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Two-photon absorption properties of conjugated supramolecular
porphyrins with electron donor and acceptor
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Abstract

Two-photon absorption (2PA) cross-section values of supramolecular porphyrin tetramer consisting of two monoacetylene-linked bisporphyrins
with and without ferrocene/C60 groups as electron donor/acceptor through the coordination of pyridyl to zinc were measured using a nanosecond
open aperture Z-scan method. The maximum effective cross-section value was observed for the compound having asymmetric terminals of
ferrocene and C60 as 2.0× 105 GM. The values obtained for compounds having two C60’s, two ferrocene’s, no donor/acceptor, and stacked isomer
were 1.7× 105 GM, 1.5× 105 GM, 1.1× 105 GM, and 1.3× 105 GM, respectively. These results indicate that the asymmetric donor–�–acceptor
structure is the best for 2PA enhancement for this series of molecules. These values are extremely large compared to those of unit dimer2D
(190 GM at 780 nm) and compounds reported hitherto in literatures.
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. Introduction

Two-photon absorption (2PA) is a non-linear optical phe-
omenon, which occurs through simultaneous absorption of two
hotons and has recently been the subject of much interest.
ecause of quadratic dependence on the incident light inten-
ity in the 2PA process, the efficiency becomes largest at the
ocal point. Therefore, two-photon excitation is expected to find

variety of optical applications, which include photodynamic
herapy[1–3], 3-D optical data storage[4–7], and optical lim-
ting [8]. Although the first prediction of 2PA was made by

aria Göppert–Mayer in 1931[9] and the first observation
as reported in 1961[10] after introduction of laser tech-
ology, this field had not been active because materials with

arge 2PA cross-section values (σ(2)) were not discovered. In
ecent years, new classes of molecules exhibiting largeσ(2) val-
es have been reported according to the strategies employing
onor/acceptor sets with a�-conjugation system in a symmetric
D–�–D or A–�–A) [11] or asymmetric (D–�–A) arrangement
12].

Porphyrin is the promising candidate for 2PA mater
because of the highly conjugated�-electron system, but sim
ple monomeric porphyrins without donor/acceptor groups,
as tetraphenylporphyrin (H2TPP) and zincoctaethylporphyr
(ZnOEP), exhibit only smallσ(2) values below a few ten
of GM (1 GM = 10−50 cm4 s molecule−1 photon−1) [13]. Por-
phyrin derivatives are used for cancer treatment as a pho
namic therapy (PDT) agent. However, visible light in red reg
limits the penetration depth on the surface due to the abso
by biological tissue. The use of light in the near-infrared (N
wavelength from 700 to 1500 nm, a so-called “optical wind
for biological tissues[14], is advantageous for better penetra
to the tissue. Thus, porphyrins with largeσ(2) values at the NIR
region will allow spatially selective treatment of cancer eve
deep sites.

We have reported that zinc complex ofmeso-(N-
methyl)imidazolylporphyrin like1 led to the formation of a sta
ble slipped cofacial dimer2D by the complementary coordin
tion of imidazolyl to pentacoordinating zinc in non-coordina
solvents with a stability constant over 1011 M−1 [15]. Despite
such high stability constant, the dimeric structure can be cle
∗ Corresponding author. Tel.: +81 743 72 6110; fax: +81 743 72 6119.
E-mail address: kobuke@ms.naist.jp (Y. Kobuke).

by the presence of coordinating solvents such as MeOH and
pyridine, and reorganized on eliminating the solvents. This
procedure has allowed us to prepare various supramolecular
porphyrin architectures[16] such as long linear arrays[17]
010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.10.042
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Scheme 1. Formation of self-assembled dimer2D and structure of compound3D.

Scheme 2. Strategy for construction of conjugated porphyrin supermolecules with donor and acceptor.
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with large third-order optical non-linearity[18] and macrocycles
[19] with light-harvesting function mimicking photosynthetic
antenna rings (Scheme 1).

Recently, we reported that the self-assembled conjugated por-
phyrin 3D exhibited a very largeσ(2) value (7600 GM), which
was the largest among the reported measured by using femtosec-
ond pulses[20]. The large enhancement could be attributed to
three factors: (i) extended�-conjugation over two porphyrins
by using a bisacetylene link, (ii) molecular polarization induced
by the asymmetric donor/acceptor arrangement of zinc- and free
base porphyrins and (iii) complementary coordination of imida-
zolyl to zinc. To gain insights into a further increase of theσ(2)

