
Role of the Special Pair in the Charge-Separating Event in Photosynthesis

Hidekane Ozeki,[a] Akihiro Nomoto,[a] Kazuya Ogawa,[a] Yoshiaki Kobuke,*[a]

Masataka Murakami,[b] Kou Hosoda,[b] Masana Ohtani,[b] Satoru Nakashima,[b]

Hiroshi Miyasaka,[b] and Tadashi Okada[b]

Introduction

The primary charge-separating event in the bacterial photo-
synthetic reaction center occurs at the “special pair”, in
which a bacteriochlorophyll dimer ejects an electron in re-
sponse to optical excitation, thereby generating the radical
cation. This is the first step in the photoinduced redox pro-
cess and is followed by transmembrane electron transfer to
convert light into chemical energy.[1] The structures of the
special pair in photosynthetic reaction centers have been de-
termined by using X-ray crystallography to be two bacterio-
chlorophyll planes held together in a slipped cofacial orien-
tation at a close distance of 3.1–3.6 %.[2] Despite numerous
studies of models of the reaction centers of photosynthetic
systems,[3,4] incorporation of a special pair into these models

has been limited to only Gable-type porphyrin dimers,[5] in
which two porphyrins are bridged by an o-phenylene linker.
The dimer that is composed of two monomeric zinc porphy-
rin moieties, which bear a pyromellitdiimide (1,2,4,5-ben-
zenetetracarboxydiimide, PI) group as an electron acceptor,
was synthesized to achieve the long-lived charge-separated
state; the lifetime of this state depends on solvent polari-
ty[5a] . The structural model introduced by us[6] mimicks the
geometry of natural systems, as it includes a complementary
imidazolyl-to-zinc coordination, and enables two chromo-
phoric p orbitals to interact strongly in a slipped, cofacial ar-
rangement. The zinc complex of the imidazolyl porphyrin
exists quantitatively as a slipped cofacial dimer, similar to
compound 1 (see Formula), with an extremely large self-as-
sociation constant of the order of 1011

m
�1 in nonpolar

media, such as chloroform, by complementary coordination.
Because the zinc ion in a porphyrin ring can accept only one
axial coordination, no further propagation can occur. The
complementary dimer shows a split of the Soret band with
splitting energy of ~1035 cm�1, due to strong excitation cou-
pling between the two porphyrins. On the other hand, even
such a stable dimer can be dissociated by the addition of a
competing ligand, such as MeOH, imidazole, or pyridine, to
a monomer with a convergence into the single Soret band.
The ability of this complementary coordination to represent
the special pair was demonstrated, with some structural
modifications,[7,8] but the functional role of the artificial spe-
cial pair has remained unsolved. The spectrum of the one-
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Abstract: We synthesized special-pair/
electron-acceptor systems consisting of
a complementary slipped cofacial
dimer of imidazolyl-substituted zinc
porphyrin, bearing pyromellitdiimide
as the electron acceptor. In the case of
the dimer, the first and second oxida-
tion potentials were split into a total of
four peaks in the differential pulse vol-
tammetry measurement. Furthermore,
the shift values of the first oxidation
potentials obtained by changing the

solvent polarity for the dimer were
almost half of those observed for the
monomer. These results indicate that
the radical cation is delocalized over
the whole p system of the dimer. Time-
resolved transient absorption measure-
ments revealed that, relative to the cor-

responding monomer, the dimer accel-
erated the charge separation rate, but
decelerated the charge recombination
rate. The smaller reorganization energy
of the slipped cofacial dimer relative to
that of the monomeric system demon-
strates the significance of the special-
pair arrangement for efficient charge
separation in photosynthesis.Keywords: electron transfer ·

photochemistry · photosynthesis ·
porphyrinoids · self-assembly
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electron oxidized state of the special pair in natural systems
is consistent with an unpaired electron delocalized over two
chromophores.[9] However, to the best of our knowledge, the
critical role of the special pair in light-induced charge sepa-
ration has not yet been clarified. In this study, the slipped
cofacial porphyrin dimer was attached to a PI moiety as an
electron-accepting quinone model to construct a photosyn-
thetic reaction center, and to elucidate the effect of dimer
formation on the rates of light-induced charge separation
and charge recombination. The crucial role of the “special
pair” in the primary charge-separating event was clearly
demonstrated.

