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Abstract: Novel molecular energy and
electron transfer assemblies in vesicular
form, which are made of self-organized
amphiphilic porphyrins bearing phos-
pholipid-like substituents (lipid-por-
phyrins), have been photochemically
characterized. Tetraphenylporphyrin
(TPP) derivatives with four dialkylphos-
phocholine groups [free-base (1a), Zn2�

complex (1b), and Fe3� complex (1c)]
are spontaneously associated in water to
form spherical unilamellar vesicles with
a diameter of 100 ± 150 nm. Exciton
calculations based on the bilayered
sheet model of 1b, which has a porphyr-
in packing similar to that seen in the
triclinic unit cell of the Zn2�TPP crystals,
reproduced the Soret band bathochro-

mic shift appearing in the aqueous
solution of 1b well. The UV/Vis absorp-
tion spectrum of the 1a/1b hybrid vesi-
cles (molar ratio: 1/1) showed no elec-
tronic interaction between the two por-
phyrin chromophores in the ground
state, but efficient intermolecular sin-
glet ± singlet energy transfer took place
from the excited 1b donors to the 1a
acceptor within the vesicle. Near-field
scanning optical microspectroscopy of
the 1a/1b vesicles on a graphite surface
also showed only free-base porphyrin

fluorescence. The efficiency of the en-
ergy transfer was 0.81 and the rate
constant was 3.1� 109 s�1. On the other
hand, protoporphyrin IX bearing two
alkylphosphocholine propionates (2)
was incorporated into the 1a or 1c
bilayer vesicles (ca. 100 nm �, molar
ratio: 1a/2 or 1c/2� 10). The UV/Vis
absorption spectrum showed that 2 was
successfully anchored into the fluid
alkylene region of the membrane with-
out stacking. Photoirradiation (�ex:
390 nm) of the 1c/2 vesicles in the
presence of triethanolamine led a vec-
torial electron transfer from the outer
aqueous phase to the membrane center,
which allowed reduction of the ferric ion
of the Fe3�TPP platform.
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Introduction

In nature, solar energy conversion is triggered by the
capturing of sunlight by hundreds of chlorophyll arrays. That
excited energy is funneled to a reaction center by an
extremely efficient transfer of energy and is converted to
chemical potential in the form of a long-lived charge-
separated state.[1] To obtain insight into these natural light-
harvesting events, numerous porphyrinoid arrays linked by
covalent bonds have been synthesized.[2, 3] Nonetheless, gen-
eral organic synthetic procedures did not allow the construc-
tion of a large-scale supramolecular architecture in which
more than hundreds of metalloporphyrins are ordered with
great regularity. Thus, noncovalent approaches could present
considerable advantages.[4, 5] Furthermore, if we are to repro-
duce any biochemical reaction, the aqueous medium is
particularly important. From these points of view, self-
organized porphyrin assemblies have attracted attention as a
potential light-harvesting antennae model in water. Whereas

porphyrin H-aggregates are generally quenched due to the
large exciton couplings,[6] J-aggregated porphyrins show
strong fluorescence.[7] One of the most significant examples
of the emitting assemblies is our spherical bilayered vesicles
made of amphiphilic tetraphenylporphyrin (TPP) with four
phospholipid-like substituents (lipid-porphyrin, 1a); its fluo-
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rescence intensity remained 76% of that of the monomer in
organic solvent.[8] Herein, we report on novel bilayer vesicles
consisting of two lipid-porphyrin ensembles [free-base (1a)
and Zn2� complex (1b)], in which an efficient singlet ± singlet
energy transfer took place based on the in-plane tightest
packing of the porphyrin platforms. In addition, we present
vectorial electron migration from the bulk aqueous phase to
the membrane center of the Fe3� complex lipid ± porphyrin
(1c) vesicles. The amphiphilic protoporphyrin IX (2) anch-
ored into the highly oriented alkylchain region acts as an
electron transfer mediator. Photoirradiation (�ex: 390 nm)
under the coexistence of triethanolamine allowed reduction
of the central ferric ions of the Fe3� porphyrins and gave an
O2-coordinating ability to the vesicles.