value, it is interesting to introduce electron donor and/or accep-
tor groups to a conjugated imidazolyl porphyrin system in order
to polarize further the molecule. If one more zinc ion is inserted
into the outside free base porphyrin of the self-assembly3D,
additional coordination sites become available for connecting
donor/acceptor groups through coordinating ligands. Accord-
ing to this idea, we designed a novel conjugated supramolecular
porphyrin system as shown inScheme 2. The designed por-
phyrin tetramer4a has two terminal zincporphyrins as the host
of ligands but no terminal imidazolyl group and the formation
of self-organized linear polymer is prevented. For facile prepa-
ration of asymmetric bisporphyrin units, monoacetylene linking
was adopted, where direct hetero-coupling reaction between por-
phyrins with and without imidazole was undertaken. During the
p
w ack
a . In

this stacked isomer, each imidazolyl group coordinates to the
zinc porphyrin site having no imidazolyl group to give a stack
configuration rather than the extended one. In order to prohibit
the interconversion of the coordination isomers once obtained,
the complementary coordination pair was covalently linked by
metathesis reaction[21] to give the tetramer host4b that can
accept two external ligands at terminal zincporphyrins. As the
guest ligand, 3,5-disubstituted pyridine was chosen, in which
one subsistent carries an olefinic group for linking to porphyrin
by metathesis reaction with one of the olefinic substituents at the
meso-position, and the other bears an electron donor or accep-
tor. In this work, ferrocene (Fc) and C60 were used as the donor
and acceptor, respectively. Thus, three supermoleculesFcFc,
C60C60, andC60Fc (Scheme 3) were prepared by coordination,
followed by metathesis connection to give4d through4c. The
details of preparation and structural characterization will be pub-
lished elsewhere. When the porphyrin part is photo-irradiated,
charge separated species should result. In the case ofFcFc,
charge shift from Fc to porphyrin is expected to give the charge
separated state, Fc•+–ZnP•−, while in the case ofC60C60, the
charge separated species will be ZnP•+–C60

•−. Therefore,FcFc
andC60C60 may belong to D–A–D and A–D–A configurations,
respectively. On the other hand, in the case ofC60Fc, charge
separation will occur first between porphyrin and C60 followed
by charge shift from Fc to porphyrin cation radical to afford the
final charge separated state, C•−–ZnP–Fc•+, i.e. D–�–A con-
fi f the
fi cond
p

reparation process of4a, a coordination isomer namedstack
as gradually formed in a chloroform solution and went b
gain to4a by adding coordinating solvent such as pyridine
Scheme 3. Structures of porphyrin su
60
guration. Such the configuration produced by absorption o
rst photon may increase the transition probability of the se
hoton resulting in large cross-section values.
permolecules investigated in this study.
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In this study, 2PA properties of supramolecular porphyrins
were investigated by nanosecond open aperture Z-scan mea-
surements. The porphyrin tetramer without a donor/acceptor but
coordinated by pyridinePyPy, the stacked isomerstack, and
coordination dimer2D were also measured for comparison.

2. Results and discussion

Fig. 1shows UV–vis absorption spectra of porphyrins inves-
tigated in this work. The complementary coordination dimer
2D gave split Soret bands at 413 nm and 436 nm. The splitting
energy of 1280 cm−1 indicates the presence of fairly large exci-
ton interaction between two porphyrins. This can be explained
as a result of head-to-tail and face-to-face orientations of two
mutually orthogonal transition dipoles in the slipped cofacial
arrangement[15,19]. All the other self-assembled acetylene-
linked bisporphyrins show further a larger splitting of 4280 cm−1

(around at 405 nm and 490 nm). When 10% pyridine was added
into the tetrachloroethane solution of4a or stack, the split-
ting energy decreased to 2920 cm−1 (424 nm and 484 nm) as
a result of cleavage of the complementary coordination of
imidazolyl to zinc. The splitting energy is contributed from

F
a
f
f

the exciton interactions of face-to-face and head-to-tail tran-
sitions of two porphyrins in a�-conjugation and complemen-
tary coordination. The significant part of the splitting energy
observed in self-assembled tetramers (2920 cm−1) comes from
�-conjugated porphyrins[22,23]and another incremental com-
ponent (1360 cm−1) may be ascribed to the exciton interactions
between two bisporphyrin units in the complementary coordi-
nation. The effect of increased conjugation reflected in strongly
intensified and red-shifted Q-bands around 730 nm. The inten-
sified Q-band is considered to be contributed from the reduced
a1u–a2u degeneracy as well as the increased conjugation[24]
and to allow large 2PA cross-section values because a reso-
nance enhancement[13,25]of the Q-band may be amplified, too.
The self-assemblies bring large extinction coefficients for one-
photon absorption around 400–500 nm (S2 state), but negligible
absorption is observed over 800 nm. Therefore, it is expected that
two photons in 800–1000 nm region will be absorbed simulta-
neously to promote the molecule to the S2 state.