Compounds 1 and 2 were prepared and used for electro-
chemical measurements to investigate the effect of dimeriza-
tion on the properties of the porphyrin radical cation species
prior to the introduction of the electron acceptor. For the
photodynamic studies, pyromellitdiimides were then intro-
duced into zinc porphyrin dimers 3 and 4 by using appropri-
ate spacers with center-to-center separation distances of 13.3
and 18.3 %, respectively. Due to the characteristic absorp-
tion band of the pyromellitdiimide radical anion, as well as
its appropriate one-electron reduction potential,[10] pyromel-
litdiimide was chosen as the electron acceptor to facilitate
the analysis of electron-transfer kinetics. Compounds 3M and
4M, coordinated by 1-methylimidazole, were prepared as the

respective monomeric reference compounds of zinc porphy-
rin dimers 3 and 4 for photophysical experiments.

Results and Discussion

Synthesis : The synthetic routes to target porphyrins are
shown in Scheme 1. Synthesis of 3 was described in a previ-
ous report.[11] Reaction of n-heptyldipyrromethane with
equimolar amounts of the ethyl ester of terephthalaldehydic
acid, in the presence of trifluoroacetic acid (TFA) as an acid
catalyst, followed by DDQ (2,3-dichloro-5,6-dicyano-p-ben-
zoquinone) oxidation, resulted in crude products of free
base porphyrin 5 in a 14% yield. Purification by using SiO2

column chromatography afforded pure 5, which was charac-
terized by using MALDI-TOF MS and 1H NMR spectrosco-
py. The subsequent insertion of zinc yielded the zinc por-
phyrin 6 almost quantitatively and was used without further
purification. The solution of 2 in chloroform (1mm), which
was used for electrochemical measurements, was prepared
by the addition of 12 equivalents of 1-methylimidazole. The
complete association was confirmed by titration (see Experi-
mental Section).

Porphyrin 7 was synthesized in a 7% yield by the reaction
of n-heptyldipyrromethane with equimolar amounts of the

I 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 6393 – 64016394

FULL PAPER

www.chemeurj.org


ethyl ester of terephthalaldehydic acid and 1-methyl-2-for-
mylimidazole in the presence of TFA, followed by DDQ ox-
idation . After purification by using SiO2 column chroma-
tography, the coordination dimer 1 was quantitatively ob-
tained by the insertion of zinc. Condensation of aminopyro-
mellitdiimide 9 and porphyrinbenzoic acid 8, which was pre-
pared from 1 by hydrolysis by using an activated ester with
DEPC (diethylphosphorocyanidate) and triethylamine in
DMF (dimethylformamide), resulted in pyromellitdiimide-
substituted porphyrin 4 in an 81% yield. The solutions of 3M
and 4M in chloroform, which were used for the photophysi-
cal measurements, were prepared by the addition of
220 equivalents of 1-methylimidazole (see Experimental
Section).

Electrochemical study of porphyrin radical cation forma-
tion : The electrochemical properties of imidazolyl zinc por-
phyrins 1 and 2 were examined to elucidate the effect of

dimerization on electronic cou-
pling prior to the incorporation
of an electron acceptor into the
substrate. Figure 1 shows differ-
ential pulse voltammogram
(DPV) charts of dimer 1 and
monomer 2. The first and
second oxidation potentials of
monomer 2 were observed at
381 and 756 mV, respectively.
In contrast, dimer 1 revealed
four, clearly separated one-elec-
tron oxidation potentials at 414,
632, 968, and 1120 mV, suggest-
ing strong electronic interaction
between the two porphyrins.[7b,8a]

Notably, dimer formation did
not shift the potential towards
easier oxidation; rather, the
second-lowest oxidation poten-
tial was shifted to a value sig-
nificantly higher than the first.
This was interpreted to be a
consequence of delocalization
of the generated radical cation
over the whole p-electronic or-
bital of the porphyrin dimer.

The solvent dependence of
the first oxidation potentials of
1 and 2 was measured in three
different solvents (see Table 1).
The oxidation potentials shifted
to less positive values in sol-
vents of greater polarity, indi-
cating increased stabilization of
the radical cations. The shift
values for dimer 1 were approx-
imately half of those observed
for monomer 2. The weaker
solvent polarity for dimer 1 can
be ascribed to the decreased

charge density of the radical cation due to delocalization
over the porphyrin moieties. According to the Born and

Scheme 1. Synthetic routes of porphyrin compounds. Synthesis of 3 was reported previously.[11]

Figure 1. Differential pulse voltammograms of dimer 1 and monomer 2 in
CHCl3 containing 0.1m TBAP as a supporting electrolyte with a sweep
rate of 10 mVs�1.
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Marcus equations, the difference in the solvent dependence
of the oxidation potentials can be used to calculate the dif-
ference in the reorganization energy. The solvent depend-
ence of the oxidation potential arising from the dielectric
solvation is represented by Equation (1) in the framework
of Born approximation, in which es and er are the dielectric
constants of the solvent and reference solvent, respectively.

