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Abstract: The architecture of windmill
hexameric zinc(ii) ± porphyrin array 1 is
attractive as a light-harvesting function-
al unit in view of its three-dimensionally
extended geometry that is favorable for
a large cross-section of incident light as
well as for a suitable energy gradient
from the peripheral porphyrins to the
meso ± meso-linked diporphyrin core.
Three core-modified windmill porphyrin
arrays 2 ± 4 were prepared for the pur-
pose of enhancing the intramolecular
energy-transfer rate and coupling these
arrays with a charge-separation func-
tional unit. Bisphenylethynylation at the
meso and meso' positions of the dipor-
phyrin core indeed resulted in a remark-
able enhancement in the intramolecular
S1 ± S1 energy transfer in 2 with t� 2�
3 ps, as revealed by femtosecond time-
resolved transient absorption spectros-
copy. The fluorescence lifetime of the S2

state of the peripheral porphyrin energy
donor determined by the fluorescence
up-conversion method was 68 fs, and
thus considerably shorter than that of
the reference monomer (150 fs), sug-
gesting the presence of the intramolec-
ular energy-transfer channel in the S2

state manifold. Such a rapid energy
transfer can be understood in terms of
large Coulombic interactions associated
with the strong Soret transitions of the
donor and acceptor. Picosecond time-
resolved fluorescence spectra and tran-
sient absorption spectra revealed con-
formational relaxation of the S1 state of
the diporphyrin core with t� 25 ps.

Upon photoexcitation of models 3 and
4, which bear a naphthalenetetracarboxy-
lic diimide or a meso-nitrated free-base
porphyrin attached to the modified
diporphyrin core as an electron accept-
or, a series of photochemical processes
proceeded, such as the collection of the
excitation energy at the diporphyrin
core, the electron transfer from the S1

state of the diporphyrin to the electron
acceptor, and the electron transfer from
the peripheral porphyrins to the dipor-
phyrin cation radical, which are coupled
to provide a fully charge-separated state
such as that in the natural photosynthet-
ic reaction center. The overall quantum
yield for the full charge separation is
better in 4 than in 3 owing to the slower
charge recombination associated with
smaller reorganization energy of the
porphyrin acceptor.

Keywords: molecular devices ´
photochemistry ´ porphyinoids ´
photosynthesis ´ supramolecular
chemistry

Introduction

There are two major functional components, namely the light-
harvesting (antenna) complex (LHC) and the reaction center
(RC), in photosynthetic reaction centers, which are respon-

sible for the energy source of all the living things. The LHC
has role of broadening the cross section and spectral region of
the incident light and of delivering the captured excitation
energy to the RC without any serious energy loss.[1] The RC in
turn has a quantitative charge-separation function to convert
light energy to chemical potential that fuels cellular proc-
esses.[2] Effective coupling of these two major functions, which
is vital for photosynthesis, is attained by a protein matrix that
holds chromophores and electron carriers at the precise
distances and in the correct orientations.

In view of the importance of photosynthesis, many model
systems have been prepared in which porphyrins are covalently
joined by a variety of bridges,[3±5] although there have been only
scattered examples of models in which the two major functions
of light-harvesting and charge separation are effectively coupled
in a single molecule to produce a long-lived charge-separated
state for photoexcitation in a wide wavelength range.[6]
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Recently, we developed an efficient synthetic route to
windmill porphyrin arrays that have three-dimensionally
arranged orthogonal geometry, which is favorable for the
large cross section of the incident light.[7] The direct meso ±
meso connection in the diporphyrin core results in the
stabilization of the S1 state and thus enables an efficient
energy transfer from the peripheral porphyrins to the
diporphyrin core. The efficiency of the energy transfer process
has been estimated to be about 96 %, but the observed double
exponential fluorescence decay profile of the peripheral
porphyrins suggested the presence of a reverse energy-
transfer process due to a small energy difference between
the S1 states of the donor and acceptor.[7]

An advantageous feature of the artificial models lies in their
flexible tunability in response to required functional demands.
Herein we describe attempts to improve the efficiency of the
intramolecular energy transfer from the peripheral porphyr-
ins to the diporphyrin core by chemical modification. Taking
advantage of the free meso positions of the windmill
porphyrin arrays, we attempted the phenylethynylation at
the meso positions with the expectation that the energy level
of the S1 state of the diporphyrin core can be lowered with
respect to that of the peripheral porphyrins, thereby enhanc-
ing the energy transfer from the peripheral porphyrins.[8] This
molecular design was triggered by recent reports that meso-
ethynylation and meso-butadiynylation of porphyrins led to
substantial decreases in the S1 state energy level. Arnold et al.
reported the red-shifted absorption band of butadiyne-
bridged nickel(ii) diporphyrin[9] and Therien et al. showed
that the excitation energy of the S1 state of zinc(ii) 5,15-
diphenyl-10-trimethylsilylethynylporphyrin is about 2.04 eV;
that is, considerably lower than that of the parent zinc(ii) 5,15-
diphenylporphyrin (2.12 eV).[10] Similar spectral changes were
also reported independently by Anderson and co-workers[11]

and Milgrom and co-workers.[12] meso-Ethynylated and
-butadiynylated zinc(ii) porphyrins have attracted consider-
able interest mainly due to their fascinating optical properties,
but little attention has been paid to their use as an energy-
accepting functional unit towards the normal zinc(ii) porphyr-
ins.[8a]

Herein, we also report the extension of this strategy to more
elaborate photosynthetic models in which the energy transfer
is designed to be coupled to the subsequent consecutive
electron-transfer steps, finally providing a long-lived fully
charge-separated state in a single molecule.

Results

Molecular design : An advantageous feature of the windmill
porphyrin hexamer 1 (Ar1� 3,5-di-octyloxyphenyl, R�
C6H13) as a light-harvesting functional unit is the favorable
energy gradient from the peripheral porphyrin to the meso ±
meso-linked diporphyrin in the S1 state. Namely, the S1 state of
the peripheral porphyrin has the excitation energy of 2.13 eV,
while the S1 state of the diporphyrin core has the excitation
energy of 2.07 eV.[7, 13] The energy difference (0.06 eV) enables
the excitation energy flow from the peripheral porphyrin (P)
to the diporphyrin core.[7] To improve the efficiency of the

N

N
C8H17

O

O

O

O

N

N

N

N

N

N

N

N

R

R

R

R

Ar1

N

N

N

N

R

R

R

R
Ar1

NN
N

N

R

R

R

R
Ar1

NN
N

N

Ar1

NN
N

N

R

R

R

R

X

X

N

N

N

N

N

N

N

N

R

R

R

R

Ar1

N

N

N

N

R

R

R

R
Ar1

NN
N

N

R

R

R

R
Ar1

NN
N

N

Ar1

NN
N

N

R

R

R

R

HNNH
N

N
Ar3

NO2

Zn

Zn

Zn

Zn

Zn

Zn

Zn

Zn

Zn

Zn

Zn

Zn

1

2; X=H

3; X =

4; X =

energy transfer, we designed model 2 (Ar1� 3,5-di-octyloxy-
phenyl, R�C6H13) by bisphenylethynylation at the meso and
meso' positions of the diporphyrin core with an expectation
that the energy level of the S1 state of the modified
diporphyrin core (D) would be sufficiently lowered with
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respect to that of the peripheral porphyrin (P) energy donor.[9]

Another major aim of the present study is to construct a
photosynthetic model, which can perform both light-harvest-
ing and charge separation in a single molecule. With these
ideas in mind, we prepared models 3 and 4 (Ar1� 3,5-di-
octyloxyphenyl, Ar3� 2,3,4,5,6-pentafluorophenyl, R�
C6H13), in which two electron acceptors, 1,4,5,8-naphthalene-
tetracarboxydiimide (NI)[14, 19b, 25] or meso-nitrated free-base
porphyrin (F),[15] are attached at the meso position of the
hexameric windmill porphyrin array through a phenylethynyl
spacer. As discussed later, sequential processes have been
indeed realized in the models 3 and 4 as follows; the excitation
of any P in the array is followed by singlet ± singlet energy
transfer to D, and the resulting excited state 1D* donates an
electron to the electron acceptor to generate an energetic
charge-separated state, P-D�-NIÿ or P-D�-Fÿ which evolves
to a secondary charge-separated state, P�-D-NIÿ or P�-D-Fÿ,
by way of hole transfer from the diporphyrin core to the
peripheral porphyrin monomer. We also prepared reference
compounds 5 ± 8 (Ar2� 3,5-di-tert-butylphenyl, Ar3�
2,3,4,5,6-pentafluorophenyl) and 9 ± 11 and 20 ± 23 (Ar1�
3,5-di-octyloxyphenyl, Ar2� 3,5-di-tert-butylphenyl, Ar3�

2,3,4,5,6-pentafluorophenyl) that were necessary to delineate
the photoexcited state dynamics of 1 ± 4.

In addition to the light-harvesting and charge separation,
we found the conformational relaxation in the S1 state of
meso,meso'-bisphenylethynylated meso ± meso-linked dipor-
phyrin 6 (D) and also in the D moiety in 2. Moreover, we
found that the S2 state lifetime of P in 2 was considerably
shorter than that of the reference porphyrin, which suggested
the energy transfer in the S2 state manifold.[8b]

Synthesis

The synthetic procedures for the reference compounds 5 ± 8
are shown in Scheme 1. meso,meso'-Bisphenylethynylation of
the meso ± meso-linked diporphyrin 5 was carried out essen-
tially by using the procedure developed by Therien et al.[16]

Thus, bromination of 5 with N-bromosuccinimide (NBS) gave
meso,meso'-dibromoporphyrin 12 in 79 % yield, which was
transformed into 6 by a Pd-catalyzed Sonogashira coupling
reaction[17] with phenylacetylene in 70 % yield. The 1H NMR
spectrum of 6 showed signals for the four b protons at d� 9.95,

9.11, 8.66, and 8.11. The signal
(Ha) for one pair of the outer b

protons adjacent to the phenyl-
ethynyl group was downfield
shifted by 0.46 ppm relative to
that of 5, probably reflecting
the diamagnetic anisotropy cur-
rent effect of the phenylethynyl
substituent at the meso posi-
tion. However, the other three
pairs for the b protons were
observed at essentially the sim-
ilar chemical shifts with those of
5, indicating the similar orthog-
onal conformation of the dipor-
phyrin core in 6. Pd-catalyzed
coupling reaction of 12 with
4-aminophenylacetylene[18] fol-
lowed by condensation with
14[19] gave 7 in 41 % yield in
two steps. In the preparation of
8, precursor free-base porphyr-
in 11 was prepared from 5-(4-
trimethylsilylethynylphenyl)-
15-pentafluorophenylporphyrin
(15) in four steps; zinc metal-
ation with Zn(OAc)2, nitration
at the meso position (AgNO2,
I2),[7b] deprotection of trime-
thylsilyl group with tetrabutyl-
ammonium fluoride (TBAF),
and demetalation with HCl.[14]

The coupling reaction between
11 and 12 gave 8 in 25 % yield.