Fig. 2 shows a typical Z-scan trace forC60Fc in tatra-
chloroethane (9�M, dotted) with a pulse energy of 1 mJ (cor-
responding toI0 = 1.0× 1014 W m−2) and a theoretically fitted
curve (solid line). In this figure, the normalized transmittance is
plotted as a function of the sample position,z. The large dip was
observed around the focal position due to the non-linear absorp-
tion. The curve fit was based on the theoretical expression for
the transmittance with the following equations[20,26,27]:

T

q

q

L

σ

ig. 1. One-photon absorption spectra of (a)C60C60, C60Fc, FcFc, andPyPy,
nd (b)PyPy, stack, 2D, and H2TPP. The solvents used were: tetrachloroethane

or C60C60, C60Fc, FcFc, andstack; tetrachloroethane containing 1% pyridine
or PyPy; chloroform for2D and H2TPP.

F e
e
c

(ζ) = (1 − R)2 e(−α(1)L)
√

πq(ζ)

∫ ∞

−∞
ln[1 + q(ζ) e(−x2)] dx (1)

(ζ) = q0

1 + ζ2 (2)

0 = α(2)(1 − R)I0 Leff (3)

eff = [1 − exp(−α(1)L)]

α(1) (4)

(2) = h̄ω α(2)

N
(5)

ig. 2. Typical open-aperture Z-scan traces (dot) ofC60Fc at 880 nm with puls
nergy of 1 mJ corresponding toI0 = 1.0× 1014 W m−2 with theoretical fitting
urves (solid).
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Fig. 3. 2PA spectra of (a)2D and H2TPP, (b)PyPy, (c) stack, (d) FcFc, (e) C60C60, and (f)C60Fc. The solvents used were: tetrachloroethane forC60C60, FcFc,
C60Fc, andstack; tetrachloroethane containing 1% pyridine forPyPy; chloroform for2D and H2TPP.

whereζ is the normalizedz-position (ζ = (z − z0)/zR), and z0
andzR the focal position and the Rayleigh range, respectively,
α(1) a one-photon absorption coefficient,R denotes the Fresnel
reflectance andL is the path length.α(2) is the 2PA coefficient,
Leff denotes the effective path length andI0 is the peak intensity
at the focal position.N is the number density of the molecules
andh̄ω is the photon energy of the incident light. Finally, the
effectiveσ(2) value was estimated from the Eq.(5).

Plots of effectiveσ(2) values as a function of wavelength (2PA
spectra) are shown inFig. 3. In the cases of H2TPP and coordina-
tion dimer unit2D, the cross-sections increased with shortening
the wavelength of incident light. Such the behavior was observed

in porphyrin monomers such as H2TPP and ZnOEP measured
using a femtosecond fluorescence method and was explained as
a resonance enhancement nearby one-photon absorption of the
Q-band[13]. The femtosecond data of H2TPP and ZnOEP in the
literature were 15 GM and 4.4 GM, respectively, at 780 nm. The
σ(2) values of H2TPP and2D measured using nanosecond laser
at 780 nm in this study were estimated to be 29 GM and 190 GM
(95 GM per porphyrin, seeFig. 3(a) andTable 1), respectively.
The value of H2TPP measured by nanosecond laser is twice of
that by femtosecond, indicating that the contribution of excited
state absorption (ESA), which is usually observed in nanosec-
ond measurements and the cross-section value is two to three
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Scheme 4. Structures of compounds8 and10.

orders of magnitude larger than that obtained by femtosecond
pulse[28–30], is rather small. Although the value of2D per
porphyrin is three times larger than that of H2TPP at 780 nm, it
should be noted here that these values are not the maximum and
the peaks may lie below 780 nm.

On the other hand, supermolecules consisting of acetylene-
linked bisporphyrin exhibited extremely large effectiveσ(2)

values at around 880–900 nm as shown inFig. 3(b–f). In
all cases, the one-photon transition energy corresponding to
the 2PA maximum (440–450 nm) disagreed with one-photon
Soret bands. This suggests that the final 2PA state isgerade
and electronic structure in tetrameric porphyrin framework
is approximately centrosymmetric. The maximum effec-
tive σ(2) values were estimated to be (1.1± 0.22)× 105

((2.8± 0.56)× 104 per porphyrin) GM for PyPy,
(1.3± 0.26)× 105 ((3.2± 0.64)× 104 per porphyrin) GM
for stack, (1.5± 0.30)× 105 ((3.8± 0.76)× 104 per por-
phyrin) GM for FcFc, (1.7± 0.34)× 105 ((4.3± 0.86)× 104

per porphyrin) GM for C60C60, and (2.0± 0.40)× 105

((5.0± 1.0)× 104 per porphyrin) GM forC60Fc, as summa-
rized in Table 1. These values are three orders of magnitude
larger than those obtained for2D. This result indicates that
the acetylene linkages, irrespective of mono and bis ones,
are effective for enhancing significantly the 2PA cross-
section (bisacetylene compounds exhibited the same order
of magnitude of the effectiveσ(2) values in nanosecond
t om-
p the
o
c ncy

