

thetic challenge, higher molecular symmetry, and large and

regular electronic interactions between neighboring porphy-

rins that lead to efficient EET. Such molecules can be regarded

as genuine porphyrin rings whose π-electronic network con-

sists of only porphyrins.

We have synthesized the directly linked cyclic porphyrin

arrays starting from 5,10-diaryl zinc porphyrin monomer 1
(Scheme 3). By Ag(I)-salt oxidation, dimer 2 (24% yield) and

trimers 3a and 3b (totally 7% yield) were obtained from 1,

and tetramers 4a and 4b (totally 40% yield) were obtained

from 2. In these oligomers, free rotation around meso-meso
linkage is strictly prohibited because of steric hindrance.

Among them, 3a and 4a that have unsubstitued meso-posi-

tions in the same side are suitable precursors for cyclic arrays.

Cyclic tetramer CZ4 was synthesized in 74% yield by the

intramolecular coupling reaction of 4a at [4a] ) 2 × 10-5 M,

whereas the major product was changed to be cyclic octamer

CZ8 (29%) at [4a] ) 3.3 × 10-3 M. Cyclic hexamer CZ6 was

synthesized in 22% yield from the coupling reaction of 3a at

[3a] ) 1.0 × 10-4 M. These cyclic arrays were separated by

silica-gel column chromatography, and their structures were

fully consistent with their 1H NMR spectra, which are charac-

teristically simple without meso-proton signals, reflecting the

symmetric cyclic structures.

In contrast to the linear meso-meso linked porphyrin

arrays, directly meso-meso linked cyclic porphyrin arrays

exhibit a broad Soret band at red-shifted Soret band posi-

tion. In the cyclic arrays, both the transition dipole moments

Bx and By are excitonically coupled with those of the neigh-

boring porphyrins to cause an excitonically allowed state of

the same energy. As described above, the linear

meso-meso-linked porphyrin arrays exhibit J-type exciton

coupling along the long molecular axis, but H-type cou-

pling is also possible when the array is bent as seen for CZ4
and CZ8, in which the dihedral angles of neighboring por-

phyrin rings are deviated from 90°.

The EET rates in CZ4, CZ6, and CZ8 were determined by

the transient absorption (TA) and transient absorption aniso-

tropy (TAA) measurements. In TA measurements, pump-

power dependent decay causes the singlet-singlet

excitation annihilation process due to Förster-type incoher-

ent EET within the array. EET processes in the directly linked

cyclic arrays are quite efficient with the rate constants of

(119 fs)-1 for CZ4, (342 fs)-1 for CZ6, and (236 fs)-1 for

CZ8, which rival those in B850 of a natural cyclic antenna

system. These efficient EET processes are arising from

extremely strong excitonic coupling between porphyrin

components. The observed order of EET rates of CZ6 < CZ8

FIGURE 2. X-ray crystal structure of a porphyrin tape.

FIGURE 3. Schematic diagram of the excitonic interaction in
meso-meso-linked diporphyrin.
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< CZ4 is the same as the order of the electronic communi-

cation between neighboring porphyrin units, as estimated

from their absorption spectra and calculated dihedral angles

between neighboring porphyrins.

Another type of a meso-meso directly linked porphyrin

octamer has been prepared by a Pd-catalyzed coupling reac-

tion in a stepwise designed manner.14 This strategy is useful

for the preparations of hybrid porphyrin arrays with definite

compositions and unique molecular shapes.

m-Phenylene-Linked Porphyrin Wheels.19-21 Wheel-

like porphyrin oligomers were also synthesized from 1,3-phe-

nylene-bridged meso-meso-linked porphyrin oligomers.

Dimer 2ZA and tetramer 4ZB were prepared by the Suzuki

coupling reaction of a meso-boronated zinc porphyrin and a

meso-boronated zinc diporphyrin with 1,3-diiodobenzene,

respectively. Repetitive oxidation reactions starting from

bridged porphyrin dimer 2ZA gave linear 12-mer 12ZA. Using

the same reaction procedure, linear precursor 24-mer 24ZB
was obtained from bridged porphyrin tetramer 4ZB. These

acyclic porphyrin arrays were then cyclized by intramolecu-

lar coupling under highly diluted conditions (1 × 10-6 M)

(Schemes 4 and 5). Cyclic compounds were isolated by pre-

parative recycling GPC-HPLC in 60% yield for C12ZA and in

34% yield for C24ZB. The cyclic structure of C12ZA was con-

firmed by its 1H NMR spectrum that lacked the meso proton

signals, but the 1H NMR spectrum of C24ZB was rather broad,

probably due to structural heterogeneity of such a large

molecule.