Scheme 2 summarizes the
synthetic routes to the models
2, 3, and 4. In the synthesis of 2,

N

N

N

N

Ar2

Ar2Ar2

NN
N

N
Ar2

HN

NH

N

N

NO2

HNNH
N

N
O2N Ar3

Ar3

N

N

N

N

Ar2

Ar2Ar2

NN
N

N
Ar2

N

N

N

N

Ar2

Ar2Ar2

NN
N

N
Ar2

N

N
C8H17

O

O

O

O

N

N
C8H17

O

O

O

O

N

N

N

N

Ar2

Ar2Ar2

NN
N

N
Ar2

Zn

Zn

Zn

Zn

Zn

Zn

Zn

Zn

5 6

7

8



Energy Transfer in Windmill Porphyrin Arrays 3134 ± 3151

Chem. Eur. J. 2001, 7, No. 14 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0714-3137 $ 17.50+.50/0 3137

we first attempted the bromination of 1 with NBS, which,
however, led to extensive decomposition. The electron-rich
peripheral zinc(ii) b-octaalkylporphyrins were unstable under
these bromination conditions and thus we changed a bromi-
nation substrate to 16 which bears the peripheral copper(ii) b-
octaalkylporphyrin in place of zinc(ii) b-octaalkylporphyrin.
Bromination of 16 with NBS gave dibromide 17, which was
converted into the all-zinc(ii)-metalated windmill array 18 by
demetalation and remetalation with Zn(OAc)2 with an overall
yield of 95 % from 16. Subsequent Pd-catalyzed Sonogashira
coupling reaction of 18 with phenylacetylene gave 2 in 33 %
yield. The Pd-catalyzed coupling reaction of 18 with 4-amino-
phenylacetylene followed by condensation with 14 gave 3, and
the coupling reaction of 18 with 11 gave 4 in 23 % yield. Since
the purification of 3 and 4 was very difficult over a silica gel
column, their final purification was performed by using
recycling preparative GPC ± HPLC. Models 3 and 4 exhibited
the parent peaks at m/z 6394 (calcd for C404H494N28O16Zn6,
6391) and m/z 6675 (calcd for C412H474F10N34O12Zn6, 6677),
respectively, in line with their structures.

Reference molecules 20, 21, 22, and 23 were prepared by
Pd-catalyzed coupling reaction of meso-brominated porphyr-
ins with appropriate acetylenes. [8a]

Absorption and fluorescence spectra

Figure 1 shows the absorption and fluorescence spectra of 5
and 6 recorded in THF. As reported previously, the meso ±

meso-linked diporphyrin 5
showed a broad split Soret band
at 417 and 452 nm,[7, 13] while the
meso,meso'-bisphenylethyny-
lated diporphyrin 6 exhibited a
red-shifted split Soret band at
440 and 474 nm and red-shifted
Q bands at 583 and 635 nm. As
reported previously,[10] bis-phen-
ylethynylation at 5- and 15-
positions donates a large effect
to the porphyrin p-conjugated
electronic system with their full
conjugation, resulting in the
removal of the degeneracy of
the porphyrin eg LUMO. This
affects the x- and y-polarized
transitions inequivalently and
intensifies the quasi-allowed Q
band by intensity-borrowing
from the Soret transitions.[20]

In fact, the Soret band of 22
(not shown) in THF at room
temperature was broader
(fwhm� 735 cmÿ1) than those
of zinc(ii) TPP (TPP� tetra-
phenylporphyrin; fwhm�
465 cmÿ1) and zinc(ii) 5,15-di-
arylporphyrin (fwhm�
580 cmÿ1) and became a clearly
split band at 453 and 461 nm at

77 K in 2-methyltetrahydrofuran (MTHF) matrix.[8b] The
absorption spectrum of zinc(ii) 5-phenylethynylated porphyr-
in 23 (Figure 2a), which can be regarded as a half-component
of 6, showed only modest influences of single meso-phenyl-
ethynylation on the electronic properties of the porphyrin, in
that the Soret band was observed at 436 nm, the Q bands
retained a two-band shape at 566 and 611 nm, and the
fluorescence emission was observed with the vibrational
bands at 614 and 669 nm. The Soret band of 6, however, was
broader (fwhm� 790 cmÿ1), indicating some additional per-
turbation of the porphyrin electronic orbitals by the phenyl-
ethynyl substituent.

The absorption spectra of meso-phenylethynylated meso ±
meso-linked diporphyrin 21 and meso,meso'-bis(trimethylsil-
yl)ethynylated meso ± meso-linked diporphyrin 20 are shown
in Figures 2 b and 2 c, respectively. The absorption and
fluorescence spectra of 20 were similar to those of 6, while
the absorption spectrum of 21 exhibited a rather broader split
Soret band at the high energy side and three distinct Q bands,
and the fluorescence spectrum indicated the vibrational
mode.

The absorption spectra of 2 and its reference molecules, 6
and 9, are shown in Figure 3a. A simple absorbance sum of 6
and 9 in a ratio of 1:4 is also shown for comparison. The
absorption spectrum of 2 was almost described as a sum of 6
and 9 (1:4) in the Q band region, but considerably broader in
the Soret band region. Interestingly, from the analysis of the
absorption spectra, we can selectively excite the P moiety in 2
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at 530 ± 545 nm into its S1 state or at 420 nm into its S2 state.
Interestingly, the absorption spectrum of 2 has high absorp-
tivity in a wide range between 380 ± 650 nm, and is thus quite
suitable for capturing sunlight.

The steady-state fluorescence spectra of 2, 6, and 9 are
shown in Figure 3b. In spite of the selective excitation into the
S1 state of the peripheral porphyrin at 545 nm, the steady-state
fluorescence of 2 was practically the same as that of 6(D),
indicating the near complete energy transfer from the
peripheral porphyrins to the modified diporphyrin core. On
the basis of the absorption and fluorescence spectra of 6, the
energy level of the S1 state of D has been estimated to be
1.92 eV. Therefore, the modified windmill porphyrin array 2
has an energy difference of 0.21 eV which is thus larger than
that of 0.06 eV in 1, and is therefore favorable for the
intramolecular energy transfer. In addition, the donor emis-
sion and acceptor absorption in 2 overlap very well, and the

spectral overlap is apparently
larger than that in 1 (Figure 4),
thus making the rapid energy
transfer favorable.

The absorption spectra of the
models 3 and 4 are similar to
that of 2 except the absorbances
due to NI and F and the resul-
tant exciton coupling, particu-
lar in the case of 4 (Figure 5a),
while the fluorescence intensi-
ties of 3 and 4 were extremely
weak, and the relative intensi-
ties with respect to 2 were less
than 0.02 as shown in Figure 5b.

Estimation of energy levels

The energies of the excited
states have been determined
from the fluorescence and ab-
sorption (0,0) bands. For esti-
mation of the energy level of
the ion-pair states, one-electron
oxidation and reduction poten-
tials were measured by using
cyclic voltammetry or differen-
tial pulse voltammetry in
PhCN. The one-electron oxida-
tion potentials of 6, 7, and 9 are
0.32, 0.34, and 0.16 V, respec-
tively, and the one-electron re-
duction potentials of NI and the
free-base porphyrin reference
11 are ÿ0.99 and ÿ1.10 V ver-
sus ferrocene/ferrocenium ion
couple, respectively. From these
Eox and Ered values, the energy
levels of the ion-pair states were
estimated with the corrected
solvation energies according to
the Born equation (1).[21]

E(IP)�EoxÿEred�
e2

2

1

rD

ÿ 1

rA

� �
1

4pe0e
ÿ 1

4pe0er

� �
ÿ e2

4pe0eRDA

(1)

Eox and Ered are the oxidation and reduction potentials of
the donor and acceptor, respectively, measured in PhCN, rD

and rA are the effective radii of the donor cation and acceptor
anion (P�, 5.5 �; D�, 8.0 �; NIÿ, 3.5 �, Fÿ, 5.5 �), respectively,
er and e are dielectric constants of PhCN (25.20) and THF
(7.58), respectively, RDA is the separation between the
opposite charges estimated from MM2 calculation, 15.3 �
for P-D�-NIÿ and 19.1 � for P�-D-NIÿ in 3, and 19.2 � for
P-D�-FBÿ and 19.5 � for P�-D-Fÿ in 4, respectively. Impor-
tantly, there are favorable energy gradients in the order of
1P*-D-NI (2.13 eV)>P-1D*-NI (1.92 eV)>P-D�-NIÿ

(1.50 eV)>P�-D-NIÿ (1.36 eV), and 1P*-D-F (2.13 eV)>

NH

N HN

N

Ar3TMS

OHC

FF

F F

FCHOTMS NH HN

NH

N HN

N

Ar3

NO2

H

NH

N HN

N

Ar3

NO2

O N C8H17

O

OO

O

Zn

N

N

N

N

Ar2

Ar2Ar2

NN
N

N
Ar2

X

XHd

Hc

Hb

Ha

Zn

N N C8H17

O

OO

O

  7; X =

a

b
c

d

14

+ +

f

g, h, i

15

11

  5; X = H

12; X = Br

   6; X = phenylethynyl

13; X = 4-aminophenylethynyl

e

  8; X =

Scheme 1. Synthesis of meso,meso-modified porphyrin dimer. Ar2� 3,5-di-tert-butylphenyl, Ar3� 2,3,4,5,6-
pentafluorophenyl, a) NBS, CHCl3, pyridine, 79%; b) phenylacetylene, [Pd(PPh3)2Cl2], CuI, toluene, Et3N, 70%;
c) 4-aminophenylacetylene, [Pd(PPh3)2Cl2], CuI, toluene, Et3N; d) 14, pyridine, 41% (two steps); e) 11,
[Pd2(dba)3], AsPh3, toluene, Et3N, 25%; f) TFA, CH2Cl2; DDQ, 17 %; g) Zn(OAc)2; AgNO2, I2, CHCl3; h) TBAF,
THF; i) 1n HCl, 41% (three steps). dba� dibenzylideneacetone, TBAF� tetrabutylammonium fluoride.
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Scheme 2. Synthesis of meso,meso-modified windmill porphyrin models.
Ar1� 3,5-di-octyloxyphenyl, Ar3� 2,3,4,5,6-pentafluorophenyl, R�C6H13,
a) NBS, CHCl3, pyridine; b) TFA, 10% H2SO4, CH2Cl2; Zn(OAc)2, 95%
(two steps); c) phenylacetylene, [Pd(PPh3)2Cl2], CuI, toluene, Et3N, 33%;
d) 4-aminophenylacetylene, [Pd(PPh3)2Cl2], CuI, toluene, Et3N; e) 14,
pyridine, trace (two steps); f) 11, [Pd2(dba)3], AsPh3, toluene, Et3N, 23%.