T
2

S

H
2
P
s
F
C
C

T

which corresponds to the efficiency of photo-induced electron
transfer, 85% forC60C60, 63% forC60Fc, and 44% forFcFc
based on the fluorescence intensity ofPyPy. Despite lower
the fluorescence quenching efficiency forC60Fc than that for
C60C60, the order for the cross-section value is reverse to this.
This suggests that the asymmetric D–�–A structure contributes
more significantly than symmetric D–A–D and A–D–A
configurations for the 2PA enhancement. Compounds8 and10
(Scheme 4) were measured to investigate the contribution from
Fc and C60 moieties to theσ(2) value, however, no non-linear
absorption (∼mM concentration) was observed in the range
from 780 nm to 930 nm. Althoughstack exhibited a slightly
larger cross-section value (1.3× 104 GM) thanPyPy, the differ-
ence is not so significant. These results provide a new strategy
constructing molecules, where the porphyrin is employed as
the central�-system with Fc/C60 as a donor/acceptor set to
expect large 2PA cross-section values. Although the effective
σ(2) values reported hitherto through nanosecond pulses were
in the range a few GM to 105 GM, the values observed in
this study are the largest classes in literatures[11,12,28–30].
Such the huge cross-section values will open wide the way
to 2PA applications such as PDT and a 3-D data storage
device.

3. Conclusions

yrin
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imescale, which will be published elsewhere). On c
aring the series of compounds, the magnitude is in
rder C60Fc > C60C60 > FcFc > stack > PyPy. This order is
orrelated with that of the fluorescence quenching efficie

able 1
PA cross-section values (σ(2)) of porphyrins

ample σ(2) (GM; per porphyrin) Wavelength (nm) Solvent

2TPP 29 (–) 780 CHCl3

D 190 (95) 780 CHCl3
yPy 1.1× 105 (2.8× 104) 890 TCE + 1% py
tack 1.3× 105 (3.2× 104) 890 TCE
cFc 1.5× 105 (3.8× 104) 890 TCE

60C60 1.7× 105 (4.3× 104) 890 TCE

60Fc 2.0× 105 (5.0× 104) 880 TCE

CE, tetrachloroethane; py, pyridine.
,

In this work, 2PA properties of supramolecular porph
ystem consisting of porphyrin tetramer are investigate
he supramolecular porphyrin system,�-conjugation betwee
wo porphyrins of bisporphyrin unit is expanded by us
he monoacetylene linkage and ferrocene/C60 groups are
ttached as donor/acceptor terminals by coordination of e
al pyridyl ligands to zinc, followed by metathesis linkin
he order of the maximum effective cross-section value
60Fc (2.0× 105 GM) > C60C60 (1.7× 105 GM) > FcFc (1.5×
05 GM) > stack (1.3× 105 GM) > PyPy (1.1× 105 GM). The
esults suggest that the asymmetric D–�–A structure is advan
ageous for enhancing the 2PA in this series of molecules
f these values are extremely large compared to those of
D (190 GM at 780 nm). The porphyrin supermolecules inv
ated here are interesting materials for applications to 2PA-
nd 3-D optical memory.
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4. Experimental

1H and13C NMR spectra were measured by using a JEOL EX
270 spectrometer. MALDI-TOF mass spectra were measured
with Voyager DE-STR (PerSeptive Biosystems) or KRATOS
AXIMA using dithranol as a matrix.

4.1. Synthesis of 3-allyloxymethyl-5-hydroxymethyl-
pyridine: 5

Under a nitrogen atmosphere, 3,5-dihydroxymethylpyridine
[31] (16 mmol) and sodium hydride (47 mmol) were added into
140 mL of dry DMF and the mixture was stirred for 1 h at room
temperature. Allyl bromide (5.5 mmol) dissolved in dry DMF
(10 mL) was added dropwise into the mixture over 15 min. After
stirring for 2.5 h, the solvent was removed under vacuum and the
residue was extracted with chloroform. The chloroform solu-
tion was washed with water and evaporated (3.4 mmol, 21%).
1H NMR (270 MHz, CDCl3) δ 4.07 (ddd,J = 5.7, 1.6, 1.6 Hz,
2H), 4.54 (s, 2H), 4.75 (s, 2H), 5.24 (ddt,J = 10.3, 1.6, 1.6 Hz,
1H), 5.32 (ddt,J = 10.3, 1.6, 1.6 Hz, 1H), 5.95 (m, 1H), 7.74 (t,
J = 1.6 Hz, 1H), 8.50 (s, 1H), 8.51 (s, 1H).