DEðD=DþÞ ¼ e2=ð4pe0Þð1=2RÞð1=es�1=erÞ ð1Þ

Plots of the oxidation poten-
tial E(D/D+), measured in vari-
ous solvents, against 1/e for
dimer and monomer, in which
the slope and y axis intercept
correspond to e2/(4pe02R) and
the oxidation potential at e!¥,
respectively, indicated the radii
of radical cations to be 27 and
15 %, respectively. Although
the calculated radii are almost
three times larger than the esti-
mated values, the difference be-
tween dimer and monomer
clearly exists. By applying these
values to the Marcus Equation
[Eq. (2)], in which e¥ and es are
the dielectric constants for the
optical region and static con-
stant, respectively, the shift of
the reorganization energy was
estimated to be approximately
0.1 eV.

Dls ¼ e2=ð4pe0Þ½1=ð2RdimerÞ
�1=ð2RmonomerÞ�ð1=e1�1=esÞ

ð2Þ

Photophysical properties of
porphyrin–pyromellitdiimide
dyads : The time constants of
photoinduced charge separation
(CS) and charge recombination
(CR) for porphyrin/electron-ac-
ceptor systems were estimated
from the time-resolved transi-
ent absorption spectra of
dimers 3 and 4, and the corre-

sponding monomers 3M and 4M, with excitation at the Q-
band of zinc porphyrin. The reference monomers 3M and 4M
were obtained by the dissociation of the complementary co-
ordination dimer, following addition of 1-methylimidazole
(44.2 mm) to the chloroform solutions of 3 and 4, respective-
ly. The time constants of the CS and CR reactions were ob-
tained from fs (femtosecond) and ps (picosecond) measure-
ments of the S1 fluorescence decay profiles, as well as from
transient absorption spectroscopy, which detected the evolu-
tion of the Sn

!S1 transition and the pyromellitdiimide radi-
cal anion (PIC�).

Figure 2 shows time-resolved transient absorption spectra
of 3, 3M, 4, and 4M excited by a 15 ps fwhm (full width at
half maximum) laser pulse at 532 nm. In all cases, absorp-
tions at 465 and 730 nm were assigned to the Sn

!S1 transi-
tion of zinc porphyrin and the absorption of the PIC� radical
ion, respectively. The appearance of the characteristic ab-
sorption of the PIC� radical ion soon after excitation indi-
cates that, in the cases of 3, 3M, and 4, the CS rate constants

Table 1. One-electron redox potentials (mV vs Ag/Ag+) of dimer 1 and
monomer 2 measured in various solvents by using differential pulse vol-
tammetry with a sweep rate of 10 mVs�1 and 0.1m TBAP as the support-
ing electrolyte.

Compound Chloroform Dichloromethane Acetone
(4.8)[a] (9.0)[a] (21)[a]

2 381 331 305
1 414 391 378

[a] Dielectric constant.

Figure 2. Time-resolved transient absorption spectra of a) 3, b) 3M, c) 4, and d) 4M in chloroform, excited with
a 15 ps fwhm laser pulse at 532 nm.
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are large. In the transient absorption spectra of 4M (Fig-
ure 2d), clear absorption due to the PIC� radical ion was not
observed. The dynamic behavior of the 4M system is dis-
cussed below. The time profile of the transient absorption at
730 nm for dimer 3 (Figure 3a) shows the rapid appearance
of the PIC� radical ion, followed within a few tens of picosec-
onds by decay. The solid line in Figure 3a is the curve calcu-

lated with the rise and decay
time constants of 2 ps and 12 ps,
respectively, and a pulse dura-
tion of 15 ps; this plot demon-
strates that the experimental re-
sults can be reproduced by
using these time constants. The
fluorescence lifetime of 3 was
determined to be 1.7 ps by the
time-resolved fluorescence
measurement, shown in Fig-
ure 4a. In addition, the rise of
the transient absorbance at
720 nm, following excitation
with a femtosecond 550 nm
laser pulse, was observed with
the time constants of 1.8

0.2 ps (Figure 5). These results
indicate that the time constant
of CS is approximately 2 ps, fol-
lowed by the CR process with a
time constant of 12 ps. Similar-
ly, the time constants of CS and
CR for dimer 4 were deter-
mined from the transient ab-
sorption (Figures 2c and 3c)
and fluorescence lifetime meas-
urements (Figure 4c) to be 120
and 160 ps, respectively.