P-1D*-F (1.92 eV)>P-D�-Fÿ (1.52 eV)> or P�-D-Fÿ

(1.40 eV) predicted for 3 and 4, encouraging coupled energy
transfer and electron transfer relay like those found in natural
photosynthesis.

Photoexcited-state dynamics of 6

The picosecond time-resolved fluorescence spectra indicated
time-dependent fluorescence spectral changes for 6 (Fig-
ure 6a). The fluorescence spectrum observed immediately
after the laser excitation was sharp with a peak at 632 nm and
gradually changed to a broad and red-shifted spectrum, and
finally became identical to the emission spectrum of the
steady-state fluorescence (lmax� 655 nm) which decayed with
t� 1.48 ns at room temperature. This spectral change pro-
ceeded with t� 20 ± 30 ps but could not be reproduced
satisfactorily with a single exponential function. The similar
time-dependent fluorescence spectral changes were observed
for 20 and also for the core diporphyrin subunit (D) in 2, but
not for 5, 21, 22, or 23. Interestingly the time-resolved

Figure 1. Absorption (top) and fluorescence spectra (bottom) of 5 (dotted,
lex� 565 nm) and 6 (solid, lex� 580 nm) in THF.

Figure 2. Absorption and fluorescence spectra (inset) of a) 23 (lex�
565 nm), b) 21 (lex� 580 nm), and c) 20 (lex� 550 nm) in THF. Absorption
spectrum of 6 is also shown as a dotted line for comparison (c).
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Figure 3. a) Absorption spectra of 2 and its references (6, 9) in THF. A sum
of the absorption spectra (6 and 4� 9) was also shown for comparison.
b) Fluorescence spectrum of modified windmill porphyrin array 2 taken in
THF for excitation at 550 nm. Fluorescence spectra of 6 (lex� 580 nm) and
9 (lex� 545 nm) are shown for comparison. Concentrations are 1� 10ÿ6 m
for 2 and 6 and 4� 10ÿ6m for 9.

Figure 4. Spectral overlap between the fluorescence (dotted line) of the
peripheral porphyrin donor and the absorbance of the central diporphyrin
acceptor (solid line): a) 1, the fluorescence spectrum of 9 versus the
absorption spectrum of 5 ; b) 2, the fluorescence spectrum of 9 versus the
absorption spectrum of 6.

Figure 5. Absorption spectra (a) and fluorescence spectra (b) of 2, 3, and 4
(lex� 545 nm) in THF. The absorption spectra are normalized at 415 nm.

fluorescence spectra of 6 in a frozen MTHF matrix at 77 K
(Figure 6b) did not exhibit such remarkable spectral changes.

Transient absorption spectroscopy was also employed for
the direct detection of the temporal evolution of 6 in the early
excitation. Figure 7a shows the time-resolved transient ab-
sorption spectra of 6 in THF taken for excitation with a 532-
nm laser pulse with a fwhm of 15 ps. The spectrum immedi-
ately after excitation (delay time of 0 ps) exhibited the
bleaching signals at 583 and 640 nm, which were assigned to
the depletion of the ground state of 6. In addition to these two
signals, a broad and shallow dip around 705 nm was observed.
This dip is attributable to the induced emission of the S1 state
of 6. The absorption around 660 nm, which shows a positive
value after the excitation, evolves in time into a negative
signal in the several tens of picosecond time region. The
absorption signal around 660 ± 750 nm at a delay time of 85 ps,
at which the rapid relaxation was completed, was attributed to
the induced emission of the relaxed S1 state of 6. With further
increase in the delay time, the absorption spectrum gradually
changes its shape with a time constant of 1.48 ns, which is in
agreement with the fluorescence lifetime.

To more precisely obtain the temporal behavior in the early
stage after excitation, femtosecond transient absorption
measurements were applied. Figure 7b shows the time profile
at 680 nm following the excitation with a 640 nm laser pulse
with a fwhm of 150 fs. The rapid appearance of the positive
absorption signal is followed by rapid decay into negative
absorbance, and gradual recovery of this negative signal was
observed in a time region of a few hundreds of picoseconds.
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Figure 6. Time-resolved fluorescence spectra of 6; a) (lex� 420 nm) in
THF at room temperature, and b) (lex� 440 nm) in 2-methyltetrahydro-
furan at 77 K.

The solid line represents the calculated curve based on a
biexponential function with a 26-ps decay component and a
1.48-ns rise component. As shown in Figure 7 b, the rapid
decay was not perfectly reproduced by the exponential
process. As will be discussed later, the fast component
immediately after excitation may be related with the distri-
bution of the dihedral angel between the porphyrin moieties.

In line with the time-resolved fluorescence studies, 5, 21, 22,
and 23 did not exhibit similar spectral changes in the transient
absorption spectra to those of 6, whereas 20 showed similar
behavior to 6 with a similar time constant (ca. 25 ps).

Figure 7. Transient absorption spectra of 6 in THF; a) the transient
absorption spectra at different delay times measured by a ps laser system
(lex� 532 nm); b) time profile at lpr� 680 nm measured by a fs laser system
(lex� 640 nm) and fitting curve with 24 ± 26-ps decay and 1.48-ns rise
components.

Photodynamics of 2; efficient energy transfer both in S1 state
and S2 state

The initial motivation of the meso,meso'-bisphenylethynyla-
tion was to enhance the S1 ± S1 energy transfer from P to D by
decreasing the energy level of the S1 state of D as well as by
increasing the spectral overlap integral associated with the
intramolecular energy transfer. As described above, the
steady-state fluorescence spectrum of 2 displayed only the
emission from D, indicating almost quantitative energy trans-
fer. Measurement of the fluorescence decay of P in 2 using a
picosecond time-correlated single-photon counting appara-
tus[22] indicated a lifetime of less than 10 ps. The fluorescence
emission at 660 nm, at which the fluorescence is largely
attributed to the relaxed 1D*, could be reproduced with a
biexponential function with a 13-ps rise component and a
1.39-ns decay component. But lifetimes of about 10 ± 13 ps
were very close to or almost shorter than the instrumental
limit of the picosecond transient absorption spectroscopy set-
up. We thus employed the femtosecond fluorescence up-
conversion method[23] to obtain a more accurate rate constant
for the energy transfer in 2. Figure 8 shows the fluorescence
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Figure 8. Fluorescence decay curve of 2 at 585 nm measured with the
femtosecond up-conversion method (lex� 420 nm) in THF. Dashed line
shows the instrumental response function.

decay of 2 at 585 nm recorded for excitation at 420 nm
measured by the up-conversion method, which could be
reproduced with a biexponential function with time constants
of 0.52 ps (63%) and 4.9 ps (37 %). The faster component was
assignable to the vibrational relaxation of the S1 state of the
zinc(ii) b-octaalkylporphyrin on the basis of previous studies
in which similar time constants were found for the vibrational
relaxation of the reference zinc(ii) b-octaalkylporphyrin
monomer.[23] Therefore, the slower time constant, 4.9 ps, was
assigned to the intramolecular energy transfer and this time
constant corresponded to 99.6 % efficiency for the energy
transfer.

The intramolecular energy transfer in 2 was also examined
by the picosecond- and femtosecond-time-resolved transient
absorption spectroscopy. Figure 9 shows the transient absorp-

Figure 9. Transient absorption spectra of 2 in THF measured by ps laser
system (lex� 532 nm).

tion spectra of 2 measured by the picosecond laser system[24]

with an excitation at 532 nm which corresponds to the
selective population of 1P*. The transient absorption spectrum
at a delay time of 10 ps showed relatively large bleachings at
545 and 580 nm due to the formation of 1P*, but bleaching at
645 nm, which was ascribed to formation of 1D*, was not
negligible probably due to the very rapid energy transfer. By
increasing the delay time from 10 ps to 40 ps and 100 ps, the
contribution of 1P* to the overall transient spectrum dimin-
ished and the contribution of 1D* increased. To determine a
more accurate rate of the energy transfer, we measured the

time profiles at 545 and 645 nm by using femtosecond-time-
transient absorption spectroscopy (Figure 10). The bleaching
due to 1P* at 545 nm was recovered with a time constant of
3.2 ps, and at the same time the bleaching due to 1D* at

Figure 10. Time profile of transient absorption spectra of 2 in THF
measured by fs laser system (lex� 545 nm); a), lpr� 545 nm, fitting curve
with 3.2-ps rise; b), lpr� 645 nm, fitting curve with 2.8-ps decay; c), lpr�
645 nm, fitting curve with 35-ps and 1.45-ns rise components.