Results and Discussion

Nanostructure and fluorescence of the lipid-porphyrin vesi-
cles : The newly synthesized Zn2� complex of lipid-porphyrin
1b was dispersed in deionized water by ultrasonication to give
a pink-colored colloidal solution. Transmission electron
microscopy (TEM) of the negatively stained and evaporated
sample on a copper grid showed that 1b forms spherical
unilamellar vesicles with a diameter of 100 ± 150 nm as well as
the corresponding free-base porphyrin 1a and the Fe3�

complex 1c (Figure 1a).[8c] The thickness of the membrane

Figure 1. Transmission electron micrographs of evaporated aqueous
solutions of a) 1b and b) 1a/1b ensemble (molar ratio: 1/1). The samples
were negatively stained by uranylacetate.

was 10 nm, which is twice the molecular length of 1b (4.6 nm).
Most probably, the hydrophobic Zn2�TPP platforms were
arranged in two-dimensional planar sheets, which were
stacked with a lateral displacement at the center of the
membrane. It could be an identical conformation to that seen
in the 1a vesicles.[8c] The huge lipid-porphyrins (molecular
weight over 4500) cannot produce a large curvature, so that
they form giant unilamellar vesicles. This is in contrast to the
fact that the usual phospholipids form small unilamellar
vesicles (30 ± 40 nm �) by the same preparation.

The UV/Vis absorption spectrum of the aqueous solution of
1b showed a porphyrin Soret band at 443 nm (�max: 2.7�
105 ��1 cm�1), and its maximum was red shifted (�16 nm)
compared to that of the monomer in benzene/MeOH (4:1 v/v)
solution (�max: 427 nm) (Figure 2). On the contrary, the
porphyrin Q bands remained essentially unaltered (only a
1 nm red shift). This larger bathochromic shift of the Soret

Figure 2. UV/Vis absorption spectra of 1b at 25 �C: a) in benzene/MeOH
(4:1 v/v) (dotted line) and b) in water (solid line).

band should include excitonic interactions due to a lateral
arrangement (J-aggregate) of the transition moments of the
porphyrin chromophores.

We then did a quantitative analysis of the excitonic
interactions of the bilayered Zn2� porphyrin sheets according
to our previously reported procedure.[8c] The simple point-
dipole exciton coupling theory was employed,[9] and two
hypotheses were postulated: 1) the tightest packing of the
Zn2�TPP moieties is realized within a rhomboidal lattice,
which is observed in the triclinic unit cell of the single crystal
of the unsolvated Zn2�TPP (Figure 3, 2a : 2.6 nm, 2b :
1.48 nm),[10] and 2) the interlayer (d) of the face-to-face

Figure 3. Predicted arrangements of the Zn2�TPP platforms as a model for
the bilayer membrane of 1b. The porphyrin Po is located at the origin of the
coordinate axes.
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stacking of the porphyrin sheets is 6.0 ä (Figure 3). The
exciton interaction (�E) between the two porphyrins in the
monolayer is given by Kasha×s Equation (1).

�E�M2rmn
�3 (1� 3cos2�) (1)

M is the transition dipole moment of the Zn2�TPP moiety in
1b (M2� 68.2D2),[11] rmn is the center-to-center distance
between the original porphyrin o (Po) and the porphyrin mn
(Pmn), and � is the tilt angle between the line of centers and the
molecular axes. Using the same strategy, we can estimate the
exciton interactions between Po and the porphyrin kl in the
upper layer (Pkl).[12] These calculations eventually gave the
total differences V and V� in two different Soret transitions Sx

and Sy as �612.3 and �239.0 cm�1, respectively, that indicate
split Soret peaks of 430.8 and 437.5 nm. The observed Soret
band was definitely asymmetric, and it could be divided into
two absorptions (438.5 and 441.4 nm). The small difference
between the calculated �max and experimentally measured
values is likely to be due to the van der Waals shift caused by
the replacement of solvents. Thus, we can conclude that the
absorption shift in the Soret band is describable by exciton
interaction. Of course, the observed shift in the Soret band
comes from the averaged interaction and involves some
deviations, because of the fluidity of the membranes.