Figure 6 shows the time pro-
file of the transient absorbance
of monomer 3M monitored at
720 nm, following excitation
with a femtosecond 550 nm
laser pulse. The solid line repre-
sents the results calculated
from the biphasic process with
the faster time constant of 3.0

0.2 ps (rise) and the slower one
of 9.5
0.5 ps (decay). The con-
volution curve calculated by
using these time constants and
the pulse durations, which was
shown as the solid line in Fig-
ure 3b, reproduced the time
profile monitored at 730 nm
after applying the picosecond
532 nm laser pulse. These re-
sults indicate that the appear-
ance and disappearance time
constants of the PIC� radical ion
are 3 and 10 ps, respectively. In

contrast to 3, the absorption intensity of the PIC� radical ion
at 730 nm for monomer 3M was less than that of the Sn

!S1

transition at around 470 nm, as seen in Figure 7, in which
the superimposed spectra were extracted from Figure 2a and
b, respectively. The following simple kinetic analyses for the
PIC� radical ion may explain the decrease in the PIC� radical
ion absorption observed for 3M relative to that observed for

Figure 3. Time profiles of the transient absorptions at 730 nm for a) 3, b) 3M, and c) 4, and at 465 nm for d) 4M.

Figure 4. Fluorescence decays of a) 3, b) 3M, and c) 4 measured by using the femtosecond up-conversion tech-
nique, and d) 4M measured by using a pulsed-N2-dye laser with a streak camera.
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3. Because the PIC� radical ion is produced from the por-
phyrin S1 state by the CS process and disappears by the CR
process, the intensity of the transient absorption of the PIC�

radical ion at time t (A(t)PI), can be calculated by using rate
constants of kCS and kCR, as shown in Equation (3), in which
ePI is an absorption coefficient of the PIC� radical ion, and a0

denotes an initial concentration of the S1 state.

AðtÞPI ¼ ½ePIa0kCS=ðkCS�kCRÞ�½expð�kCRtÞ�expð�kCStÞ� ð3Þ

This equation shows that the intensity of transient absorp-
tion of the PIC� radical ion depends on the factor of kCS/
(kCS�kCR). If the reciprocals of the time constants 3 and
10 ps obtained for 3M are assigned to kCS and kCR, respec-
tively, then the relative absorption intensity of the PIC� radi-
cal ion for the Sn

!S1 absorption for 3M must be almost
equivalent to that for 3, since the CS and CR time constants
in both cases are almost equivalent. On the other hand, if
the assignment of the CS and CR time constants for 3M is
reversed, that is, tCS>tCR, then no contradiction exists and
the observation can be easily explained. To confirm the as-
signment of the CS process, the fluorescence lifetime was
also measured. Although the S/N ratio was poor in the up-
conversion measurement, we could confidently estimate the
lifetime to be approximately 10 ps (Figure 4b), which was
similar to the time constant assigned to tCS obtained in the
above analysis. From these results, it can be concluded that
the components of 3 and 10 ps are assigned to CR and CS
processes, respectively.

In the case of 4M, the absorption of the PIC� radical ion at
730 nm was very weak. Therefore, the time profile of transi-
ent absorption at 465 nm was analyzed, as shown in Fig-
ure 3d. The time constant was detected as a single compo-
nent of 1 ns. This value was in agreement with the compo-
nent of 920
100 ps from the fluorescence lifetime measure-
ment, as shown in Figure 4d [the fluorescence lifetimes of
4M and 2 (not shown) were determined to be 920
100 ps
and 2.4
0.1 ns, respectively]. Furthermore, the fluorescence
emission of 4M was remarkably quenched, relative to that of
2 ; it exhibited a quenching efficiency of 70.3% (Table 2)
due to electron transfer. Therefore, the decay with a time
constant of 1 ns was assigned to CS. The rate of the CR
process was estimated to be much faster than that of the CS
process (probably shorter than 100 ps), because the absorp-

Figure 5. Time profile of transient absorbance of 3 in chloroform, moni-
tored at 720 nm after excitation with a 550 nm femtosecond laser pulse.