4.2. Synthesis of 3-allyloxymethyl-5-chloromethylpyridine
hydrochloride: 6

lo-
r The
s was
r
( 4
( 3 (s,
1

4
p
h

( ix-
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v loro
f oun
( ,
1 .92
( .50
(

4
e

r-
b ol)
w rred
f dde
t r va
u title

compound was purified using silica gel column chromatogra-
phy (eluent:n-hexane/EtOAc = 5:1) (17%).1H NMR (270 MHz,
CDCl3) δ 4.09 (ddd,J = 7.0, 1.4, 1.4 Hz, 2H), 4.15 (s, 1H), 4.48
(t, J = 1.6 Hz, 2H), 4.55 (s, 2H), 5.26 (ddt,J = 10.5, 1.1, 1.1 Hz,
2H), 5.35 (ddt,J = 10.5, 1.1, 1.1 Hz, 2H), 6.06 (m, 1H), 6.66 (d,
J = 16.5 Hz, 1H), 6.97 (d,J = 16.5 Hz, 1H), 7.76 (t,J = 2.2 Hz,
1H), 8.40 (d,J = 2.2 Hz, 1H), 8.55 (d,J = 2.2 Hz, 1H).

4.5. Synthesis of 3-allyloxymethyl-5-((E)-2-(4-formyl-
phenyl)ethenyl)pyridine: 9

Under an argon atmosphere,7 (0.18 mmol) was dissolved
in 4 mL of dry DMF and potassiumtert-butoxide (0.45 mmol)
was added at−40◦C. After stirring for 10 min at 0◦C, tereph-
thalaldehyde (0.73 mmol) was added and stirred for 2 h. After
removal of solvent under vacuum, 50 mL of saturated aqueous
solution of ammonium chloride was added and extracted with
ether. The crude product was purified using flash silica gel col-
umn chromatography (eluent: ether) (20%).1H NMR (270 MHz,
CDCl3) δ 4.10 (dd,J = 5.7, 1.1 Hz, 2H), 4.58 (s, 2H), 5.27 (dd,
J = 10, 1.4 Hz, 2H), 5.35 (dd, 2H,J = 10, 1.4 Hz, 2H), 5.98 (m,
1H), 7.24 (s, 2H), 7.68 (d,J = 8.1 Hz, 2H), 7.89 (s, 1H), 7.90 (d,
J = 8.1 Hz, 2H), 8.49 (s, 1H), 8.68 (s, 1H), 10.02 (s, 1H).

4.6. Synthesis of 3-allyloxymethyl-5-((E)-2-(4-(N-octadecy-
l

f and
r ac-
t sub-
j oro-
f
( (m,
2 ,
5 ,
2 (d,
J
2

4

( d
i ol)
w tem-
p d to
t eac-
t nate,
a t was
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J (d,
J

Compound5 (1.93 mmol) was dissolved in 10 mL of ch
oform and thionyl chloride (3.9 mmol) was added to this.
olution was refluxed for 1 h and then excess thionyl chloride
emoved under vacuum to afford5 (quantitatively).1H NMR
270 MHz, CDCl3) δ 4.17 (ddd,J = 5.7, 1.4, 1.4 Hz, 2H), 4.7
s, 2H), 4.81 (s, 2H), 5.28–5.40 (m, 2H), 5.94 (m, 1H), 8.4
H), 8.81 (s, 1H), 8.91 (s, 1H).

.3. Synthesis of (3-allyloxymethyl-5-
yridinium)methyltriphenylphosphoniumchloride
ydrochloride: 7

Under a nitrogen atmosphere,6 (6.3 mmol) and PPh3
13 mmol) were dissolved in 80 mL of dry DMF and the m
ure was stirred for 3 h at 90◦C. The solvent was removed und
acuum and the residue was dissolved in small amount of ch
orm. Then, benzene was added to precipitate the title comp
85%). 1H NMR (270 MHz, CDCl3) δ 3.97 (ddd,J = 5.7, 1.4
.4 Hz, 2H), 4.39 (s, 2H), 5.19–5.29 (m, 2H), 5.86 (m, 1H), 5
d,J = 15 Hz, 2H), 7.74 (m, 15H), 7.94 (s, 1H), 8.22 (s, 1H), 8
s, 1H).

.4. Synthesis of 3-allyloxymethyl-5-((E)-2-ferrocenyl-
thenyl)pyridine: 8

Under a nitrogen atmosphere,7 (0.55 mmol), ferroceneca
oaldehyde[32] (0.60 mmol) and sodium hydride (1.1 mm
ere added into 10 mL of dry DMF and the mixture was sti

or 3 h at room temperature. Small amount of water was a
o quench the reaction and the solvent was removed unde
um. The residue was extracted with chloroform and the
-
d