UV-vis absorption spectra of C12ZA and C24ZB are

similar to those of dimer Z2 and tetramer Z4 components,

respectively, while the further split Soret bands of C12ZA
indicate additional dipole-dipole interaction between Z2
subunits via the 1,3-phenylene spacer (Figure 4). These data

indicate that the electronic interactions are predominated

by the exciton coupling within meso-meso linked porphy-

rin subunits. Significant differences in the absorption spec-

tra between acyclic arrays and cyclic arrays are shoulder

peaks in the spectra of 12ZA and 24ZB, which correspond

to terminal monomer or dimer moiety, respectively, and are

not observed in the spectra of the cyclic arrays C12ZA and

C24ZB.

The EET rates in C12ZA and C24ZB have been deter-

mined similarly by TA and TAA to be (3.6 ps)-1 and (35

ps)-1, respectively.19-21 These rates are almost the same as

those of the respective references, 4ZB and 8ZC (Scheme

5). In these arrays, the excited state is considered to be

delocalized over the dimeric or tetrameric porphyrin sub-

unit. On the basis of these data, a Förster-type EET model

was used to interpret the EET processes in C12ZA and

C24ZB. A large difference between EET rates of C12ZA and

SCHEME 3. Synthesis of meso-meso Directly Linked Porphyrin Rings. Ar ) 3,5-Di-tert-butylphenyl

Cyclic Porphyrin Arrays as Light-Harvesting Antenna Aratani et al.
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C24ZB is explained in terms of a large difference in the

center-to-center distance of meso-meso-linked porphyrin

subunits. The distance of C24ZB is ca. 1.5-fold longer than

that of C12ZA, which, on the basis of the distance factor of

R-6 in the Förster EET equation, explains well the approxi-

mately 10 times difference in the observed EET rate.

By the way, as the crystal structure of LH1 has been

revealed to possess BChl a wheel composed of 15 pairs of

SCHEME 4. Synthesis of m-phenylene Linked Cyclic Porphyrin Dodecamer. Ar ) 4-Dodecyloxyphenyl

SCHEME 5. Synthesis of m-Phenylene Linked Cyclic Porphyrin 24-mer. Ar ) 4-Dodecyloxyphenyl

Cyclic Porphyrin Arrays as Light-Harvesting Antenna Aratani et al.
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dimeric subunits (total 30 BChl a molecules),22 this gigan-

tic structure has encouraged further synthetic efforts toward

even larger cyclic porphyrin arrays. We have reported the

synthesis of longer 1,3-phenylene-bridged porphyrin arrays

and their intramolecular cyclization reactions to large por-

phyrin wheels. The porphyrin wheel C32ZA comprises 32

porphyrin subunits, which is, to the best of our knowledge,

the largest porphyrin ring reported so far.23

Assembling via Self SortingsKey Features for Molecu-
lar Design of Self-Assembly. The use of noncovalent

supramolucular interactions has been shown to be beneficial,

particularly toward construction of cyclic porphyrin arrays

owing to intrinsic dynamic nature and entropic gain associ-

ated with formation of distinct molecular assemblies rather

than polymeric assemblies. Some pioneering works were

reported by Hunter et al.,24 and recently Kobuke reported the

formation of cyclic porphyrin assemblies from 5-imidazoyl-

substituted porphyrin dimers, which are bridged by a 1,3-phe-

nylene spacer.25

An advantage of these coordinatively bonded arrays is their

relatively easy synthetic accessibility, in that appropriately

designed components are almost automatically self-assem-

bled to form large arrays. This assembling process is espe-

cially effective for the construction of a discrete cyclic array

owing to the associated entropic advantage. Spatial control of

porphyrinic pigments is crucial in supramolecular design, since

it directly leads to control of the electronic interactions

between chromophores. In this respect, a precise spatial con-

trol of porphyrin pigments with ample electronic interactions

still remains challenging. For use as light-harvesting anten-

nae, careful avoidance of an energy sink that deactivates the

excited state is another important requirement.