645 nm increased with a time constant of 2.8� 0.4 ps. In a
shorter time scale, the bleaching at 645 nm was recovered with
time constants of 35 ps and 1.45 ns. The time constant of
1.45 ns was assigned to the fluorescence lifetime, while the
shorter 35-ps constant may be attributed to some structural
relaxation of the central diporphyrin unit as was observed in
Figure 7. On the basis of a time constant of about 3.0 ps, the
rate of the energy transfer in the S1 state, kE1, was calculated as
3.3� 1011 sÿ1 by using Equation (2), in which t and t0 are the
lifetime of the S1 state of D in 2 and the fluorescence lifetime
of the reference molecule 9 (1.3 ns), respectively.

kE1� t(S1)ÿ1ÿ t0(S1)ÿ1 (2)

We also examined the possibility of energy transfer from P
to D in the S2 state manifold. In the case of 2, the energy donor
is a zinc(ii) 5,15-diaryl b-octaalkyl-substituted porphyrin (P),
for which we have identified the S2 state fluorescence
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emission centered at about 423 nm and the fluorescence
lifetime to be as short as 150 fs by the fluorescence up-
conversion measurement,[23] while the energy acceptor is D,
which exhibits S2 absorption bands at 442 and 476 nm. The
Soret band at 442 nm nicely overlaps with the S2 emission of P,
ensuring the large spectral overlap. In the up-conversion
measurement, we used benzene instead of THF as the solvent
to compare the photoexcited state dynamics of 6 with our
recent results[23] and also to suppress the effect of the solvation
dynamics in the ultrafast time region, since the interaction of
an excited molecule with solvent would be smaller for less
polar solvents. After the acceptor-free reference molecule 10
was excited with the second harmonic of the Ti:sapphire laser
at 390 nm into the selective population of the S2 state, the
emission decays at 430 and 580 nm (corresponding to the S2

and S1 fluorescence) were monitored by the up-conversion
method. The fluorescence decay at 430 nm was represented
by a single exponential function with t� 150� 10 fs and that
at 580 nm was represented by a sum of a 150-fs rise and 1.5-ns
decay in accord with the previous study.[23] In a similar
manner, 2 was excited with 390-nm light into the S2 state of the
P, and the emission at 430 nm corresponding to the S2

fluorescence of P was monitored (Figure 11). The fluores-

Figure 11. Fluorescence up-conversion results of 2 in benzene, lex�
388 nm and lem� 430 nm.

cence signal at 430 nm decayed with t� 68 fs, and this lifetime
was distinctly shorter than the corresponding decay of the
acceptor-free reference compound 10, suggesting energy
transfer from the S2 state of the P. When we assume that
this decrease of the S2 fluorescence lifetime is due to S2 ± S2

energy transfer, the rate of the energy transfer, kE2, is
calculated to be 8� 1012 sÿ1 [Eq. (3)].

kE2� t(S2)ÿ1ÿ t0(S2)ÿ1 (3)

Photoinduced electron-transfer reactions in 7 and 3

The fluorescence spectra of NI-linked models 7 (not shown)
and 3 (Figure 5b) were almost completely quenched. The
transient absorption spectra of 7 (Figure 12a) revealed an

Figure 12. Transient absorption spectra of 7 in THF. a) Spectra with ps
laser system, lex� 532 nm. b) Time profile with fs laser system, lex�
640 nm, lpr� 690 nm, fitting with 10-ps rise and 25-ps decay components.

immediate rise and a slower decay both in the sharp
absorption band at 610 nm and the broad absorption band
at around 710 nm. At a delay time of 100 ps, these absorban-
ces were almost gone, indicating that the transient species
formed upon photoexcitation have lifetimes of less than
100 ps. The electron-acceptor NI moiety was employed as an
acceptor unit because of its characteristic absorption,[19, 25] but
the transient absorption bands due to the cation radical and
the S1 state of zinc(ii) bisphenylethynylated diporphyrin
display conisderable overlap with the absorption bands (480,
610, 770 nm) of NIÿ. Nevertheless, the transient spectra in
Figure 12a showed the absorbances at 490 and 610 nm and the
strong bleaching at 590 and 640 nm and thus could be assigned
to the ionic species D�-NIÿ, since the spectra were entirely
different from the transient absorption spectrum of 1D*.
Femtosecond laser spectroscopy was applied to obtain precise
data regarding the time dependence of the transient absorp-
tion spectra with higher time resolution. The time profile of
the transient absorbance at 690 nm was analyzed in terms of
10-ps rise and 26-ps decay time constants (Figure 12b). Since
the 26-ps decay time constant was similar to its fluorescence
lifetime (25 ps), this time constant was assigned to the charge-
separation process. The other 10-ps rising time constant was
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therefore assigned to the charge recombination of D�-NIÿ to
the ground state. Thus, the electron-transfer reactions in 7 can
be summarized by the charge separation of 1D*-NI!D�-NIÿ

with t� 25 ps and the charge recombination of D�-NIÿ!D-
NI with t� 10 ps. The faster charge recombination is evidently
unfavorable for the overall charge-separation processes.

Figure 13 shows the transient absorption spectra of 3. The
charge-separated state P�-D-NIÿ is probably represented by
the transient absorption spectrum with a delay time of about

Figure 13. Transient absorption spectra of 3 in THF. lex� 532 nm.

300 ps and decayed with t� 3 ns. Although the lifetime of P�-
D-NIÿ was actually longer than that (10 ps) of P-D�-NIÿ in
accord with the longer distance between the charged sites in
the former ion pair, the overall quantum yield for the
formation of P�-D-NIÿ was rather low, judging from the
small absorbance of the transient absorption spectra.

Photoinduced electron-transfer reactions in 8 and 4

The absorption spectrum of the reference diporphyrin 8 (not
shown) can be roughly described as the sum of those of 6 and
11 but is considerably broader, indicating substantial elec-
tronic interactions between D and F. Since the energy level of
the S1 state of F (1.93 eV) is nearly the same as that of D
(1.92 eV), there may be rapid energy transfer between D and
F but the fluorescence is strongly quenched in THF, indicating
the efficient charge separation. The fluorescence of 8
exhibited a single exponential decay with t� 12 ps. The
electron-transfer reactions in 8 were studied by transient
absorption spectroscopy (Figure 14), which showed the for-
mation and decay of an ion-pair state similar to the case of 7.
In the case of 8, the absorbance at around 690 nm was
stronger due to the superposition of the absorption band of Fÿ

on that of D�.[15] This characteristic absorbance band in-
creased with t� 10 ps and decayed with t� 55 ps. The shorter

Figure 14. Transient absorption spectra of 8 in THF. lex� 532 nm.

time constant of 10 ps was similar to the fluorescence lifetime
and thus was assigned to the charge separation, and the slower
time constant of 55 ps was assigned to the charge recombi-
nation. In summary, the change of the electron acceptor from
NI to F led to the increase in the rate of the charge separation
from 25 psÿ1 to 10 psÿ1 and also the decrease in the rate of the
charge recombination from 10 psÿ1 to 55 psÿ1 as expected.

Figure 15 shows the transient absorption spectra of the
porphyrin octameric model 4. The spectrum at a delay time of
40 ps revealed absorbances at 495, 610, 680, and 910 nm and

Figure 15. Transient absorption spectra of 4 in THF. lex� 532 nm.

bleachings at 550 and 580 nm. The positive absorbances at
495, 680, and 910 nm were assigned to Fÿ, and a broad band at
600 ± 700 nm was assigned to P�, and the bleachings were due
to the depletion of the ground state P, presenting evidence for
formation of P�-D-Fÿ. These transient absorbances decayed
with t� 3 ns. Although the accurate determination of the
amounts of the final charge-separated states has not been
accomplished yet, it is clear that the transient absorbance due
to the ionic product is larger in 4 than in 3.
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Discussion

As reported previously, the windmill porphyrin arrays have a
nice architecture as a light-harvesting antenna functional unit
in light of their three-dimensionally extended structure as well
as the exothermic energy gradient from the peripheral
porphyrins to the meso ± meso-linked diporphyrin core. Major
aims of the work described herein are through appropriate
molecular modifications, 1) to enhance the efficiency of the
intramolecular energy transfer from the peripheral porphyr-
ins to the meso ± meso-linked diporphyrin core, 2) to couple
the energy transfer and charge-separating functional units,
and 3) to achieve favorable overall charge separation with
high quantum yield. The meso,meso'-bisphenylethynylation of
the parent windmill porphyrin array 1 meets these require-
ments, since 1) it lowers the energy level of the resultant
meso,meso'-bisphenylethynylated meso ± meso-linked dipor-
phyrin core so that the intramolecular energy transfer is made
very efficient and one-directional, 2) it extends the electronic
orbitals of the diporphyrin chromophore to the two phenyl-
ethynyl substituents, thus facilitating rapid electron transfer
from the modified diporphyrin core to the attached electron
acceptor, and 3) it allows the easy synthetic attachment and
tuning of an electron acceptor for the formation of long-lived
charge separated state.

Exciton coupling among porphyrin arrays : First the absorp-
tion and fluorescence properties of the modified windmill
porphyrin array 2 are worthy of discussion.[13-26] The split Soret
bands in 5 can be qualitatively explained by the simple point-
dipole exciton coupling theory developed by Kasha.[27] The
Soret band of a zinc(ii) porphyrin monomeric unit has two
perpendicular, components bX and bY, which are parallel and
perpendicular, respectively, with respect to the direction of
the meso ± meso connection. In a simple monomer, they are
degenerate, but in a porphyrin dimer they couple differently.
When we assume an averaged perpendicular conformation of
5, which is predicted to be most stable on the basis of the AM1
calculation,[26b,c] only the bx transitions are parallel, and the
other dipole interactions should be zero (Scheme 3). Dipole
transitions are allowed to the lower energy of the two bX states
and the two unperturbed transitions bY and bZ. Therefore, we
assigned the low-energy split Soret band to the exciton-
coupled transition bx�bx and the high-energy split Soret band
to the residual monomeric Soret band transition by, bz . This
assignment has been further supported by fluorescence
anisotropy and resonance Raman measurements.[26b,c]

On the other hand, the absorption spectrum of 6 can be
explained in an analogous manner to that of 5, except for the
fact that meso-phenylethynylation led to the lowering of the
near D4 symmetry of the zinc(ii) porphyrin monomeric unit
and thus the enhancement and red-shift of the Q band
absorption. On the basis of the perpendicular conformation of
the two porphyrin rings of 6 as assumed for 5, the dipole
moments (Bx) along the long molecular axis are coupled to
result in the absorption band at 474 nm (Bx � Bx), while the
dipole moments (by, bz) perpendicular to the long axis cannot
be coupled with each other to maintain the absorption band at
440 nm, which is near the Soret band of the corresponding

Scheme 3. Assignment of the absorption bands of 5 and 6.

monomer 23 (436 nm) but is much broader. The split Soret
bands at the high-energy side of 6, 20, and 21 were consid-
erably broader in comparison to that of 5. This may be
explained as assuming a wide distribution of conformers with
regard to the orientation of the meso-ethynyl substituent with
respect to the porphyrin plane. The ground-state conforma-
tion of the meso ± meso-linked diporphyrin seems to be
perpendicular, but the meso-ethynyl substituent should be
more flexible for its rotation. Since the electronic system
of the porphyrin can be considered to extend well to the
meso-ethynyl substituent, the conformation of this substi-
tuent will affect the optical properties of the porphyrin. In
line with this consideration, the fluorescence excitation
spectra of 6, 20, and 21 in the frozen matrix revealed the
presence of several conformers which emitted at different
wavelengths.