Figure 6. Time profile of transient absorbance of 3M in chloroform, moni-
tored at 720 nm after excitation with a 550 nm femtosecond laser pulse.

Figure 7. Superimposed transient absorption spectra of a) 3 and b) 3M
from �5 to 40 ps. Data were extracted from Figure 2a and b, and normal-
ized at 730 nm.

Table 2. Kinetic parameters of dimers 3, 4 and corresponding monomers
3M, 4M in CHCl3.

Compound tCS fCS
[b] tCR fCR

[b] tf Qeff

[ps][a] [ps][a] [ps][c] [%][d]

3M 10 3 10 99.1
3 2 2.5 12 4.0 2 99.5
4M 1000 <100 920 70.3
4 120 4.0 160 1.6 120 94.6

[a] Time constants obtained by measuring time-resolved transient absorp-
tion. [b] Dimer effects for the acceleration and deceleration (see main
text). [c] Fluorescence lifetime. [d] Quenching efficiencies defined as
Qeff= (1�Icompound/Ireference)P100, in which I is fluorescence intensity. The
reference compounds for dimer and monomer were 1 and 2, respectively.

I 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 6393 – 64016398

FULL PAPER Y. Kobuke et al.

www.chemeurj.org


tion of the PI anion at 730 nm was very weak, as indicated
in Equation (3).

These results are summarized in Table 2. Comparison of
the time constants of dimers 3 and 4 with those of the corre-
sponding monomers clearly indicates that, in the photoin-
duced electron-transfer reactions, dimer formation acceler-
ates the CS rate, whereas it decelerates the CR rate. The
dimer effect for the acceleration of the CS rate and the de-
celeration of the CR rate, defined by fCS=tCS,monomer/tCS,dimer/2
and fCR=tCR,monomer/tCR,dimer, respectively, is also listed in
Table 2. In the case of CS, the presence of two electron ac-
ceptors in the dimer molecule was considered as a concen-
tration factor of two. On the other hand, the CR rate of the
dimer could not be affected by the presence of another neu-
tral PI group, because the ion pair of the porphyrin cation
and the PI anion in the charge-separated state is indepen-
dent of the neutral PI. These fCS and fCR values clearly dem-
onstrate the dimer effect for the favorable charge separa-
tion. The fluorescence quenching efficiencies, Qeff, of the
dimers and monomers in CHCl3 were obtained by compar-
ing fluorescence intensities with those of reference com-
pounds 1 and 2 (Table 2). The efficiencies for dimers 3 and
4 were significantly higher than those of the corresponding
monomers 3M and 4M. The trend is the same as that seen for
the order of the CS rates and indicates efficient electron
transfer for the dimers.

The electrochemical studies revealed that the energy
levels of the charge-separated state for monomers 3M, 4M
and dimers 3, 4 were 1.21, 1.31 and 1.25, 1.34 eV, respective-
ly (as shown in the Supporting Information for this paper).
Dimers 3 and 4 had slightly higher potentials than the corre-
sponding monomers 3M and 4M. However, the small shift to
higher energy levels for the dimers does not explain the ac-
celeration of the CS rate and deceleration of the CR rate
that were observed experimentally.[12] We propose that this
may be explained by the change in reorganization energy
upon dimer formation. As outlined above, the radical cation
is delocalized over two porphyrin p orbitals; this spread
causes a decrease in the charge density of the dimer. There-
fore, the dimer may have a smaller environmental reorgani-
zation energy (lD) than the corresponding monomer (lM).
According to the Marcus theory,[12] the Marcus parabola of
the dimer is expected to shift towards the left as the reor-

ganization energy (l) decreases, as illustrated in Figure 8.
Therefore, the small reorganization energy may cause an in-
crease in the CS rate from the normal region to the top
region, and a decrease in the CR rate into the lower invert-
ed region. Consequently, the forward electron transfer was
accelerated, whereas the reverse electron transfer was decel-
erated. This interpretation, elucidated from the photophysi-
cal dynamics, is in agreement with the electrochemical study
of the decrease in the reorganization energy from monomer
to dimer.

