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ABSTRACT: A water-solubleL-lysine dendrimer (6) with links to porphyrins and a fullerene was synthesized,
in which the dendrimer surface was modified with carboxylate groups. The aqueous solution of6 showed the
Soret band characteristic of the aggregated porphyrins in the UV-vis spectra; however, this aggregate was
dissociated by the addition of 2-hydroxypropyl-â-cyclodextrin (10 wt % in H2O). TEM and AFM showed the
formation of submicron-scale particles of6. TEM showed the spherical particles of6 with almost uniform size
(100-110 nm) in the presence of the cyclodextrin. AFM showed the oval particles of6 in the absence of the
cyclodextrin. DLS measurement indicated that cyclodextrin dissociated the aggregated structure of6 in H2O.
Thus, a large number of porphyrins and fullerenes were successfully accumulated with a narrow size distribution
via the particle formation of the amphiphilic dendrimer.

Introduction

The electron transfer from an excited bacteriochlorophyll
dimer to a nearby bacteriopheophytin is an important step in
bacterial photosynthesis, which is followed by multistep electron
transfers across the biomembrane.1 Recently, porphyrin (light
absorbant and electron donor)-fullerene (C60, electron acceptor)
systems have effectively reproduced the long-lived charge-
separation state involved in natural photosynthesis.2-4 The
porphyrin-fullerene system is expected not only to be as an
artificial photosynthetic system but also to be of use for potential
(photoactive) molecular devices such as solar cells and so on.5,6

Because of the spherical shape and the large electronic
delocalization, fullerene scarcely changes in structure and
solvation in the electron-transfer reactions; i.e., fullerene has a
small recombination energy.7 Imahori and co-workers have
successfully demonstrated that the photoinduced charge separa-
tion is accelerated and that the back electron transfer is retarded
in the porphyrin-fullerene systems.2c Thus, the prolonged
charge-separated states were achieved and characterized with
excellent quantum yields for their formation.4

By virtue of these pioneering studies on the porphyrin-
fullerene systems, one of the recent interests in this field is to
integrate multiple porphyrins and fullerenes to enhance the
photochemical properties.8 Imahori and co-workers successfully
modified gold, indium-tin oxide, and TiO2 electrodes with self-
assembled monolayers and/or clusters of porphyrin-fullerene
systems.9 Gold nanoparticles were modified by porphyrins as
well, to which fullerenes were incorporated to build up large
organizations.10 A dendrimer with many porphyrins formed a
supramolecular complex with fullerenes, which was then
assembled on a SnO2 electrode.11

Several macromolecules have been synthesized with the
porphyrin-fullerene systems, not simply to gather multiple

porphyrins and fullerenes but also to suppress the excessive
aggregation of dyes that may induce self-quenching. Recent
examples are oligothiophene binding porphyrin and fullerene
at its termini,12 dendrimers containing the porphyrin-fullerene
systems,13 polyacetylenes copolymerized from fullerene-linked
and porphyrin-linked acetylenes,14 rotaxanes that mechanically
linked the porphyrin and fullerene,15 and DNA-modified
electrodes that fixed the porphyrins and fullerenes.16

Here we propose a dendrimer with carboxylate groups
(-COO-) at its surface as a promising candidate for accumula-
tion of the porphyrin-fullerene systems. The dendrimer is
characterized by a regulated molecular weight, a three-
dimensional size, an electronic structure at its surface, and
functional chemical units at predetermined sites. A well-packed
structure is expected for the dendrimers of more than certain
molecular weights (generations).17 Of particular interest is the
spontaneous self-assembling of the amphiphilic dendrimers,
which often generates large sizes of hydrophilic and hydrophobic
domains.18-22 Fréchet et al.19 and Aoi et al.20 have synthesized
amphiphilic dendrimers combining both the hydrophilic and
hydrophobic groups on their surfaces. Hirsch and co-workers
have synthesized water-soluble dendrimers tethering a fullerene
and carboxylate groups.21 If the dendrimer with the porphyrin-
fullerene system were modified by the carboxylate groups, the
molecule would be amphiphilic and would generate polymeric
clusters. Here we wish to report the synthesis of a water-soluble
dendrimer with a porphyrin-fullerene system and the as-
sembling phenomena in an aqueous solution.