As described above, the exciton coupling between the
peripheral porphyrins and the modified diporphyrin core in 2
is not strong enough to induce the band splitting but certainly
large enough to induce the broadening at the Soret band.
Considering the fact that two zinc(ii) porphyrins bridged by
the same 1,4-phenylene spacer exhibited split Soret bands due
to exciton coupling,[28] the relatively small exciton interaction
in 2 with the same 1,4-phenylene spacer may be ascribed to
the nonresonant situation of the two interacting chromo-
phores, P and D, due to the energy difference of the S2 state.
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Dynamic aspects of molecular structure. The modified meso ±
meso-linked diporphyrin core 6 (D) displayed unique time-
dependent spectral changes both in the time-resolved fluo-
rescence and absorption spectra with t �25 ± 30 ps. The
observed time-dependent red-shift of the fluorescence sug-
gested some energetic relaxation. To explain the transient
absorption spectra shown in Figure 7a, we needed at least
three states, which were most probably the Franck ± Condon
S1 state (S1'), the relaxed S1 state (S1

0), and the T1 state. We
assigned the spectrum at a delay time of 0 ps to the S1' state,
that at a delay time of 85 ps to the S1

0 state, and that at a delay
time of 4.2 ns to the T1 state. The time constant of 26 ps,
assigned to the relaxation from the S1' state to the S1

0 state, is
somewhat longer than that typical for excited-state vibra-
tional relaxation in porphyrins.[29] The fact that only 6 and 20
displayed these spectral changes indicates that a structural
motif of meso,meso'-diethynylated meso ± meso-linked dipor-
phyrin is indispensable for these spectral changes. One
possible explanation for this spectral change is a conforma-
tional rotation around the meso ± meso CÿC bond during the
relaxation in the S1 state manifold. In the parent meso ± meso-
linked diporphyrin 5, rotation about the meso ± meso CÿC
bond is expected to be substantially hindered, and the
coplanarity of the porphyrin rings cannot be achieved. In
fact, the meso ± meso-linked diporphyrin made from 5,15-
differently substituted porphyrin was chiral, and its chirality
was not lost even upon heating at 147 8C for several hours.[30]

The semiempirical AM1 calculation shows that the dihedral
angle distribution in 5 is 90� 208 at ambient temperature.[26b,c]

meso,meso'-Bisphenylethynylation would have no serious
influence on the dihedral angle distribution and thus we
may expect a similar dihedral angle distribution for 6 in the
ground state. Upon photoexcitation, the immediately formed
Franck ± Condon state should have a similar perpendicular
conformation but would have larger electronic interactions
between the porphyrins than those in the ground state. This
may induce conformational relaxation towards more planar
geometry. In line with this consideration these changes were
suppressed in the frozen matrix environment as noted in the
previous section. Fluorescence spectral changes were prom-
inent for 6, 2, and 20 with a common meso,meso'-bisethyny-
lated meso ± meso-linked diporphyrin structure. This may
indicate that a subtle change in the dihedral angle will lead to
larger changes in the optical properties in the case of the
meso,meso'-bisethynylated meso ± meso-linked diporphyrins.

Energy transfer : Generally, the two types of electronic
interaction are identified for the energy-transfer processes;
one is the Coulombic interaction effected by the through-
space coupling of transition dipole moments through an
oscillating electromagnetic field[31] and the other is the
electron exchange interaction that is provided by direct or
indirect overlap of wave functions.[32] These two interactions
are considered to be a dominant factor for the Förster and
Dexter mechanisms, respectively. As such, the evaluation of
the relative contribution of through-space versus through-
bond interaction in energy-transfer processes has been
important for understanding the mechanism as well as the
design of further elaborate energy-transfer molecular devices.

In the limit of the weak interactions, the rate constant for the
Förster energy transfer is given by Equations (4) and (5),
where n is the refractive index of the solvent, R is the center-
to-center distance between donor and acceptor, F is the
fluorescence quantum yield of the donor, k is a dipole ± dipole
orientation factor, J is the spectral overlap integral, t is the
fluorescence lifetime of the donor, F(n) is the normalized
fluorescence spectrum of the energy donor, and e(n) is the
absorption spectrum of the energy acceptor with molar
extinction coefficient (mÿ1cmÿ1) unit.[31]

kEN�
8:8� 10ÿ25k2F

n4R6t
J (4)

J� �F(n)e(n)nÿ4dn (5)

Previously we have reported that the energy transfer from
peripheral porphyrin units to the central diporphyrin core in
the parent windmill porphyrin array hexamer 1 is reversible,
on the basis of the observed biexponential fluorescence
decay.[7] In the modified windmill porphyrin array 2, the
energy-transfer efficiency was made one-directional and its
rate was significantly enhanced to 2 ± 3 psÿ1, corresponding to
an energy transfer efficiency of 99.6 %. On the basis of the
absorption and fluorescence spectra shown in Figure 4, the
spectral overlap integrals of the Förster formula [Eq. (5)]
were calculated to be 3.3� 10ÿ14 and 5.4� 10ÿ13 cmÿ6 mmol for
1 and 2, respectively. Therefore, the enhancement of the
energy transfer in 2 can be mostly ascribed to its larger
spectral overlap integral in comparison to that in 1. This in
turn indicates that the Coulombic interaction is predominant
for the energy transfer.

Usually, the upper excited states such as S2 are too short
lived to be involved in energy-transfer or electron-transfer
reactions due to extremely rapid internal conversion to the
lowest singlet excited state. In this respect, zinc(ii) TPP-type
porphyrins are exceptional molecules, since they have long-
lived S2 states (1 ± 2 ps) principally due to the large energy gap
and poor Franck ± Condon factor between the S2 state and the
S1 state.[33] This property favors for the occurrence of some
reactions in their S2 state, and recently several examples have
been reported for photochemical reactions in the S2 state
manifold.[34±36] We note here that the S2 ± S2 energy transfer is
strongly suggested for 2, regardless of the extremely short S2

lifetime (150 fs) of the octaethylporphyrin (OEP)-type energy
donor P, since it has the close proximity of the donor and
acceptor that is a prerequisite to S2 ± S2 energy transfer, as well
the very favorably matched spectral overlap between the
fluorescence emission from the S2 state of the peripheral
zinc(ii) OEP-type porphyrin energy donor and the strongly
allowed absorption to the S2 state (Soret transition) of the
zinc(ii)-modified diporphyrin core.

Electron transfer : The electron-transfer dynamics of 3 are
interesting from the viewpoint of the duplication of photo-
synthetic charge separation, in that 3 constitutes a single
molecular photosynthetic model that achieves a coupled light-
harvesting and charge separation; 1) the four peripheral
zinc(ii) porphyrins P act as the singlet energy donor toward D
to effect the formation of 1D*, 2) 1D* donates an electron to
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NI to generate the D�-NIÿ ion-pair state, and finally 3) the
four P act as an electron donor towards D�, thereby providing
the fully charge-separated state P�-D-NIÿ. These sequential
photochemical events have been confirmed by the steady-
state and transient spectroscopies noted above. A reaction
scheme conceivable for the photodynamics of 3 is shown in
Scheme 4. The major drawback in the model 3 is the charge

P-D-NI

P-D+-NI-

P+-D-NI-

1P*-D-NI

kdP

kEN

kdD

P-1D*-NI

kCR1

kCR2

kHT

kCS

Scheme 4. Energy diagram and reaction scheme of 3.

recombination reaction (kCR1) in P-D�-NIÿ to reform its
ground state which is rapid in comparison to the rate of hole
transfer (kHT), leading to a low overall quantum yield for the
fully charge-separated state.

In constructing multichromophoric photosynthetic reaction
center models capable of charge separation, the adjustment of
charge separation (CS) and charge recombination (CR) is
always the crucial issue.[3, 4, 6] A key improvement of the
overall charge-separation quantum yield in 3 is achieved by
the suppression of its fast charge recombination. A starting
point for achieving this goal is given by Equation (6), a simple
form of the nonadiabatic electron transfer model developed
by Marcus.[37]

kET�
����������������

p

�h2lkBT

r
jV j 2� exp

ÿ�DG0 � l�2
4lkBT

" #
(6)

The electron-transfer rate constant kET is given by the
product of a preexponential term and an exponential term.
The former includes the matrix element V corresponding to
the electronic coupling, and the latter term depends upon the
free-energy change for the reaction, DG0, and the reorganiza-
tion energy, l. Extensive studies on covalently linked donor ±
acceptor molecules have revealed that the charge separation
always lies in the normal region (ÿDG0< l) and the charge
recombination always lies in the inverted region (ÿDG0>

l).[38±42] In this context, an electron acceptor with a similar
reduction potential and a smaller l would be suitable for
slowing down the charge recombination. In recent years, it has
been revealed that porphyrinic donors and acceptors have
smaller values of l in comparison to those of more compact
electron acceptors such as quinones or diimides.[4d,e, 15, 43]

Therefore, we employed the porphyrinic electron acceptor F
because of the similar reduction potential to NI as well as its
expected small reorganization. In addition, the anion radical

of F may be detected by transient absorption spectroscopy.[15]

On the basis of the Marcus theory [Eq. (6)], the change of the
electron acceptor from NI to F may result in faster charge
separation as well as retarded charge recombination, hence
giving rise to an improvement of the overall charge separation
efficiency.

Judicious replacement of NI with F led to enhancement of
the charge separation rate (kCS) and to retardation of the
charge recombination rate (kCR1), as revealed by transient
absorption studies on 4. Since the values of ÿDG0 for the
initial charge separation are rather similar in 3 (0.42 eV) and 4
(0.40 eV), these results can be understood in terms of smaller
values of l for F in comparison to that for NI. On the basis of
the systematic studies on the dependence of the energy gap of
the intramolecular CS and CR reactions of porphyrin ± qui-
nones[44] and hybrid diporphyrins,[15, 45] the reorganization
energy, l, in 4 is probably substantially smaller than that in 3.
Under these assumptions, the energy gap (ÿDG0) depen-
dencies of the electron transfer rate can be schematically
represented in Scheme 5, in which the bell-shaped parabolas

-∆G

logk

-∆G0 = 0.28 V
kCS = 4x1010 s-1

-∆G0 =1.64 eV
kCR = 1x1011 s-1

-∆G0 =1.52 eV
kCR = 1 .8x1010 s-1

-∆G0 = 0.40 eV

kCS = 1x1011 s-1

Scheme 5. Schematic representation of Marcus plots for D-NI (dotted
line) and D ± F (solid line).

are displaced slightly, reflecting a difference in l, resulting in
the relationship of kCS< kCR1 in 3 and kCS> kCR1 in 4, although
the CS and CR have similar ÿDG0 values both in 3 and 4. A
similar strategy has been recently employed for enhancing the
charge separation efficiency of photosynthetic models.[4d,e, 43]

In summary, the windmill porphyrin arrays are of great
interest in view of their architecture, which is favorable for
light-harvesting, their good solubility, and the ease of their
modification that allows the coupling of the energy transfer
and charge separation. New aspects of energy transfer in the
S2 state manifold, and conformation relaxation in the S1 state
of meso,meso'-bisethynylated meso ± meso-linked diporphyr-
ins are also interesting. Since we have also developed
exceptionally large porphyrin array molecules, we aim to
apply similar strategies to these giant porphyrin arrays.