The most remarkable photophysical property of the lipid-
porphyrin vesicles is their strong fluorescence in comparison
to the other porphyrin aggregates.[6, 8c] The 3D excitation-
emission spectrum of the aqueous 1b solution showed that the
fluorescence emission maxima (�em: 601, 653 nm) correlated
with the absorption of the vesicles (�max: 443 nm) (not shown),
which suggests that the fluorescence comes from the mem-
brane and not the monomer dissociated from the aggregate.
Single photon-counting fluorescence measurements were also
done in air-equilibrated solution of 1b vesicle. The fluores-
cence decay profile could be analyzed in terms of a single
exponential process with a lifetime (�F) of 1.35 ns (�2� 1.14),
which was slightly shorter than the value of the 1b monomer
in benzene/MeOH (4:1 v/v) solution (�F� 2.0 ns). The excited
triplet states of the 1b vesicles are too short to be observed by
our nanosecond laser flash photolysis apparatus.

Energy transfer process within the lipid-porphyrin vesicles :
Based on the exciton calculations, the alignment of the TPP
planes in the free-base and the Zn2� porphyrin vesicles would
be identical. This result implies that they are able to produce
homogeneous vesicular membranes. Indeed, the equivalent
moles of 1a and 1b are spontaneously associated in water to
yield spherical unilamellar vesicles with a diameter of 100 ±
150 nm with a thickness of 10 nm (Figure 1b), in which the
Zn2� porphyrin should become the donor and the free-base
porphyrin acts as the acceptor. The UV/Vis absorption
spectrum of this 1a/1b ensemble indicates that the spectral
features are the sum of those from the individual lipid-
porphyrin vesicles; it suggests no electronic interaction
between 1a and 1b in the ground state (Figure 4). By
contrast, its fluorescence spectrum is dramatically different
from the superposition of those of the individual components.
The 1a/1b vesicles showed a decrease in fluorescence

Figure 4. UV/Vis absorption spectra of 1a vesicles (blue line), 1b vesicles
(red line), and 1a/1b ensemble vesicles (molar ratio: 1/1, green line) in
water at 25 �C. Black dotted lines represent the superposition of the spectra
for 1a and 1b.

associated with the Zn2� porphyrin and a corresponding
increase in fluorescence associated with the free-base por-
phyrin (�em: 650, 712 nm) (Figure 5). Even on excitation at
558 nm, where the Zn2� complex mainly absorbs (72%), the
emission spectral shape obviously demonstrated that of the

Figure 5. Steady-state fluorescence emission spectra of 1a vesicles (blue
line), 1b vesicles (red line), and 1a/1b ensemble vesicles (molar ratio: 1/1,
green line) in water at 25 �C (Ex. 558 nm).

free-base porphyrin with stronger intensity by a factor of
three. Because the fluorescence of the equivalent mixture of
each vesicle solution displayed a simple sum of their spectra,
efficient intermolecular singlet ± singlet energy transfer could
take place from the excited Zn2� porphyrin donors to the
statistically distributed free-base acceptor within the vesicles.
Since the � ±� interactions between Zn porphyrins are usually
somewhat stronger than those of the free-base porphyrins,
there may not be a statistical dispersion of these two
porphyrin chromospheres in the bilayer. However, for in-
stance, the temperature dependence of the Soret band
absorption maximum of the 1a/1b vesicles showed a small
hypsochromic shift at 56 �C, which suggests the gel-phase
(liquid-crystal) transitions of the membrane. Very similar
behavior was observed in the 1a vesicles.[8a] This probably
implied that the � ±� interactions between the Zn complexes
are not so different from the free-bases in the lipid-porphyrin
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vesicles. The fluorescence band of the donor considerably
overlaps the acceptor absorption, therefore Fˆrster-type
excitation energy transfer would be preferable.[13]

The aqueous 1a/1b vesicle solution was then transferred
onto a graphite surface and subjected to near-field scanning
optical microspectroscopy (NSOM). The bilayered mem-
branes slowly flattened on the substrate during the water
evaporation process. Unfortunately, the topology-mode meas-
urements could not distinguish each 100 nm particle because
of the low resolution. However, the dried vesicles still
fluoresce on the solid surface and their emission was clearly
detected by NSOM (Figure 6a). The fluorescence pattern of