To construct the desired molecular assembly, an inclina-

tion between the porphyrin plane and the ligand plays a key

role. Changing the geometry of the monomer unit can have

dramatic effects on the structure and self-assembly properties.

Self-sorting recognition with high fidelity is a common and

fundamental property in biological systems. A self-sorting

assembling process with discrimination of subtle structural dif-

ferences among similar isomers may lead to largely different

tertiary architectures of variable functions. Structural diver-

sity thus attained plays an important role in many biological

processes. Protein and DNA build complicated systems to pass

through a precise correct molecular recognition process and

seek out a partner. Aggregates formed via self-sorting pro-

cesses are mainly built thermodynamically through noncova-

lent bonds such as hydrogen bonds, metal coordination

interactions, or hydrophobic interactions. In recent years,

therefore, diverse efforts have been made toward synthetic

supramolecular systems that achieve such high fidelity self-

sorting assemblies.26

Metalloporphyrins bearing a coordinating side arm have

been used as an effective platform to build various supramo-

lecular structures with the aid of multiple coordination inter-

actions of central metal ions. However, such metalloporphyrins

have been scarcely tested for a self-sorting process. Comple-

FIGURE 4. Steady-state absorption spectra of (a) C12ZA and (b)
C24ZB in THF, to which the absorption spectrum of zinc(II) 5,15-
bis(4-dodecyloxyphenyl)porphyrin dimer (Z2) and tetramer (Z4) was
added for comparison.

Cyclic Porphyrin Arrays as Light-Harvesting Antenna Aratani et al.
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mentary multiple coordination interactions arising from a

meso-meso-linked diporphyrin framework help increase the

association constants, such that the aggregates can be manip-

ulated like covalently linked molecules.

Porphyrin Boxes Constructed from meso-meso

Linked Diporphyrins.27,28 We have explored three-dimen-

sional porphyrin boxes that are formed via rigorous enantio-

meric self-sorting assembling of racemic 4-pyridine-appended

meso-meso-linked Zn(II) diporphyrins, in which the structural

matching of the 90° dihedral angle between the diporphyrin

and the 4-pyridyl group plays a key role toward the forma-

tion of box-shaped assemblies.

First, we showed that a series of 5-p-pyridyl-15-(3,5-dioctyl-

oxyphenyl) zinc(II) porphyrin M1-M3 form cyclic porphyrin

tetramer S1-S3 in noncoordinating solvents such as chloro-

form or benzene, which was confirmed by 1H NMR spectra

and UV-vis absorption spectra (Scheme 6). The related struc-

ture of 5-p-pyridyl-15-(3,5-di-tert-butylphenyl) zinc(II) porphy-

rin was also confirmed by X-ray crystal structure analysis

(Figure 5).

The Ag(I)-promoted coupling reaction of M1-M3 gave

meso-meso-coupled diporphyrin D1-D3 (36% yield for D1,

32% yield for D2, 20% yield for D3) along with higher oli-

gomers. D1 also aggregated to form a tetrameric conforma-

tion with a larger association constant and rigidity (Scheme 7).

Quantitative self-assembly of D1 as its tetramer B1 was con-

firmed by 1H NMR spectroscopy in CDCl3 and cold spray ion-

ization mass spectroscopy (CSI-MS). On the basis of the

practical concentration independence of its fluorescence spec-

tral shape (up to 1.0 × 10-8 M), the association constant of B1
was estimated to be at least >1025 M-3 in CHCl3, indicating a

rigid self-assembled structure. Formation of porphyrin boxes

B2 and B3 from D2 and D3 was similarly confirmed by 1H

NMR spectra in CDCl3.

Owing to the different meso-aryl substituents, D1-D3 are

all chiral, and hence, two enantiomers are present in equal

abundance in solution. Accordingly, the chiral porphyrin boxes

SCHEME 6. Supramolecular Porphyrin Squares S1-S3. Ar ) 3,5-
Dioctyloxyphenyl

FIGURE 5. X-ray crystal structure of S1.