Experimental Section

All reagents and solvents were of the commercial reagent grade and were
used without further purification except where noted. Dry toluene and
triethylamine were obtained by refluxing and distilling over CaH2. Solvents
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used for spectroscopic measurements were all spectra-grade. Preparative
separations were performed by silica gel gravity flow column chromatog-
raphy (Wako, Wakogel C-200), and silica gel flash column chromatography
(Merck Kieselgel 60H Art. 7736). Separations of the windmill porphyrin
arrays were performed by recycling preparative HPLC (Japan analytical
Industry Co., LTD LC-908 with JAIGEL 2.5H, 3H, and 4H columns in
series) with CHCl3 as an eluent. Analytical HPLC was performed on
JAIGEL-2.5H-AF, 3H-AF and 4H-AF columns in series (eluent, CHCl3;
flow rate, 1.2 mL minÿ1; detected at 400 ± 700 nm) with a JASCO HPLC
apparatus using multi-wavelength detector MD915. 1H NMR spectra were
recorded in a CDCl3 solution on a JEOL ALPHA-500 spectrometer
(operating at 500 MHz), and chemical shifts were represented as d values in
ppm relative to the internal standard of CHCl3 (7.260 ppm). FAB mass
spectra were recorded on a JEOL HX-110 spectrometer, using positive-
FAB ionization method (accelerating voltage; 10 kV, primary ion sources:
Xe) and 3-nitrobenzyl alcohol matrix (3-nba), and matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) mass spectra were
recorded on a KRATOS PC-KOMPACT SHIMADZU MALDI 4
spectrometer using positive-MALDI-TOF method with/without sinapinic
acid matrix. UV/Vis absorption spectra were recorded on a Shimadzu UV-
2400PC spectrometer. Steady-state fluorescence emission spectra were
recorded on a Shimadzu RF-5300PC spectrofluorometer. Redox potential
were measured by the cyclic voltammetry method and differential pulse
voltammetry method on a ALS electrochemical analyzer model 660.
Fluorescence decay curves and time-resolved fluorescence spectra were
measured for 10ÿ6 ± 10ÿ7m air-saturated solutions by using a picosecond
time-correlated single photon counting apparatus.[26] A second harmonics
of a mode-locked Nd3� :YAG laser (Spectra Physics 3800) at 532 nm or a
second harmonic of a Ti:sapphire laser (Coherent MIRA 900) at 410 ±
420 nm was used for the excitation laser pulse. The laser system was
combination of a mode-locked Nd3� :YAG laser (Spectra Physics 3800), a
pulse compressor (Spectra Physics 3690), and a cavity-dumped DCM laser
(Spectra Physics 3500).[22] The fluorescence emission was detected with a
micro-channel-plate photomultiplier (Hamamatsu R6890-U). The instru-
mental response function obtained from scattered light of a vesicle aqueous
solution had a width of 30 ps (full width half maximum (fwhm)). Accurate
determination of the energy transfer rates was done by using a femtosecond
fluorescence up-conversion method based on a Ti:sapphire laser (Spectra
Physics, tsunami, 840 nm, 80 MHz) which was pumped with a diode-
pumped solid-state laser (Spectra Physics, Millennia X).[23]

Sample solutions with concentrations of 10ÿ4 ± 10ÿ5m were used for
transient absorption measurements after nitrogen gas bubbling. Picosecond
transient absorption spectra were measured by means of a microcomputer-
controlled laser photolysis system with a custom-built repetitive mode-
locked Nd3� :YAG laser.[24] The second harmonic of the Nd3� :YAG laser at
532 nm with 15 ps fwhm was used for excitation. For the detection with
higher time resolution, a dual OPA femtosecond laser system was
employed. The output of Ti:sapphire oscillator (65 fs fwhm, 800 nm,
800 mW, 82 MHz) was regeneratively amplified. This amplified pulse (90 fs
fwhm, 1 W, 1 KHz) was divided into two pulses with the same energy and
guided into the OPA systems. By using several nonlinear crystals, the OPA
can cover the wavelength region from 300 nm to 3 mm with the output
energy of a few to several tens of mJ per pulse. One of the two OPA systems
was used for the pump light source and the other for the probe pulse. The
output energy of the probe pulse was reduced to 1/1000. The pulse duration
estimated by the cross-correlation between the pump and probe pulses at
the sample position was 160 fs.

Synthesis

meso,meso'-Dibrominated meso ± meso-linked diporhyrin 12 : The dipor-
phyrin 5 (88.5 mg, 0.059 mmol) was dissolved in a mixture of CHCl3

(30 mL) and pyridine (0.5 mL). N-bromosuccinimide (NBS; 22.5 mg,
0.126 mmol) was added to this solution and the resulting solution was
stirred for 10 min at room temperature. The mixture was poured into water
and extracted with CHCl3. The combined organic extract was successively
washed with water and brine, and dried over Na2SO4. After the zinc
metalation, the product was purified by silica gel chromatography (eluent
CH2Cl2) to give 12 (76.9 mg, 46 mmol, 79%). 1H NMR (500 MHz, CDCl3):
d� 9.87 (d, J� 5.0 Hz, 4H; b-H), 9.08 (d, J� 5.0 Hz, 4 H; b-H), 8.66 (d, J�
4.5 Hz, 4 H; b-H), 8.07 (d, J� 4.5 Hz, 4 H; b-H), 8.05 (d, J� 1.5 Hz, 8H;
Ar), 7.71 (s, 4 H; Ar), 1.45 (s, 72 H; tBu); MS (FAB): found 1652, calcd for
C96H100Br2N8Zn2, 1651.

meso,meso'-Bis(phenylethynyl)-substituted meso ± meso-linked diporhyrin
6 : The dibromoporphyrin 12 (13.2 mg, 0.0080 mmol) and phenylacetylene
(0.040 mmol) were dissolved in a mixture of toluene (5 mL) and triethyl-
amine (1 mL), and this solution was purged with argon for 30 min.
[Pd(PPh3)2Cl2] (4.1 mg) and CuI (3.8 mg) were added, and the resulting
solution was heated at 50 8C for 5 h under argon. After the reaction mixture
was filtered, chromatography on a silica gel column (eluent CH2Cl2/n-
hexane) gave 6 (9.5 mg, 5.6 mmol, 70%). 1H NMR (500 MHz, CDCl3): d�
9.95 (d, J� 5.0 Hz, 4H; b-H), 9.11 (d, J� 4.5 Hz, 4 H; b-H), 8.66 (d, J�
4.0 Hz, 4 H; b-H), 8.11 (d, J� 6.5 Hz, 4H; Ar), 8.09 (m, 4� 8H; Ar�b-H),
7.73 (m, 4H; Ar), 7.61 (t, J� 7.5 Hz, 4H; Ar), 7.53 (d, J� 7.5 Hz, 2H; Ar),
1.46 (s, 72 H; tBu); MS (FAB): found 1699, calcd for C112H110N8Zn2, 1699;
UV/Vis (THF): lmax (loge)� 440 (5.32), 474 (5.63), 583 (4.66), and 635
(4.88) nm; fluorescence (THF): lmax� 657 nm (lmax� 580 nm).

meso,meso'-Bis(4-NI-linked-phenylethynyl)-substituted meso ± meso-
linked diporphyrin 7: The dibromide 12 (50.8 mg, 31 mmol) and 4-amino-
phenylacetylene (19.0 mg, 0.162 mmol) were dissolved in a mixture of
toluene (5 mL) and triethylamine (1 mL), and this solution was purged with
argon. [Pd(PPh3)2Cl2] (8.0 mg) and CuI (9.0 mg) were added, and the
resulting solution was heated at 50 8C for 1.5 h under argon. After the
reaction mixture was filtered, the filtrate was purified by silica gel
chromatography (eluent, CH2Cl2) to give 13 (56.0 mg, 30 mmol, 100 %).
1H NMR (500 MHz, CDCl3): d� 9.89 (d, J� 4.5 Hz, 4 H; b-H), 9.07 (d, J�
5.0 Hz, 4 H; b-H), 8.63 (d, J� 5.0 Hz, 4 H; b-H), 8.09 (d, J� 1.5 Hz, 8H;
Ar), 8.07 (d, J� 5.0 Hz, 4H; b-H), 7.75 (m, 4 H; Ar), 7.72 (t, 4H; Ar), 7.38
(m, 4 H; Ar), 1.47 (s, 72 H; tBu), H of NH2 was not detected; MS (FAB):
found 1728, calcd for C112H112N10Zn2, 1729.

The diamine 13 (37.4 mg, 21.6 mmol) and N-octyl-naphthalene-1,8-dicarb-
oxyanhydride-4,5-dicarboxyimide (14) (20.0 mg, 0.0528 mmol) were dis-
solved in pyridine (5.0 mL), and the resulting solution was refluxed for 28 h
under N2. After the mixture was cooled, pyridine was removed by heating
under reduced pressure. The crude mixture was purified by silica gel
chromatography (eluent CH2Cl2) and preparative HPLC to give 7 (21.7 mg,
8.9 mmol, 41%). 1H NMR (500 MHz, CDCl3): d� 9.93 (d, J� 5.0 Hz, 4H;
b-H), 9.12 (d, J� 5.0 Hz, 4 H; b-H), 8.87 (d, J� 7.5 Hz, 4H , NI), 8.74 (d, J�
7.5 Hz, 4 H; NI), 8.67 (d, J� 5.0 Hz, 4H; b-H), 8.29 (d, J� 8.5 Hz, 4 H; Ar),
8.11 (d, J� 5.0 Hz, 4 H; b-H), 8.09 (d, J� 2.0 Hz, 8 H; Ar), 7.73 (t, J�
2.0 Hz, 4H; Ar), 7.58 (d, J� 8.5 Hz, 4H , Ar), 4.13 (t, 4H; NI), 1.77 (m, 4H;
NI), 1.53 ± 1.28 (m, 20� 72 H; NI� tBu), 0.88 (t, 6 H; NI); MS (FAB): found
2449, calcd for C156H150N12O8Zn2, 2447; UV/Vis (THF): lmax (loge)� 440
(5.32), 476 (5.62), 583 (4.64), 637 (4.88) nm; fluorescence (THF): lmax�
651 nm (lmax� 580 nm).