d
c-

fulleropyrrolidinyl)phenyl)ethenyl)pyridine: 10

N-Octadecylglycine (0.34 mmol),9 (0.17 mmol), and
ullerene (0.34 mmol) were mixed into 200 mL of toluene
efluxed for 8 h. After cooling to room temperature, the re
ion solution was concentrated to a small volume and
ected to silica gel column chromatography (eluent: chl
orm/acetone = 20:1) (64%).1H NMR (270 MHz, CDCl3) δ 0.88
t, J = 6.8 Hz, 3H), 1.25 (br, 30H), 1.95 (m, 2H), 2.58–3.23
H), 4.07 (ddd,J = 5.7, 1.6, 1.6 Hz, 2H), 4.13 (d,J = 9.5 Hz, 1H)
.08 (s, 1H), 5.11 (d,J = 9.5 Hz, 2H), 5.24 (dd,J = 10.3, 1.6 Hz
H), 5.33 (ddt,J = 17.3, 1.6, 1.6 Hz, 2H), 5.96 (m, 1H), 7.10
= 16.5 Hz, 2H), 7.19 (d,J = 16.5 Hz, 2H), 7.58 (d,J = 8.6 Hz,
H), 7.83 (brs, 3H), 8.44 (s, 1H), 8.64 (s, 1H).

.7. Synthesis of 5,15-bis(2-allyloxyethyl)porphyrin: 11

Under a nitrogen atmosphere, 2-allyloxy-1-propanal[33,34]
0.6 mmol) and dipyrromethane[35] (0.4 mmol) were dissolve
n 100 mL of chloroform. Trifluoroacetic acid (TFA, 0.8 mm
as added and the solution was stirred for 15 h at room
erature under dark. Chloranil (1.2 mmol) was then adde

he reaction solution and stirred for further 12 h. The r
ion mixture was washed with aqueous sodium bicarbo
nd the organic layer was evaporated. The crude produc
urified using silica gel column chromatography (eluent: c
oform) (25%). MS (MALDI-TOF) found for [M + 1]+ 479.2,
alcd. 478.2;1H NMR (270 MHz, CDCl3) δ −3.04 (s, 2H), 4.0
ddd,J = 5.4, 1.4, 1.4 Hz, 4H), 4.48 (t,J = 7.6 Hz, 4H), 5.16 (dd
= 10.4, 1.4, 1.4 Hz, 2H), 5.28 (m, 6H), 5.96 (m, 2H), 9.38
= 4.6 Hz, 4H), 9.58 (d,J = 4.6 Hz, 4H), 10.13 (s, 2H).
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4.8. Synthesis of 5,15-bis(2-allyloxyethyl)-10-
iodoporphyrin: 12

To a solution of porphyrin 11 (0.105 mmol) in
250 mL of chloroform was added dropwise a mixture
of bis(trifluoroacetoxy)iodobenzene (0.078 mmol), iodine
(0.063 mmol), and pyridine (0.5 mmol) in 25 mL of chloroform
over 1 h. The reaction solution was washed with saturated
aqueous solution of sodium thiosulfate. The crude product was
purified using flash silica gel column chromatography (eluent:
chloroform/acetone = 20:1) (35%). MS (MALDI-TOF) found
for [M + 1]+ 605.1, calcd. 604.1;1H NMR (270 MHz, CDCl3)
δ −3.01 (s, 2H), 4.10 (ddd,J = 5.4, 1.4, 1.4 Hz, 4H), 4.47 (t,
J = 7.8 Hz, 4H), 5.17–5.32 (m, 8H), 5.90 (m, 2H), 9.33 (d,
J = 4.9 Hz, 4H), 9.53–9.57 (mJ = 4.9 Hz, 4H), 10.06 (s, 1H).

4.9. Synthesis of 5-(5′,15′-bis(allyloxyethyl)porph-
yrinylethyn-2-yl)-10,15-bis(methoxycarbonylethyl)-20
-(l-methyl-2-imidazolyl)porphyrin: 13

Under a nitrogen atmosphere, porphyrin12 (0.13 mmol), 5-
ethynyl-10,20-bis(methoxycarbonylethyl)-15-(l-methyl-2-imi-
dazolyl)porphyrin [21] (0.11 mmol), tris(dibenzylideneace-
tone)dipalladium (0) (0.0176 mmol) and triphenylarsine
(0.14 mmol) were dissolved in a mixture of dry THF (17.5 mL)
and triethylamine (3.5 mL). After stirring for 5 h at 40◦C,
t wa
e fied
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r or
[
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3H), 9.58 (d,J = 1.6 Hz, 2H), 9.88 (d,J = 1.6 Hz, 2H), 10.43 (d,
J = 1.6 Hz, 2H).