SCHEME 7. Supramolecular Porphyrin Boxes B1-B3. Ar ) 3,5-
Dioctyloxyphenyl

Cyclic Porphyrin Arrays as Light-Harvesting Antenna Aratani et al.
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B1-B3 are formed by homochiral self-sorting assembly of the

respective (R) and (S) isomers of D1-D3. Actually the optical

resolution of B1 and B2 has been accomplished with a chiral

HPLC setup. The CD spectra of optically separated B1 are sim-

ilar to those of B2, but the intensity at 450 nm is doubled

reflecting a shorter pyridyl arm, thus providing evidence for

the exciton coupling between the noncovalent neighboring

porphyrin rings.

EET processes within B1-B3 have been investigated by the

steady-state and time-resolved spectroscopic methods. Both

the pump-power dependent TA and the TAA decay profiles

have been directly associated with the EET processes within

the B1-B3 boxes. Consequently, the EET rates between the

zinc(II) diporphyrin units have been estimated for B1 (48 ps)-1,

B2 (98 ( 3 ps)-1, and B3 (361 ( 6 ps)-1.

meso-Cinchomeronimide Appended meso-meso-
Linked Diporphyrin.29 As mentioned, one strategy to cre-

ate assemblies of different shape is to displace the positions

of coordinating nitrogen atoms from the porphyrin plane. This

idea drove us to examine self-sorting assembling behaviors of

10,10′-cinchomeronimide-appended meso-meso-linked Zn(II)

diporphyrin CID.

First, 10-cinchomeronimide-substituted 5,15-bis(3,5-di-tert-
butylphenyl) Zn(II)- porphyrin CIM was prepared. 1H NMR

spectrum of CIM in CDCl3 is very simple, featuring a simple set

of peaks with large upfield shifts for the imide protons, which

indicates the coordination of the pyridyl group to Zn(II) por-

phyrin (Scheme 8). The crystal structure of CIM revealed a tri-

angular complex formed by complementary coordination of

the cinchomeronimide group to the Zn(II) atom with a dihe-

dral angle of 61° between the porphyrin mean planes

(Scheme 8). The pyridyl group is coordinated to the zinc cen-

ter with an angle of 88.8°, and the zinc center is displaced

0.272 Å out of the N4 plane that is slightly domed.

Next, meso-meso-linked diporphyrin CID bearing two cin-

chomeronimide groups at the 10,10′-position was prepared

from 5,10-bis(3,5-di-tert-butylphenyl)porphyrin in 67% yield.

Importantly, the free rotation of the cinchomeronimide group

is considerably restricted because of the steric hindrance of the

two imide-carbonyl groups, which gives rise to three differ-

ent stable atropisomers (in-in, in-out, and out-out) with

respect to the orientation of the nitrogen atom in the pyri-

dine moiety. Prohibited rotation around the meso-meso link-

age makes all the isomers to be chiral (R and S). Therefore, six

isomers are present in a solution of CID; R-CIDin-in, S-CIDin-in,

R-CIDin-out, S-CIDin-out, R-CIDout-out, and S-CIDout-out (Scheme 9).

The aggregates formed in CHCl3 are stable enough to allow

the separation by GPC. GPC analysis with polystyrene stan-

SCHEME 8. Supramolecular Trimerization of CIM and its X-ray Crystal Structure. Ar ) 3,5-Di-tert-butylphenyl

SCHEME 9. Supramolecular Aggregation of CID. Ar ) 3,5-Di-tert-
butylphenyl
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dards indicated the molecular weights, which roughly corre-

spond to trimeric, tetrameric, and pentameric aggregates of

three CIDs.

X-ray diffraction analysis on R-CIDin-in shows that the tri-

mer was constructed by complementary coordination of three

molecules of an in-in conformer (R-CID-C) (Figure 6). The

crystal structure on R-CIDout-out shows a symmetric pentam-

eric aggregate consisting of five molecules of R-CID-A (Fig-

ure 6). The aggregate R-CID-A exhibits a C5 symmetric

pentagonal cylindrical structure with sides of ca. 11.5 Å and

internal angles of ca. 108°. In the crystal, the aggregates

R-CID-A are stacked in a tubular manner to form an infinite

channel of ca. 10 Å diameter. Then, the aggregate form of

CIDin-out was rationally assigned as a tetrameric aggregate

CID-B composed of four molecules of an in-out conformer

on the basis of its GPC retention time that indicated its molec-

ular size to be larger than CID-C and smaller than CID-A.