5-(4-Trimethylsilylethynylphenyl)-15-pentafluorophenylporphyrin 15 : 2,2'-
Dipyrrylmethane (4.0 mmol) and 4-trimethylsilylethynylbenzaldehyde
(2.0 mmol) and pentafluorobenzaldehyde (2.0 mmol) were dissolved in
dry CH2Cl2 (600 mL). After addition of trifluoroacetic acid (4.05 mmol),
the solution was stirred for 2.5 h at room temperature under N2 in the dark.
Then 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (5.81 mmol) was
added to the solution, and the stirring was continued for an additional 1 h.
After addition of triethylamine (0.5 mL), the reaction mixture was passed
through an alumina column with CH2Cl2 as eluent and the first porphyrin
fraction was collected. Further purification was carried out by silica gel
column chromatography (eluent; CH2Cl2/n-hexane) to give 15 (213 mg,
0.33 mmol, 17%). 1H NMR (500 MHz, CDCl3): d 10.35 (s, 2H; meso), 9.47
(d, J� 4.5 Hz, 2H; b-H), 9.41 (d, J� 4.0 Hz, 2H; b-H), 9.06 (d, J� 4.5 Hz,
2H; b-H), 8.97 (d, J� 4.0 Hz, 2H; b-H), 8.97 (d, J� 8.5 Hz, 2 H; Ar), 8.21
(d, J� 8.0 Hz, 2H; Ar), 0.40 (s, 9H; TMS), ÿ3.15 (s, 2H; NH); MS (FAB):
found 649, calcd for C37H25F5N4Si, 648; UV/Vis (THF): lmax� 405, 499, 533,
574, 628 nm; fluorescence (THF): lmax� 629, 693 nm (lmax� 405 nm).

5-(4-Ethynylphenyl)-10-nitro-15-pentafluorophenylporphyrin 11: Zinc(ii)
5-(4-trimethylsilylethynylphenyl)-15-pentafluorophenylporphyrin
(0.170 mmol) and iodine (0.170 mmol) were dissolved in distilled CHCl3.
Then the reaction was started by addition of a solution of silver nitrite
(0.230 mmol, 0.10m acetonitrile solution). The mixture was stirred for
15 min at room temperature, and then poured into water, and extracted
with CHCl3. The organic layer was separated off, and washed with water,
and sodium thiosulfate, and dried over anhydrous Na2SO4. Further
purification was carried out by silica gel column chromatography (eluent;
CH2Cl2/n-hexane) to give crude zinc(ii) 5-(4-trimethylsilylethynylphenyl)-
10-nitro-15-pentafluorophenylporphyrin. This product was dissolved in
THF (10 mL), to which was added TBAF (0.30 mmol, 1m THF solution).
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The mixture was stirred for 10 min at room temperature, and then passed
through a short silica gel column with CH2Cl2 as a eluent. Further
purification was carried out by silica gel column chromatography (eluent;
CH2Cl2/n-hexane) to give zinc(ii) 5-(4-ethynylphenyl)-10-nitro-15-penta-
fluorophenylporphyrin. This product was dissolved in CH2Cl2, and
demetalation was carried out by treatment with 6n HCl. The organic
layer was separated off, and washed with water and saturated NaHCO3

aqueous solution, and dried over anhydrous Na2SO4 to give 11 (43 mg,
70 mmol, 41 %). 1H NMR (500 MHz, CDCl3): d� 10.38 (s, 1H; meso), 9.45
(d, J� 5.0 Hz, 1H; b-H), 9.42 (d, J� 5.0 Hz, 1H; b-H), 9.39 (d, J� 4.5 Hz,
1H; b-H), 9.35 (d, J� 4.5 Hz, 1 H; b-H), 9.05 (d, J� 4.5 Hz, 1H; b-H), 9.01
(d, J� 5.0 Hz, 1H; b-H), 8.97 (d, J� 5.0 Hz, 1H; b-H), 8.92 (d, J� 5.0 Hz,
1H; b-H), 8.19 (d, J� 7.5 Hz, 2 H; Ar), 7.96 (d, J� 8.0 Hz, 2H; Ar), 3.37 (s,
1H; ethynyl), ÿ3.04 (s, 2H; NH); MS (FAB): found 622, calcd for
C37H16F5N5O2, 621; UV/Vis (THF): lmax (loge)� 413 (5.31), 508 (4.19), 582
(3.72), 637 (3.26) nm; fluorescence (THF): lmax� 643, 703 nm (lex�
580 nm).

Tetramer 8 : The dibromide 12 (22.1 mg, 3.3 mmol) and the ethynylated
porphyrin 11 (13.0 mg, 20.9 mmol) were dissolved in a mixture of dry
toluene (5 mL) and triethylamine (1 mL) and this solution was purged with
argon. [Pd2(dba)3] (4.4 mg) and Ph3As (5.8 mg) were added, and the
resulting solution was heated at 50 8C for 6 h under argon. After the
reaction mixture was filtered, the filtrate was purified by silica gel
chromatography (eluent CH2Cl2) and preparative HPLC (JAI-GEL, eluent
CHCl3). The fraction containing the target compound was collected and
further purification was carried out by silica gel column chromatography
(eluent; CH2Cl2/n-hexane) to give 8 (9.1 mg, 25%). 1H NMR (500 MHz,
CDCl3): d� 10.44 (s, 2 H; meso), 10.16 (d, J� 4.5 Hz, 4H; dimer-b-H), 9.49
(d, J� 4.0 Hz, 4 H; FB-b-H), 9.46 (m, 4 H; FB-b-H), 9.30 (d, J� 4.0 Hz, 2H;
FB-b-H), 9.25 (d, J� 4.5 Hz, 2H; FB-b-H), 9.23 (d, J� 4.0 Hz, 4H; dimer-
b-H), 9.01 (d, J� 4.5 Hz, 2 H; FB-b-H), 8.96 (d, J� 4.5 Hz, 2H; FB-b-H),
8.73 (d, J� 4.0 Hz, 4H; dimer-b-H), 8.57 (d, J� 7.5 Hz, 4 H; Ar), 8.48 (d,
J� 8.0 Hz, 4H; Ar), 8.17 (m, 12 H; dimer-b-H�Ar), 7.77 (m, 4 H; Ar), 1.51
(s, 72 H; tBu), ÿ2.92 (s, 4H; NH); MS (FAB): found 2737, calcd for
C164H130F10N18O4Zn2, 2738; UV/Vis (THF): lmax� 415, 475, 578, 640 nm;
fluorescence (THF): lmax� 655 nm (weak) (lmax� 580 nm).

meso,meso'-Dibromo windmill porphyrin array 18 : The windmill porphyrin
hexamer 16[7b] (90.2 mg, 16.6 mmol) was dissolved in a mixture of CHCl3

(90 mL) and pyridine (0.2 mL). NBS (33.8 mmol) was added to this solution
and the solution was stirred for 10 min at room temperature. The mixture
was poured into water and extracted with CHCl3. The combined organic
extract was washed with water and brine, and dried over Na2SO4. This
crude product (17) was dissolved in a mixture of CH2Cl2, TFA, and 10%
H2SO4, and the resulting solution was refluxed for 1 h. The mixture was
poured into water, and extracted with CH2Cl2. The combined organic
extract was successively washed with water, aqueous NaHCO3 solution,
and brine, and dried over Na2SO4. A saturated solution of ZnII acetate in
MeOH was added to the solution, and the resulting mixture was refluxed
for 1 h, and poured into water. The porphyrin products were extracted with
CH2Cl2. The combined organic extract was washed with water and brine,
and dried over Na2SO4. Chromatography on a silica gel column (eluent
CH2Cl2) gave 18 (87.9 mg, 15.7 mmol, 95%). 1H NMR (500 MHz, CDCl3): d

10.30 (s, 4H; meso), 10.27 (d, J� 4.0 Hz, 4 H; b-H), 10.12 (s, 4H; meso),
9.69 (d, J� 4.0 Hz, 4H; b-H), 9.30 (d, J� 5.0 Hz, 4 H; b-H), 8.73 (d, J�
8.0 Hz, 8H; Ar), 8.61 (d, J� 5.0 Hz, 4H; b-H), 8.49 (d, J� 7.5 Hz, 8H; Ar),
7.23 (m, 8 H; Ar), 6.88 (s, 4H; Ar), 4.21 (br, 8H; hexyl), 4.06 (t� br, 16�
8H; octyl� hexyl), 3.90 (br, 8 H; hexyl), 3.83 (br, 8H; hexyl), 3.24 (s, 12H;
Me), 2.85 (s, 12H; Me), 2.68 (s, 12 H; Me), 2.63 (s, 12 H; Me), 2.38 ± 1.23 (m,
224 H; hexyl�octyl), 1.03 (t, J� 7.5 Hz, 12 H; hexyl), 0.95 (t, J� 7.5 Hz,
12H; hexyl), 0.83 (t, J� 7.5 Hz, 24H; octyl), 0.79 (t, J� 7.5 Hz, 12 H; hexyl),
0.62 (t, J� 7.5 Hz, 12H; hexyl); MS (TOF): found 5561, calcd for
C344H444Br2N24O8Zn6, 5596.

meso,meso'-Bisphenylethynylated windmill porphyrin array 2 : The dibro-
mo windmill porphyrin hexamer 18 (22.0 mg, 3.9 mmol) and phenylac-
ethylene (30 mmol) were dissolved in a mixture of toluene (5 mL) and
triethylamine (1 mL), and this solution was purged with argon for 30 min.
[Pd(PPh3)2Cl2] (12 mg) and CuI (9.0 mg) were added, and the resulting
solution was heated at 50 8C for 5 h under argon. After the reaction mixture
was filtered, the filtrate was separated by chromatography on a silica gel
column (eluent CH2Cl2), and recylcing preparative HPLC (JAI-GEL,
eluent CHCl3) gave 2 (7.3 mg, 1.3 mmol, 33%). 1H NMR (500 MHz,