Figure 6. NSOM images of the evaporated aqueous solution of 1a/1b
ensemble vesicles (molar ratio: 1/1) on HOPG. a) fluorescence image of
the flattened vesicles (4� 4 �m, Ex. 442 nm, detection was effected at
650 nm), and b) fluorescence emission spectra of the flattened vesicles at
the indicated parts [(A) and (B)] in the image a).

the collapsed 1a/1b particles (�em: 655, 714 nm) was in good
agreement with that of the free-base porphyrin [�em: 650,
712 nm, Figure 6b)]. Recently, Adams et al. reported inter-
esting NSOM measurements of porphyrin thin films.[14] Our
result is the first observation of an energy transfer molecular
assembly made of amphiphilic porphyrin aggregates by the
NSOM technique.

The fluorescence decay profile of this hybrid vesicle
solution monitored at 610 nm became progressively triple-
exponential with a faster decaying component being seen in
addition to the original two slower kinetics (�2� 1.26) (Fig-
ure 7). The longer lifetimes (6.73, 1.90 ns) are respectively
assigned as those of 1a and 1b. The shorter-lived component
(263 ps) is reflective of the singlet ± singlet energy transfer

Figure 7. Time-correlated single-photon counting decay profile of 1a/1b
ensemble vesicles (molar ratio: 1/1, Ex. 558 nm, detection was effected at
610 nm). The curve is fitted to triple exponentials with lifetimes of 6.73 ns,
1.90 ns, and 263 ps (�2� 1.26).

from the excited Zn2� porphyrin to the free-base porphyrin
within the vesicles. The rate constants for intermolecular
energy transfer (kET) have been calculated from Equation (2).

kET� 1/�FB/Zn� 1/�Zn (2)

�FB/Zn is the measured fastest component of the excited 1a/
1b vesicles and �Zn is the lifetime of the 1b vesicles. The kET

value was 3.1� 109 s�1. The efficiency of this energy transfer
(�ET) could be determined to be 0.81 from Equation (3).[15]

�ET� kET/[kET � (1/�Zn)] (3)

This non-covalently constructed 1a/1b architecture showed
relatively larger kET and �ET than the values of the free-base/
Zn2� porphyrin dimers linked by covalent or hydrogen
bonding.[2±5, 13] From the molecular area for lipid-porphyrin
(2.2 nm2), one vesicle (100 nm �) is considered to consist of
23000 porphyrin molecules.[8c] To the best of our knowledge,
this is the largest molecular energy transfer assembly made of
self-organized porphyrin in water. For the triplet-state
process, the transient difference absorption recorded in
outgassed aqueous solution of the 1a/1b vesicles did not
show any significant peaks after the laser flash photolysis.

Electron transfer process of the lipid-porphyrin vesicles : In
the lipid-porphyrin vesicles, the J-aggregated TPP platforms
settled under the hydrophobic barrier of 4 nm thickness, and
were not sensitive to the addition of a water-soluble electron
acceptor or electron donor from the bulk aqueous phase. In
fact, the fluorescence intensity of the 1a or 1b vesicles was not
quenched at all by addition of electron acceptors; N,N�-
methyl-4,4�-bipyridinium dichrolides and N,N�-benzyl-4,4�-
bipyridinium dichrolides in the concentration range 0 to
2 m�. Since none of the quencher molecules caused a
spectroscopic shift of the porphyrin absorption bands, there
is no �-overlap between the electron accepting molecules and
donating porphyrins. Attempting to reduce the Fe3�TPP
planes in the 1c vesicles by addition of ascorbic acid also
failed. These results imply that water-soluble molecules
cannot enter the membrane interior. It is, therefore, certain
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that the membrane properties should be modified to realize
electron communications through the lipid-porphyrin mem-
branes. Over the past few decades, substantial efforts have
also been directed towards embedding two different porphyr-
ins geometrically in phospholipid liposomes,[6f, 16] but the
location of each co-factor is not always very accurate because
of the low guest-to-host ratio in the membranes.