Exclusive formation of the discrete cyclic aggregates without

an appreciable amount of polymeric aggregate is also notable,

which is probably driven by favorable entropic factors for forma-

tion of cyclic aggregates. Future studies will focus on incorpora-

tion of these functional units into more elaborate model systems

and exploration of larger cyclic porphyrin arrays.

Single Molecular Spectroscopy of Cyclic Porphyrin
Arrays. Single molecule fluorescence spectroscopy (SMFS) has

emerged as a powerful tool to test the functionality of indi-

vidual molecules over the past decade.30 The substantial

attention on SMFS is based not only on the single-molecule

aspect of the technique, which gives unique information on

distributions or time trajectories of the observables that are

obscured in conventional techniques, but also on the optical

probing feature that allows for the fewest perturbations of the

object.

With these versatilities, many reports demonstrate how

SMFS has contributed to the understanding of the excited-

state dynamics of complex multichromophoric systems. How-

ever, the porphyrin-based molecular systems have scarcely

been studied by SMFS due mainly to their low fluorescence

quantum yields. Despite this, it is crucial to examine the pho-

tophysical properties of multiporphyrin systems at the single

molecule level to directly observe salient behavior of individ-

ual molecules.

The fluorescence intensity trajectories (FITs), that is, the

fluorescence intensity of a single molecule as a function of

time, of C12ZA and C24ZB exhibit stepwise photobleach-

ing behavior with fewer occurrences of off-times than those

of linear dodecamer 12ZA.31 The frequent occurrence of

long off-times in 12ZA can be attributed to the existence of

nonradiative decay channels, induced by the more flexi-

ble conformation of 12ZA. On the other hand, the step-

wise photobleaching observed in C12ZA and C24ZB is

similar to the behavior observed in the FITs of other mul-

tichromophoric systems.

Coincidence measurements were carried out on single mol-

ecules of 12ZA, C12ZA, and C24ZB to estimate the energy

migration efficiency via S1-S1 annihilation processes. The

S1-S1 annihilation can be understood in terms of simulta-

neous formation of two or more singlet excitons by the

sequential absorption, within one intense laser pulse, of at

least two photons in a cyclic porphyrin array (Figure 7a). The

two or more singlet excitons quickly relax to the ground state

to produce a more excited exciton through a collisional pro-

cess that is mediated by consecutive energy migration along

the cyclic array (S1 + S1 f Sn + S0), after which the higher

excited exciton relaxes to the S1 state via a fast internal con-

version process. Consequently, the observed number of S1 flu-

orescence photons is a direct indication of the efficiency of

Förster-type resonance energy transfer (FRET). On the other

hand, in solution, this collisional quenching of multiexcitons

through EET processes results in additional fast decay com-

ponents in the pump-power dependent TA decay profiles,

which gives information on the EET time and efficiency (Fig-

ure 7b). In the interphoton arrival time distribution, the cen-

tral peak (NC) at 0 ns corresponds to two photons by the same

laser pulse. In all other cases, interphoton arrival times are dis-

tributed in lateral peaks (NL). As shown in Figure 7c, C12ZA
exhibits a very small central peak compared to the lateral

peaks, which is commonly observed for single-photon emit-

ting systems, indicating that S1-S1 annihilation readily occurs

by efficient FRET.