Conclusion

The slipped cofacial dimer delocalizes the radical cation,
generated in the photoinduced redox reaction, over two por-
phyrin units, and accelerates the CS rate, while decelerating
the CR rate. The advantage of the charge separation reac-
tion for the dimer could be attributed to a smaller reorgani-
zation energy. These results, from a simple model system
comparing dimers and monomers, demonstrate the impor-
tant role of the special-pair arrangement in the charge-sepa-
rating event in bacterial photosynthesis. The special-pair ar-
rangement in the same bacteriochlorophylls may be benefi-
cial for charge separation by delocalizing the radical cation
generated by the redox reaction. This study provides an in-
sight into the facilitated electron transfer of an artificial spe-
cial pair; these results will be helpful not only for our under-
standing of natural photosynthetic systems, but also for the
design of artificial ones.

Experimental Section

Synthesis of 3 was described in a previous report.[11]

Synthesis of 5,15-bis(n-heptyl)-10-(1-methylimidazole-2-yl)-20-(4-ethoxy-
carbonylphenyl)porphine (7): Under an argon atmosphere, 1-methylimi-
dazole-2-carboxyaldehyde (2.05 mmol), the ethyl ester of terephthalalde-
hydic acid (2.05 mmol), and meso-(n-heptyl)dipyrromethane (4.10 mmol)
were dissolved in chloroform (410 mL), and TFA (4.10 mmol) was added.
After stirring for 6 h at room temperature, DDQ (6.15 mmol) was added,
and the reaction mixture was stirred for a further 1 h. The reaction so-
lution was washed with aqueous sodium bicarbonate and water, and the
organic layer was evaporated. The residue was purified by using silica gel
column chromatography (eluent: chloroform/methanol=20:1) to yield
0.143 mmol (6.98%) of 7. 1H NMR (270 MHz, CDCl3, TMS): d=9.46 (d,
J=4.86 Hz, 2H; pyrrole bH), 9.41 (d, J=4.86 Hz, 2H; pyrrole bH), 8.81
(d, J=3.24 Hz, 2H; pyrrole bH), 8.78 (d, J=3.24 Hz, 2H; pyrrole bH),
8.44 (d, J=7.83 Hz, 1H; phenyl-H), 8.41 (d, J=7.83 Hz, 1H; phenyl-H),
8.33 (d, J=7.83 Hz, 1H; phenyl-H), 8.20 (d, J=7.83 Hz, 1H; phenyl-H),
7.68 (s, 1H; imidazole-H), 7.48 (s, 1H, imidazole-H), 4.95 (m, 4H;
aCH2), 4.60 (q, J=7.29 Hz, 2H; CO2CH2), 3.41 (s, 3H; NCH3), 2.50 (m,
4H, bCH2), 1.32 (t, J=7.29 Hz, 3H; CO2CH2�CH3), 0.88 (t, J=7.29 Hz,
6H; alkyl CH3), �2.67 ppm (d, 2H; pyrrole-NH); UV/Vis (CHCl3):
lmax=418, 517, 552, 593, 649 nm; fluorescence (CHCl3): lmax=656,
723 nm; MS (MALDI-TOF): m/z : 735.42 [M+H]+ (calcd: 735.43).

Synthesis of 5,15-bis(n-heptyl)-10-(1-methylimidazole-2-yl)-20-(4-ethoxy-
carbonylphenyl)porphinatozinc(ii) (1): A saturated solution of zinc ace-
tate dihydrate in methanol (0.6 mL) was added to a solution of free base
porphyrin 7 (18.9 mmol) in chloroform (2 mL). After stirring for 3 h at
room temperature, the solution was washed with water, and the organic
layer was evaporated to yield 18.7 mmol (98.7%) of 1. UV/Vis (CHCl3):
lmax=414, 438, 565, 622 nm; fluorescence (CHCl3): lmax=627, 684 nm;
MS (MALDI-TOF): m/z : 797.43 [M+H]+ (calcd: 797.43).