The free-base porphyrin 1a was coassembled with proto-
porphyrin IX (PPIX) bearing two alkylphosphocholine pro-
pionates (2) (molar ratio: 1a/2� 10), to give similar round
vesicles. Although porphyrin 2 itself produced very thin
monomolecular fibers in water (Figure 8a),[6d] the TEM
observation showed only spherical unilamellars (ca. 100 nm

Figure 8. Transmission electron micrographs of the evaporated aqueous
solutions of a) 2 and b) the 1a/2 ensemble (molar ratio: 1a/2� 10); c) UV/
Vis absorption spectra of 1a vesicles (dotted line) and 1a/2 ensemble
vesicles (solid line) in water at 25 �C. The inset shows a different spectrum
for both solutions, in which the absorption maxima coincided with those of
the DPPC vesicles incorporating 2 (molar ratio: DPPC/2� 40/1) in water.

�) (Figure 8b). No fibrous aggregate was detectable and the
membrane did not become thicker. Increasing the amount of 2
(molar ratio: 1a/2� 5) led to deformation of the morphology
into small micelles and fibers. The subtracted difference
absorption spectrum of the 1a/2 hybrids minus the homoge-
neous 1a vesicles showed �max at 408, 508, 542, 578, and
635 nm (Figure 8c inset). Unfortunately, the disturbance
interfered with the Soret band region. It coincided with the
absorption maxima of an aqueous solution of phospholipid
liposomes (ex. 1,2-dipalmytoyl-3-sn-glycerophosphocholine
(DPPC)) incorporating 2 (molar ratio: DPPC/2� 40, �max:
408, 509, 542, 579, and 634 nm). We concluded that 2 was
homogeneously trapped into the highly oriented alkylene
region of the 1a vesicles without stacking. It may be presumed
with certainty that the protoporphyrin macrocycle was
anchored at the middle of the monolayer perpendicular to
the membrane surface [see space-filling model in Figure 9b].

Figure 9. a) Photoreduction of Fe3�TPP moieties of 1c/2/DIm vesicles in
aqueous phosphate buffer (pH 7.3) at 25 �C. b) The schematic representa-
tion of the 1c/2/DIm monolayer membrane interior using the space-filling
model for the each compound (DIm is replaced by 1-methylimidazole for
clarification).

In the vesicles of the Fe3� complex 1c including free-base 2
(molar ratio: 1c/2� 10), the fluorescence of the protopor-
phyrin chromophore was completely quenched. This decrease
in the emission would be ascribed to the intermolecular
electron transfer from the excited singlet state of 2 to 1c
within the vesicles. The Fe3� porphyrins are d-typed hyper-
porphyrins with an extremely short lifetime of the excited
state and no fluorescence. This quenching cannot be inter-
preted in terms of a static mechanism and is assumed to be
due to oxidative quenching. An attempt to observe the time-
resolved difference spectrum of the 2 cation radical was
unsuccessful, because the absorption intensity of the proto-
porphyrin 2 was rather low, and the reaction rate was beyond
the resolution of our apparatus. The excited triplet state of 2
may also be populated by means of intersystem crossing from
the singlet state, which occurs in competition with the electron
transfer, but the triplet ± triplet absorption of 2was not seen in
the 500 ± 900 nm region.

The coexistence of a small excess of 1-dodecylimidazole
(DIm) as an axial base for the Fe3� complex 1c did not cause
morphological changes in the vesicular configuration. The
UV/Vis spectrum of the 1c/2/DIm (molar ratio: 1/0.1/3)
showed maxima at 544 and 575 nm, indicating that the
dominant species of 1c is a six-coordinate ferric complex
with the axially bound bis-imidazole of DIm.[17] Under an
argon atmosphere, the 390 nm (Soret band of 2) photo-
irradiation of the 1c/2/DIm vesicles with triethanolamine
(TEOA) in the outer aqueous phase led to efficient and
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irreversible reduction of the ferric ion of 1c ; the visible
absorption spectrum changed to the typical six-N-coordinated
low-spin Fe2� complex (�max: 436, 538, and 568 nm).[8c, 18] The
isosbestic points (534 and 562 nm) throughout the measure-
ment revealed that no side reaction occurred. The following
results indicate that the photoreduction of 1c takes place
through the intermolecular electron transfer initiated by
excitation of 2 ; 1) in the absence of TEOA or 2, the reduction
proceeded by less than 40% (Figure 9a), 2) irradiation of the
Soret band of 1c also reduced the ferric center, but by less
than 30%. Photoirradiation of the Soret band of 2 causes only
the efficient reduction of 1c, and TEOA acts as a sacrificial
reagent to reduce the cation radical of 2. The protoporphyrin
anchors successfully serve as an electron transfer mediator,
and the space-filling model of the 1c/2/DIm hybrid demon-
strated well our supposed structure (Figure 9b). The overall
process of this reaction is expressed by Equation (4), where
LP is lipid-porphyrin and PP is the protoporphyrin moiety of 2.