4.11. Synthesis of 5-(5′,15′-(bis-allyloxyethyl)porphy-
rinatozinc(II)ethyn-2-yl)-10,15-bis(allyloxycarbonylethy)-
20-(l-methyl-2-imidazolyl)porphyrinatozinc(II): 15

To a solution of free base porphyrin14 (0.072 mmol) in
200 mL of chloroform was added a saturated solution of zinc
acetate dihydrate (7.2 mmol) in methanol. After stirring for 2 h at
room temperature, the reaction solution was washed with water
and then evaporated. The residue was once dissolved in a small
amount of chloroform and then methanol was added to allow pre-
cipitation of the product, which was found to be the stacked form
of the target compound15st (stack) as the major product (88%).
MS (MALDI-TOF) found for [M + 1]+ 1241.3, calcd. 1240.3
(detected as a monomeric form);1H NMR (270 MHz, CDCl3)
δ 1.88 (s, 6H), 2.12 (s, 2H), 4.31 (m, 8H), 4.48 (t,J = 5.3 Hz,
8H), 4.85 (m, 8H), 5.14 (m, 8H), 5.42 (d,J = 9.1 Hz, 4H), 5.50
(d, 4H,J = 9.1 Hz), 5.56 (br 8H), 5.58 (dd,J = 16.9, 1.1 Hz, 4H),
5.62–5.63 (m, 4H), 5.68 (dd,J = 16.9, 1.1 Hz), 5.80 (s, 8H),
6.28–6.36 (m, 8H), 7.66 (d,J = 3.6 Hz, 4H), 7.86 (d,J = 3.6 Hz,
4H), 9.20 (d,J = 3.6 Hz, 4H), 9.43 (d,J = 3.6 Hz, 4H), 9.50 (d,
J = 3.6 Hz, 4H), 9.66 (d,J = 3.6 Hz, 4H), 9.74 (d,J = 3.6 Hz, 4H),
10.22 (s, 2H).
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he solvent was removed under vacuum and the residue
xtracted with chloroform. The crude product was puri
sing flash silica gel column chromatography (eluent: c
oform/acetone = 5:1) (95%). MS (MALDI-TOF) found f
M + 1]+ 1063.7, calcd. 1062.5;1H NMR (270 MHz, CDCl3)
−3.40 (s, 2H),−3.59 (s, 2H), 4.43–4.41 (m, 7H), 3.80
H), 4.12 (d, 4H), 4.39 (t,J = 12 Hz, 4H), 4.99–5.08 (m, 8H
.21 (dd,J = 10.5, 1.2 Hz, 2H), 5.33 (dd,J = 17.4, 1.8 Hz, 2H)
.00 (m, 2H), 7.56 (s, 1H), 7.85 (s, 1H), 8.80 (d,J = 1.6 Hz,
H), 8.97 (d,J = 1.6 Hz, 2H), 9.09 (d,J = 1.6 Hz, 2H), 9.19
d, J = 1.6 Hz, 2H), 9.36 (m,J = 1.6 Hz, 2H), 9.49 (s, 1H
.63 (d, J = 1.6 Hz, 2H), 10.02 (d,J = 1.6 Hz, 2H), 10.45 (d
= 1.6 Hz, 2H).

.10. Synthesis of 5-(5′,15′-(bis-allyloxyethyl)porphy-
inylethyn-2-yl)-10,15-bis(allyloxycarbonylethyl)-
0-(l-methyl-2-imidazolyl)porphyrin: 14

Porphyrin13 (0.105 mmol), allylalcohol (90.9 mmol), an
,3-dichlorotetrabutyldistannoxane[36] (2.08 mmol) were dis
olved in 130 mL of toluene. After refluxing for 20 h
0◦C, solvent was removed under vacuum and the res
as extracted with chloroform. The crude product was p
ed using silica gel column chromatography (eluent: c
oform/acetone = 5:1) (68%). MS (MALDI-TOF) found f
M + 1]+ 1115.8, calcd. 1114.5;1H NMR (270 MHz, CDCl3) δ

3.99 (s, 2H),−3.79 (s, 2H), 3.39 (br, 7H), 4.09 (d,J = 5.4 Hz,
H), 4.33 (t,J = 7.8 Hz, 4H), 4.74 (d, 4H), 5.10–4.90 (br, 8H
.29 (m, 8H), 5.96 (m, 4H), 7.56 (d,J = 1.4 Hz, 1H), 7.88 (d
= 1.4 Hz, 1H), 8.80 (d,J = 1.6 Hz, 2H), 8.84 (d,J = 1.6 Hz, 2H)
.93 (d,J = 1.6 Hz, 2H), 9.03 (d,J = 1.6 Hz, 2H), 9.29–9.34 (m
s.12. Synthesis of 4b

Self-assembled product15st (1.36�mol) was once dissolve
n 20 mL of pyridine and then dried up to be converted to
xtended isomer4a as the major species (94%). The resi
as dissolved in 6.8 mL of tetrachloroethane and the Gr
atalyst (RuCl2(=CH-p-C6H5)(PCy3)2, 1.1�mol) was added
he reaction solution was stirred for 4 h at 0◦C under a nitro
en atmosphere and dark. The solvent was then removed
acuum and the residue was extracted with chloroform.
rude product was purified using silica gel column chromato
hy (eluent: chloroform/methanol = 10:1) to yield the covale
xed extended isomer4b (73%) free from the stacked isom
S (MALDI-TOF) found for [M + 1]+ 2428.7, calcd. 2427.6;1H
MR (270 MHz, CDCl3) δ 1.84 (s, 6H), 2.43 (s, 2H), 3.99–3.