The NC/NL ratio (integrated values of central NC peak

divided by averaged ones of lateral NL peaks in Figure 7c)

in the interphoton arrival time distribution can be used to

FIGURE 6. X-ray crystal structures of R-CID-C (left) and R-CID-A
(right).
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estimate the number of emitting porphyrin units in the mul-

tiporphyrin arrays, with a value of 0 corresponding to a sin-

gle-photon emitter and 0.5 corresponding to a two-photon

emitter. Larger values infer even less efficient S1-S1 anni-

hilation processes. The mean NC/NL value of the linear array

12ZA exhibits 0.43 with the large standard deviation. This

feature suggests less efficient S1-S1 annihilation as well as

larger conformational heterogeneity in 12ZA. Indeed,

C12ZA and C24ZB exhibit reduced mean NC/NL values of

0.24 and 0.35, respectively (Figure 7d). The smaller NC/NL

value for C12ZA than that for C24ZB illustrates that C12ZA

can be considered as a well-defined cyclic structure for effi-

cient FRET processes. The structural distortion in C24ZB

might reduce the energy migration efficiency by introduc-

ing competitive nonradiative decay channels. Since C12ZA

is attested to exhibit more efficient energy migration pro-

cesses than C24ZB due to the strong dipole-dipole inter-

actions between diporphyrin subunits, we have extended

our investigation on a series of cyclic porphyrin arrays

C10ZA, C12ZA, C16ZA, C18ZA, C24ZA, and C32ZA com-

posed of diporphyrin as a building block element.32 In the

histograms of the fluorescence lifetimes corresponding to

all the detected photons at the initial emissive level in FITs,

the distributions of the large cyclic porphyrin arrays C18ZA,

C24ZA, and C32ZA become narrow with a significant

reduction in their fluorescence lifetimes. This result can be

explained in terms of the fact that structural flexibilities in

larger porphyrin rings lead to a large variation in confor-

mations with considerable nonradiative decay channels.

We have evaluated the energy migration efficiencies of

the cyclic porphyrin arrays C10ZA, C12ZA, and C16ZA by

coincidence measurements. The mean NC/NL values of

C10ZA and C16ZA are 0.34 and 0.38, respectively, which

are larger than the value of 0.24 found for C12ZA. We

attribute the less efficient S1-S1 annihilation in C10ZA to

considerable structural strain due to the smaller ring size.

On the other hand, in the case of C16ZA, the presence of

less favorable structural conformations as well as the longer

average interchromophoric distance between diporphyrin

subunits may disturb S1-S1 annihilation. The small NC/NL

value for C12ZA reveals that the overall structure of C12ZA
is rigid enough without any significant distortion, leading to

efficient FRET. The 1,3-phenylene spacer with an angle of

120° between the two linking C-C bonds at 1- and 3-po-

sitions of the phenyl group is well-suited to accommodate

the six diporphyrin subunits to form the hexagonal struc-

ture of C12ZA.

Conclusions
Recent progress in the synthesis of covalently and nonco-

valently linked discrete cyclic porphyrin arrays as models of

the photosynthetic light-harvesting antenna has been

reviewed. Such covalently linked arrays still remain impor-

tant and useful with respect to chemical robustness, fine-

tuning of structures including distance, orientation, and

FIGURE 7. (a) Schematic diagram of S1-S1 annihilation processes observed in bulk solution and at single molecular level by using (b) pump-
power dependent transient absorption decay and (c) coincidence measurement, respectively, for C12ZA; (d) histograms of NC/NL values for
single molecules with their averaged values.
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bridge, and easy manipulation. The efficient EET was

observed in these cyclic arrays, but the ultrafast EET pro-

cesses with rates > (1 ps)-1 that rival those in the natural

LH2 were observed only for CZ4-CZ8. Collectively, these

studies help understand the structural requirements for such

very fast EET.

In the perspective of metal-mediated assembly, the zinc

porphyrins appending pyridine moieties are attractive build-

ing blocks, because of relatively large association and a

favorable tendency not to spoil the fluorescence of porphy-

rins. The porphyrin boxes have been shown to serve as a

platform to enable very efficient EET processes along the

ring circuit. We have also demonstrated that the meso-cin-

chomeronimide appended Zn(II) porphyrin CID exhibits

high-fidelity self-sorting assembling to form discrete cyclic

trimer, tetramer, and pentamer with large association con-

stants through perfect discrimination of enantiomeric and

conformational differences of the meso-cinchomeronimide

substituents. Exclusive formation of the discrete cyclic

aggregates without an appreciable amount of polymeric

aggregate is also notable, which is probably driven by

favorable entropic factors for the formation of cyclic aggre-

gates. Future studies will focus on incorporation of these

functional units into more elaborate model systems and

exploration of larger cyclic porphyrin arrays.
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