Figure 8. Marcus parabolas of monomer and dimer, in which the delocali-
zation of the radical cation over dimer porphyrins is considered to be an
explanation for the CS and CR rates. The terms k and �DG represent
the rate constant and free energy gap, respectively.
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Synthesis of 5,15-bis(heptyl)-10-(1-methylimidazole-2-yl)-20-(4-carboxyl-
phenyl)porphinatozinc(ii) (8): A solution of NaOH (0.5 mL, 8n) was
added to a solution of 1 (18.7 mmol) in methanol/THF (1:2, 2.1 mL).
After stirring for 2 h at room temperature, the reaction solution was
evaporated. The residue was acidified to pH 4 by adding aqueous 1n
HCl solution, and extracted with CHCl3. The organic layer was washed
with water. The solvent was removed by evaporation to yield 17.0 mmol
(90.9%) of 8. 1H NMR (270 MHz, CDCl3, TMS): d=9.59 (d, J=4.86 Hz,
2H; pyrrole bH), 9.00 (d, J=3.24 Hz, 2H; pyrrole bH), 8.91 (d, J=
4.86 Hz, 2H; pyrrole bH), 8.78 (d, J=7.83 Hz, 1H; phenyl-H), 8.63 (d,
J=7.83 Hz, 1H; phenyl-H), 8.47 (d, J=7.83 Hz, 1H; phenyl-H), 8.24 (d,
J=7.83 Hz, 1H; phenyl-H), 5.56 (s, 1H; imidazole-H), 5.43 (d, J=
3.24 Hz, 2H; pyrrole bH), 4.28 (m, 4H; aCH2), 2.94 (m, 4H; bCH2), 2.13
(s, 1H; imidazole-H), 2.05 (m, 4H; gCH2), 1.69 (s, 3H; NCH3), 1.01 ppm
(t, J=7.29 Hz, 6H; alkyl CH3); UV/Vis (CHCl3): lmax=414, 438, 565,
622 nm; fluorescence (CHCl3): lmax=628, 685 nm; MS (MALDI-TOF):
m/z : 769.91 [M+H]+ (calcd: 769.92).

Synthesis of 5,15-bis(n-heptyl)-10,20-bis(4-ethoxycarbonylphenyl)por-
phine (5): Under an argon atmosphere, the ethyl ester of terephthalalde-
hydic acid (4.10 mmol), and meso-(n-heptyl)dipyrromethane (4.10 mmol)
were dissolved in chloroform (410 mL), and then TFA (4.10 mmol) was
added. After stirring for 6 h at room temperature, DDQ (6.15 mmol) was
added, and the reaction mixture was stirred for a further 1 h. The reac-
tion solution was washed with aqueous sodium bicarbonate, and the or-
ganic layer was evaporated. The residue was purified by using silica gel
column chromatography (eluent: chloroform/methanol=20:1) to yield
0.293 mmol (14.3%) of 5. 1H NMR (270 MHz, CDCl3, TMS): d=9.43 (d,
J=3.24 Hz, 4H; pyrrole bH), 8.80 (d, J=3.24 Hz, 4H; pyrrole bH), 8.44
(d, J=7.83 Hz, 4H; phenyl-H), 8.28 (d, J=7.83 Hz, 1H; phenyl-H), 4.95
(m, 4H; aCH2), 4.60 (q, J=7.29 Hz, 4H; CO2CH2), 2.50 (m, 4H; bCH2),
1.32 (t, J=7.29 Hz, 6H; CO2CH2-CH3), 0.88 (t, J=7.29 Hz, 6H; alkyl
CH3), �2.69 ppm (s, 2H; pyrrole-NH); UV/Vis (CHCl3): lmax=418, 517,
552, 593, 649 nm; fluorescence (CHCl3): lmax=656, 723 nm; MS
(MALDI-TOF): m/z : 803.44 [M+H]+ (calcd: 803.45).

Synthesis of 5,15-bis(n-heptyl)-10,20-bis(4-ethoxycarbonylphenyl)porphi-
natozinc(ii) (6): A saturated solution of zinc acetate dihydrate in metha-
nol (0.6 mL) was added to a solution of free-base porphyrin 5
(20.3 mmol) in chloroform (2 mL). After stirring for 3 h at room tempera-
ture, the solution was washed with water, and the organic layer was
evaporated to yield 19.5 mmol (96.1%) of 6. 1H NMR (270 MHz, CDCl3,
TMS): d=9.54 (d, J=3.24 Hz, 4H; pyrrole bH), 8.89 (d, J=3.24 Hz, 4H;
pyrrole bH), 8.45 (d, J=7.83 Hz, 4H; phenyl-H), 8.28 (d, J=7.83 Hz,
1H; phenyl-H), 4.99 (m, 4H; aCH2), 4.58 (q, J=7.29 Hz, 4H; CO2CH2),
2.55 (m, 4H; bCH2), 1.32 (t, J=7.29 Hz, 6H; CO2CH2-CH3), 0.88 ppm (t,
J=7.29 Hz, 6H; alkyl CH3); UV/Vis (CHCl3): lmax=414, 438, 565,
622 nm; fluorescence (CHCl3): lmax=627, 684 nm; MS (MALDI-TOF):
m/z : 809.31 [M+H]+ (calcd: 809.30).