Fe3�LP(DIm)2 � PP �h� Fe3�LP(DIm)2 � PP* �Fe2�LP(DIm)2

� PP�. �e
�

Fe2�LP(DIm)2 � PP (4)

After reduction of 1c, the membrane-trapped protopor-
phyrin becomes more hydrophilic and may be close enough to
the bulk aqueous phase to accept an electron.

Upon exposure of the aqueous solution of the photo-
reduced 1d/2/DIm vesicles to O2, the UV/Vis absorption
spectrum immediately changed to that of the corresponding
O2-adduct complex (�max: 435, 543 nm). This dioxygenation
was observed to be reversibly dependent on the O2-partial
pressure the same as in our previous reported 1d/DIm
vesicles.[8c]

Conclusions

The perfectly round bilayer vesicles made of self-organized
lipid-porphyrin 1a/1b ensembles are the first molecular
energy transfer assemblies with a diameter of over 100 nm
in water. Singlet energy transfer occurs with a rate constant of
3.1� 109 s�1 and with 81% efficiency. The non-covalently
aligned J-aggregate porphyrins described herein have been
shown to represent an effective approach to constructing a
new class of light-harvesting antennae models in aqueous
media. Indeed, effective optical cross-section per 1b molecule
in the vesicles at 558 nm is 0.73 ä2, which is identical to that
observed in benzene/MeOH homogeneous solution.[19] The
23000 porphyrin active sites are densely packed in the vesicles
and isolated from the bulk aqueous solution; therefore
electron communications to the outside of the membrane
have some difficulties. However, anchoring of the protopor-
phyrin electron-mediator to the monolayer immediately
permits funneling an electron by light irradiation, and it gave
a hemoglobin-like property–reversible O2-binding activity–
to the vesicles. New investigations of a photoinduced charge
separation process with an external electron acceptor and
light-controllable heme catalytic reactions in these supra-
molecular lipid-porphyrin architectures are now being under-
taken.

Experimental Section

Materials and apparatus : The synthetic methods for lipid-porphyrins (1a,
1c, 2) are described elsewhere.[8c, 6d] The Zn2� complex 1b was synthesized
by the insertion of zinc into the free-base lipid-porphyrin 1a using
Zn(OAc)2 in MeOH solution (yield: 85%). Triethanolamine, N,N�-methyl-
4,4�-bipyridinium dichrolides, and N,N�-benzyl-4,4�-bipyridinium dichro-
lides of high-purity grade were used without further purification. UV/Vis
absorption spectra were recorded on a JASCO V-570 spectrophotometer,
and steady state fluorescence spectra were obtained from a HITACHI
F-4500 spectrofluorometer. All these measurements were normally carried
out at 25 �C.

Preparation of aqueous lipid-porphyrin solutions :

a) Lipid-porphyrin (1a, 1b, 1a/1b) solutions : A benzene/methanol stock
solution of 1a or 1b (50–100 �L, 1.0 m�) was placed in a 5 mL round-
bottom flask and slowly condensed using a rotary evaporator under
reduced pressure, affording a thin film of the porphyrin at the bottom. The
film was then dried in vacuo for 3 h; deionized water (5 mL) heated at 60 �C
was slowly injected. The mixture was homogenized by vortex mixing with
several small glass beads (ca. 10 pieces) and shortly sonicated by a bath-
type ultrasonicator. The obtained solution (10 ± 20 ��) was incubated for
6 h at room temperature before use. The hybridized 1a/1b solution was also
prepared in the same manner.