CDCl3): d� 10.37 (d, J� 4.5 Hz, 4H; b-H), 10.31 (s, 4 H; meso), 10.13 (s,
4H; meso), 9.72 (d, J� 5.0 Hz, 4H; b-H), 9.30 (d, J� 4.5 Hz, 4H; b-H), 8.75
(d, J� 8.0 Hz, 8H; Ar), 8.64 (d, J� 4.5 Hz, 4 H; b-H), 8.50 (d, J� 7.5 Hz,
8H; Ar), 8.34 (d, J� 7.0 Hz, 4 H; Ar), 7.78 (t, J� 7.5 Hz, 4 H; Ar), 7.66 (m,
2H; Ar), 7.28 (s, 8H; Ar), 6.88 (s, 4H; Ar), 4.21 (br, 8 H; hexyl), 4.06 (t� br,
16� 8H; octyl� hexyl), 3.90 (br, 8H; hexyl), 3.83 (br, 8H; hexyl), 3.25 (s,
12H; Me), 2.85 (s, 12H; Me), 2.68 (s, 12H; Me), 2.63 (s, 12H; Me), 2.39 ±
1.08 (m, 224 H; hexyl�octyl), 1.00 (t, 12H; hexyl), 0.95 (t, J� 7.5 Hz, 12H;
hexyl), 0.82 (t, J� 7.5 Hz, 24H; octyl), 0.78 (t, J� 7.5 Hz, 12H; hexyl), 0.61
(t, J� 7.5 Hz, 12H; hexyl); MS (TOF): found 5643, calcd for
C360H454N24O8Zn6,5638; UV/Vis (THF): lmax (loge)� 415 (6.09), 442
(5.70), 476 (5.57), 545 (5.05), 580 (4.88), 635 (4.80) nm; fluorescence
(THF): lmax� 659 nm (lmax� 545 nm).

meso,meso'-Bis(4-NI-linked phenyl)ethynylated windmill porphyrin array
3 : The dibromide 18 (55.3 mg, 9.92 mmol) and 4-aminophenylacetylene
(7.3 mg, 62 mmol) were dissolved in a mixture of toluene (5 mL) and
triethylamine (1 mL), and this solution was purged with argon for 30 min.
[Pd(PPh3)2Cl2] (9 mg) and CuI (8 mg) were added and the resulting
solution was heated at 50 8C for 7 h under argon. After the reaction mixture
was filtered, the filtrate was separated by chromatography on a silica gel
column (eluent CH2Cl2/n-hexane) to give 4-aminophenylethynyl porphyrin
19. Without further purification, this crude product was used for the next
reaction. The diamine 19 and the half-imide 14 (14.2 mg, 38 mmol) were
dissolved in pyridine (5.0 mL), and the resulting solution was refluxed for
12 h under N2. After the mixture was cooled, pyridine was removed by
heating under reduced pressure. The crude mixture was purified by silica
gel chromatography (eluent CH2Cl2) and HPLC(GPC-type, JAI-GEL,
eluent CHCl3) to give the NI-linked windmill porphyrin array 3 in a trace
amount. The product eluted as a single band by HPLC (silica gel) as well as
by size-exclusion GPC-HPLC. The 1H NMR spectrum of 3 was rather
broad and could not be analyzed. MS (TOF): found 6394, calcd for
C404H494N28O16Zn6, 6391; UV/Vis (THF): lmax (loge)� 415 (6.07), 440
(5.68), 471 (5.54), 547 (5.02), 576 (4.86), 629 (4.81) nm; fluorescence (THF):
lmax� 650 nm (lmax� 545 nm).

The porphyrin octameric model 4 : The dibromide 18 (21.0 mg, 3.75 mmol)
and the ethynylated porphyrin 11 (11.0 mg, 17.7 mmol) were dissolved in a
mixture of dry toluene (5 mL) and triethylamine (1 mL), and this solution
was purged with argon for 30 min. [Pd2(dba)3] (6.0 mg) and Ph3As (8.0 mg)
were added, and the resulting solution was heated at 50 for 7 h under argon.
After the reaction mixture was filtered, the filtrate was purified by silica gel
chromatography (eluent CH2Cl2) and preparative HPLC (JAI-GEL, eluent
CHCl3). The fraction containing the target compound was collected and
further purification was carried out by silica gel column chromatography
(eluent; CH2Cl2) to give 4 (5.7 mg, 0.85 mmol, 23%). The product eluted as
a single band by HPLC (silica gel) as well as by size-exclusion GPC-HPLC.
The 1H NMR spectrum of 4 was also too broadened for correct analysis. MS
(TOF): found 6675, calcd for C412H474F10N34O12Zn6, 6677; UV/Vis (THF):
lmax� 416, 430 (sh), 472(sh), 547, 578, 637 nm; fluorescence (THF): lmax�
610, 630, 659 nm (weak) (lmax� 545 nm).

meso,meso'-Bis(trimethylsilylethynyl)-substituted meso ± meso-linked
zinc(ii) diporphyrin 20 : This compound was prepared from the dibromi-
nated meso ± meso-linked diporphyrin 12 and trimethylsilylacetylene by
using [Pd(PPh3)2Cl2] and CuI; yield 53 % (9.4 mg, 0.0056 mmol); 1H NMR
(500 MHz, CDCl3): d� 9.78 (d, J� 5.0 Hz, 4H; b-H), 9.00 (d, J� 4.0 Hz,
4H; b-H), 8.57 (d, J� 5.0 Hz, 4 H; b-H), 7.99 (m, 12H; b-H�Ar), 7.64 (s,
4H; Ar), 1.38 (s, 72H; tBu), 0.58 (s, 18 H; TMS); MS (FAB): found 1690,
calcd for C106H118N8Si2Zn2, 1691; UV/Vis (THF): lmax (loge)� 435 (5.37),
468 (5.55), 579 (4.47), 627 (4.69) nm; fluorescence (THF): lmax� 648 nm
(lmax� 550 nm).

meso-Phenylethynylated meso ± meso-linked zinc(ii) diporphyrin 21: This
compound was prepared from meso-monobrominated meso ± meso-linked
zinc(ii) diporphyrin (4.5 mmmol) and phenylacethylene by using
[Pd(PPh3)2Cl2] and CuI. Yield: 100 % (7.2 mg, 4.5 mmmol). 1H NMR
(500 MHz, CDCl3): d� 10.38 (s, 1 H; meso), 9.95 (d, J� 5.0 Hz, 2H; b-H),
9.49 (d, J� 4.5 Hz, 2H; b-H), 9.18 (d, J� 4.5 Hz, 2 H; b-H), 9.09 (d, J�
4.5 Hz, 2H; b-H), 8.75 (d, J� 5.0 Hz, 2 H; b-H), 8.62 (d, J� 4.5 Hz, 2H; b-
H), 8.16 (d, J� 5.0 Hz, 2H; b-H), 8.10 (d, J� 2.0 Hz, 4H; Ar), 8.07 (d, J�
2.0 Hz, 4 H; Ar), 8.03 (d, J� 5.0 Hz, 2 H; b-H), 7.71 (t, J� 2.0 Hz, 2H; Ar),
7.70 (t, J� 2.0 Hz, 2H; Ar), 7.61 (t, J� 7.0 Hz, 2 H; Ar), 7.53 (d, J� 7.0 Hz,
2H; Ar), 7.34 (m, 1H; Ar), 1.46 (s, 36H; tBu), 1.45 (s, 36 H; tBu); MS
(FAB): found 1597, calcd for C104H106N8Zn2, 1598; UV/Vis (THF): lmax
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(loge)� 435 (5.29), 465 (5.54), 554 (4.52), 579 (4.52), 629 (4.59) nm;
fluorescence (THF): lmax� 638 nm (lex 580 nm).

The compounds 22 and 23 were prepared in a similar manner as for 20 and
21.[7c]

Zinc(ii) 5,15-bisphenylethynyl-10,20-bis(3,5-dictyloxyl)phenylporphyrin
22 : 1H NMR (500 MHz, CDCl3): d� 9.75 (d, J� 4.5 Hz, 4 H; b-H), 9.06
(d, J� 4.0 Hz, 4 H; b-H), 8.02 (d, J� 7.5 Hz, 4H; Ph), 7.57 (d, J� 7.5 Hz,
4H; Ph), 7.50 (t, J� 7.5 Hz, 2 H; Ph), 7.36 (d, J� 1.5 Hz, 4H; Ar), 6.90 (t,
J� 1.5 Hz¹ 2 H; Ar), 4.14 (t, J� 7.0 Hz, 8H; octyl), 1.88 (m, 8H; octyl), 1.51
(m, 8 H; octyl), 1.35 ± 1.28 (m, 32H; octyl), 0.86 (t, J� 7.0 Hz, 12 H; octyl);
MS (FAB): found 1237, calcd for C80H92N4O4Zn, 1237; UV/Vis (THF): lmax

(loge)� 449 (5.69), 595 (4.08), 649 nm (4.77); fluorescence (THF): lmax�
654, 715 nm (lex� 560 nm).

Zinc(ii) 5-phenylethynyl-10,20-bis(3,5-dictyloxyl)phenylporphyrin 23 :
1H NMR (500 MHz, CDCl3): d� 10.19 (s, 1H; meso), 9.87 (d, J� 4.0 Hz,
2H; b-H), 9.33 (d, J� 5.0 Hz, 2 H; b-H), 9.17 (d, J� 5.0 Hz, 2H; b-H), 9.14
(d, J� 5.0 Hz, 2H; b-H), 8.05 (d, J� 7.5 Hz, 2H; Ph), 7.58 (t, J� 7.0 Hz, 2H;
Ph), 7.51 (d, J� 7.0 Hz, 1H; Ph), 7.39 (d, J� 2.0 Hz, 4H; Ar), 6.91 (t, J�
1.5 Hz, 2H; Ar), 4.15 (t, 8H; octyl), 1.88 (m, 8H; octyl), 1.50 (m, 8H; octyl),
1.39 ± 1.27 (m, 32 H; octyl), 0.86 (t, 12H; octyl); MS (FAB): found 1137,
calcd for C72H88N4O4Zn, 1137; UV/Vis (THF): lmax (loge)� 436 (5.75), 566
(4.34), 611 (4.42) nm; fluorescence (THF): lmax� 614, 669 nm (lex�
565 nm).
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