Preparation of zinc porphyrin monomer coordinated by 1-methylimida-
zole (2): To determine the equivalent of 1-methylimidazole for monomer
formation, zinc porphyrin 6 (0.220 mmol) and tetra-n-butylammonium
perchlorate (TBAP, 0.03 mmol, 0.1m) were dissolved in chloroform
(0.3 mL), and 1-methylimidazole was titrated into this solution (from 1 to
12 equiv), by UV/Vis spectroscopy. During the titration of 1-methylimi-
dazole, the Q-band at 565 nm was shifted to 581 nm, and the intensity of
absorption at 581 nm was saturated at the addition of 11 equiv of 1-meth-
ylimidazole. Therefore, a solution of zinc porphyrin monomer 2, coordi-
nated by 1-methylimidazole, was prepared for the DPV measurement by
dissolving zinc porphyrin monomer 6 (2 mmol), TBAP (0.2 mmol, 0.1m),
and 1-methylimidazole (12 equiv) in chloroform (2 mL).

Synthesis of imidazolyl zinc porphyrin dimer attached by pyromellitdi-
imide (4): Under an argon atmosphere, 8 (7.76 mmol), 9 (59.9 mmol), and
diethyl phosphorocyanidate (DEPC, 27.5 mmol) were dissolved in DMF
(1.2 mL), and then triethylamine (59.9 mmol) was added at 0 8C. After
stirring for 5 h at 0 8C and for a further 12 h at room temperature, the re-
action solution was evaporated. The residue was purified by using silica
gel column chromatography (eluent: chloroform/acetone=10:1) to yield
6.17 mmol (81.2%) of 4. 1H NMR (270 MHz, CDCl3, TMS): d=9.57 (d,
J=4.82 Hz, 2H; pyrrole bH), 9.00 (d, J=3.26 Hz, 2H; pyrrole bH), 8.93
(d, J=4.82 Hz, 2H; pyrrole bH), 8.75 (d, J=7.83 Hz, 1H; phenyl-H),
8.42 (d, J=7.83 Hz, 1H; phenyl-H), 8.40 (d, J=7.83 Hz, 1H; phenyl-H),
8.27 (d, J=7.83 Hz, 1H; phenyl-H), 7.42 (s, 2H; imide, phenyl-H), 7.15

(s, 1H; amide-NH), 5.56 (s, 1H; imidazole-H), 5.46 (d, J=3.26 Hz, 2H;
pyrrole bH), 5.07 (m, 4H; aCH2), 3.65 (s, 3H; CO2CH3), 2.92 (m, 4H;
bCH2), 2.28 (s, 1H; imidazole-H), 2.07 (m, 4H; gCH2), 1.87 (s, 3H; imi-
dazole-NCH3), 1.06 ppm (t, J=7.29 Hz, 6H; alkyl CH3); UV/Vis
(CHCl3): lmax=414, 438, 565, 622 nm; fluorescence (CHCl3): lmax=626,
685 nm; MS (MALDI-TOF): m/z : 809.31 [M+H]+ (calcd: 809.30).

Preparations of 3M and 4M for photophysical measurements : Zinc por-
phyrin dimer 3 or 4 (0.24 mmol) was dissolved in chloroform (1.2 mL)
and 1-methylimidazole (53.0 mmol) was added. Following the addition of
1-methylimidazole, the split Soret bands at 414 and 438 nm, which were
typically observed in the complementary dimer,[6] became single peaks at
420 nm, indicating the dissociation of dimer into monomer.

Measurements and analyses of photoinduced electron-transfer dynamics :
To examine the photodynamics of dimers 3 and 4, and monomers 3M and
4M, transient absorption spectra were measured by using femtosecond
(560 nm, 150 fs) and picosecond (532 nm, 15 ps) laser pulses. To analyze
the electron-transfer dynamics, the absorption of the one-electron-re-
duced form of the electron acceptor (PIC�) at 730 nm was monitored.[10]

The fluorescence lifetime was determined by using the femtosecond up-
conversion technique to confirm the CS time constant for 3, 3M, and 4.
The gate pulse and the excitation wavelengths were 820 and 410 nm, re-
spectively, with pulse duration of ~100 fs. In the case of 4M, the fluores-
cence lifetime was measured with an 800 ps-pulse-N2-dye laser excited at
400 nm and detected at 620 nm with a streak camera.
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