b) Lipid-porphyrins 1a/2 and 1c/2/1-dodecylimidazole (DIm) hybrid
solutions : A benzene/methanol stock solution of 1a (100 �L, 1.0 m�) and
methanol solution of 2 (10 �L, 1.0 m�) were slowly condensed by using a
rotary evaporator under reduced pressure as described above, giving a
hybrid thin-film at the bottom of the flask. The film was dried in vacuo for
3 h and phosphate buffer (pH 7.3, 1 m�, 5 mL) heated at 60 �C was added.
Homogenization by a tip-type ultrasonicator (60 mW, 3 min) in a water
bath provided a pale orange solution ([1a]� 20 ��), which was incubated
for 12 h at room temperature. The hybrid lipid-porphyrin 1c/2/DIm (molar
ratio: 1/0.1/3, [1c]� 20 ��) was also prepared by the same procedures.

Transmission electron microscopy (TEM): The negatively stained speci-
mens for TEM were prepared as in previously reported procedures.[7c, 8b]

The Cu grid surfaces were treated for a short period (5 s) by glow discharge
using a JEOL HDF-400 to form a hydrophilic plane just before use. The
obtained grids with the evaporated sample were observed in a JEOL JEM-
100CX electron microscope at an acceleration voltage of 100 kV.

Exciton calculation : The overall excitonic interaction in the Zn2�TPP
bilayer model of 1b was calculated based on our previously reported
methods.[8c]

Near-field scanning optical microspectroscopy (NSOM): A droplet of 1a/
1b vesicle solution (20 ��) was pipetted onto freshly-cleaved highly-
oriented pyrolytic graphite (HOPG STM-1, Advanced Ceramics Co.).
After 1 min, excess fluid was carefully blotted off with filtration paper and
the surface air-dried for another 30 min. NSOM measurements were
carried out using a JASCO NFS-230 Scanning Near-Field Optical Micro-
spectrometer in the illumination collection mode under ambient laboratory
conditions. The samples were excited by a He-Cd laser (442 nm) with
0.1 mW intensity for 0.5 s, and the diameter of the light probe was 400 nm.
Imaging was performed by displaying the fluorescence signal and the
height signal simultaneously for 4� 4 �m (21� 21 points).

Excited-state lifetimes : Singlet lifetimes of the lipid-porphyrin vesicles
were measured by using a HORIBA NAES-500 nanosecond fluorometer
with an N2 lamp (excitation side multicavity filter: ASAHI SPECTRA
MZ0560, �� 560� 2 nm; emission side multicavity filter: MZ0610, ��
610� 2 nm). The samples were held in a cuvette (optical path length,
10 mm). The concentration of the lipid-porphyrin was 9.5 ��, and experi-
ments were carried out at 25 �C. Triplet lifetime measurements on a
nanosecond time scale were performed by using a Unisoku TSP-600 time-
resolved spectrophotometer system with a Continuum Surelite I-10
Q-switched Nd-YAG laser, which generated a second-harmonic (532 nm)
pulse of 6 ns duration with an energy of 200 mJ per pulse (10 Hz).

Steady-state electron-transfer from excited 2 to 1c : Continuous light
irradiations were performed with an ORIEL 450 W xenon arc-lamp model
66021 under an argon atmosphere (25 �C). The 1c solution was deaerated
by argon bubbling before photoirradiation. The light was filtered with
cutoff filter (HOYA UV-32) and a multicavity filter (ASAHI SPECTRA
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MY0390, �� 390� 2 nm) to isolate the desired wavelength region. The
filtered light was irradiated into a solution of the 1c/DIm (molar ratio: 1/3)
vesicles or 1c/2/DIm vesicles (molar ratio: 1c/2/DIm� 1/0.1/3) with (or
without) triethanolamine (64 m�) contained in a 10 mm cuvette at a
distance of 140 mm from the center of the light source. The UV/Vis
absorption spectra of the solution were measured at regular intervals. The
photoreduction of 1c to the ferrous complex 1d was monitored by the time
dependence of the absorption intensity at 538 nm, which is based on the
bisimidazole coordinated Fe2� complex. In order to obtain a spectrum of
the completely reduced ferrous 1d/2/DIm vesicles, an aqueous sodium
dithionate solution (25 m�, 40 �L) was added to the 1c/2/DIm vesicle
solution at 60 �C.
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