br, 8H), 4.22 (d,J = 5.4 Hz, 8H), 4.65 (s, 8H), 5.09 (m, 8H), 5.
d,J = 10.2 Hz, 4H), 5.38 (d,J = 10.2 Hz, 4H), 5.46 (br 8H), 5.5
br 8H), 5.62 (d,J = 3.6 Hz, 4H), 5.67 (s, 2H), 6.05 (m, 2H), 6.
s) 6.51 (s), 8.99–9.01 (br, 4H), 9.39 (d,J = 3.6 Hz, 4H), 9.70 (d
= 3.6 Hz, 4H), 9.92–9.95 (m, 4H), 9.99 (d,J = 3.6 Hz, 4H)
0.13 (s, 2H), 10.72 (d,J = 3.6 Hz, 4H), 10.73 (d,J = 3.6 Hz,
H).

.13. Synthesis of FcFc

Under a nitrogen atmosphere,4b (5.6�mol) and 7
16.8�mol) were dissolved in 11 mL of tetrachloroetha
nd the Grubbs catalyst (11.2�mol) was added. The reacti
olution was stirred for 5 h at 0◦C under dark. The solve
as removed under vacuum and the residue was extracte
hloroform. The target compound was isolated by silica



148 J. Tanihara et al. / Journal of Photochemistry and Photobiology A: Chemistry 178 (2006) 140–149

column chromatography (eluent: benzene/THF = 7:1 (5.8%).
MS (MALDI-TOF) found for [M]+ 3089.0 calcd. 3089.7;1H
NMR (270 MHz, CDCl3) δ 1.83 (s, 6H), 2.35, 2.37 (2s, 2H),
2.43, 2.45 (2d,J = 1.8 Hz, 2H), 2.46 (s, 2H), 3.22, 3.24 (2s, 4H),
3.27 (d,J = 12 Hz), 3.38 (s), 3.83 (d,J = 6.6 Hz), 3.85–3.99 (br,
8H), 4.08 (s), 3.80–4.10 (br, 8H), 4.04, 4.05 (2s), 4.19–4.25 (m,
12H), 4.29, 4.31 (2t,J = 6.0 Hz, 4H), 4.52, 4.57 (2t,J = 6.0 Hz,
4H), 4.76 (t,J = 7.2 Hz, 4H), 5.11 (d,J = 10.8 Hz, 8H), 5.38 (d,
J = 10.8 Hz, 4H), 5.30, 5.31 (2d,J = 10.8 Hz), 5.43–5.61 (m),
5.62 (d,J = 3.6 Hz, 4H), 5.68 (s, 1H), 5.75, 5.77 (2d,J = 10.8 Hz,
1H), 5.92–5.88 (m), 6.13 (m, 2H), 6.27, 6.30 (2s), 6.46 (s), 6.54
(s), 9.01 (br, 4H), 9.39, 9.40 (2d,J = 4.2 Hz, 4H), 9.42, 9.44 (2d,
J = 4.2 Hz, 4H), 9.69, 9.72 (2d,J = 4.2 Hz, 4H), 9.76, 9.77 (2d,
J = 4.2 Hz, 4H), 9.88–9.91 (m, 4H), 9.88, 9.97 (2d,J = 4.2 Hz,
2H), 10.04–10.06 (m, 4H), 10.76, 10.80 (2d,J = 4.2 Hz).

4.14. Synthesis of C60C60

Under a nitrogen atmosphere,4b (3.7�mol) and9 (7.4�mol)
were dissolved in 5 mL of tetrachloroethane and the Grubbs cat-
alyst (7.3�mol) was added. The reaction solution was stirred for
2 h at room temperature under dark. The solvent was removed
under vacuum and the residue was extracted with chloroform.
The target compound was isolated by silica gel column chro-
matography (eluent: chloroform/acetone = 50:1) (13%). The
byproduct of mono-C substituted compound was isolated in
t
T
C 35,
2 3
( (br,
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to 940 nm. The pulse width and the repetition rate were 5 ns and
10 Hz, respectively. The laser beam was focused using a plano-
convex lens (f = 100 mm) with a beam waist of around 0.035 mm
at the focal point. The Z-scan measurement was undertaken for
rhodamin B in a methanol solution and the cross-section value
was found to be 21 GM at 1064 nm, which was comparable to
the reported value of 14.3 GM measured by the fluorescence
method at 1064 nm[37].
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