Experimental Section
General. Reagents and solvents for the organic syntheses were

from Watanabe Chemical (Hiroshima, Japan), Wako Pure Chemical
(Osaka, Japan), and Aldrich Japan (Tokyo, Japan), except for
2-hydroxypropyl-â-cyclodextrin (Cavitron 82003, degree of sub-
stitution by the hydroxypropyl group is 4.6) from Cargill (Cedar
Rapids, IA).23

Preparation of Water-Soluble Dendrimer: 1. L-2-tert-Bu-
toxycarbonylamino-8-(fulleropyrrolidinyl)octanoic acid (0.10 g, 0.10
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mmol),24 1-N-benzyloxycarbonyl-1,6-diaminohexane‚HCl (44 mg,
0.15 mmol), and HOBt‚H2O (23 mg, 0.15 mmol)25 were dissolved
in 20 mL of DMF with the aid of sonication. The mixture was
ice-chilled, HBTU (56 mg, 0.15 mmol)26 and DIEA (26µL, 0.15
mmol) were added, and the mixture stirred overnight at room
temperature, when the unreacted fullerene-amino acid disappeared
on a silica gel TLC (eluent; CHCl3-5% MeOH, by volume). After
evaporation, the residue was washed with H2O and MeOH to yield
0.11 g (88µmol, 88%) of 1. MALDI-TOF-MS for C89H48N4O5

m/z; calcd: 1253.4 [M+]; found (R-cyano-4-hydroxycinnamic
acid): 1253.2.1H NMR (DMF-d7): δ 7.86 (t,J ) 6 Hz, 1H, NH),
7.38 (m, 5H, Ph), 7.15 (t,J ) 5 Hz, 1H, NH), 6.69 (d,J ) 8 Hz,
1H, NH), 5.08 (s, 2H, CH2Ph), 4.53 (s, 4H, pyrrolidino-CH2), 4.10
(m, 1H, amino acidR-CH), 3.13 (m, 6H, CH2), 1.96-1.33 (m, 27H,
CH2 and Boc).

2. Compound1 (0.11 g, 84µmol) was treated with TFA-
CH2Cl2 (1:1, by volume, 10 mL) at 0°C for 1 h. After evaporation,
ether was added to solidify the Boc-removed derivative of1 (TFA
salt). This sample and Boc-Lys(Boc)-OH (42 mg, 0.12 mmol)27,28

were dissolved in 10 mL of DMF with the aid of sonication. The
mixture was ice-chilled, HOBt‚H2O (18 mg, 0.12 mmol), HBTU
(45 mg, 0.12 mmol), and DIEA (21µL, 0.12 mmol) were added,
and the mixture was stirred overnight at room temperature, when
the unreacted Boc-removed derivative of1 disappeared on a silica
gel TLC (CHCl3-5% MeOH). After evaporation, the residue was
washed with H2O and MeOH with the aid of sonication to yield
92 mg (62µmol, 74%) of2. MALDI-TOF-MS for C100H67N6O8-
Na1 m/z; calcd: 1503.7 [M-H + Na]+; found (sinapic acid):
1503.8.1H NMR (DMSO-d6, 313 K): δ 7.82 (br, 1H, NH), 7.63
(d, J ) 8 Hz, 1H, NH), 7.33 (m, 5H, Ph), 7.14 (d,J ) 7 Hz, 1H,
NH), 6.88 (br, 1H, NH), 6.65 (br, 1H, NH), 5.00 (s, 2H, CH2Ph),
4.45 (s, 4H, pyrrolidino-CH2), 4.26 (m, 1H, amino acidR-CH),
3.87 (m, 1H, amino acidR-CH), 3.26-2.88 (m, 8H, CH2), 1.87-
1.25 (m, 42H, CH2 and Boc).

3. Boc groups of2 (82 mg, 55 µmol) were removed with
TFA-CH2Cl2 (1:1, 10 mL, 0°C, 2 h) in a manner similar to the
Boc removal of1. This sample of the Boc-removed derivative of
2 (TFA salt) and Boc-Lys(Por)-OH (0.15 g, 0.17 mmol) were
dissolved in 40 mL of DMF with the aid of sonication. The
mixture was ice-chilled, HOBt‚H2O (30 mg, 0.20 mmol), HBTU
(64 mg, 0.17 mmol), and DIEA (35µL, 0.20 mmol) were added,
and the mixture was stirred overnight at room temperature,
when H2O was added and the precipitates were washed with
ether. This crude material was again dissolved in DMF and di-
vided into three portions, and then each was subjected to size-
exclusion chromatography (SEC, Sephadex LH-20, DMF, 22 mm
× 88 cm). Two bands were visible on the column: the desired
porphyrin-fullerene conjugate and the excess Boc-Lys(Por)-OH.
The appropriate fractions were collected, and the solvent was
evaporated to yield 115 mg (37µmol, 67%) of3. MALDI-TOF-
MS for C208H160N18O12 m/z; calcd: 3103.6 [M-]; found (2-(4-
hydroxyphenylazo)benzoic acid, negative mode): 3102.3.1H NMR
(DMSO-d6, 313 K): δ 8.84 (m, 16H, pyrrole-â), 8.28-6.70 (m,
46H, NH, aromatic-CH), 4.94 (s, 2H, CH2Ph), 4.32-3.96 (m, 8H,
pyrrolidino-CH2, amino acidR-CH), 3.42-2.62 (m, 30H, CH2,
tolyl-CH3), 1.66-1.38 (m, 54H, CH2 and Boc),-3.14 (m, 4H,
pyrrole-NH).

4. Boc groups of3 (95 mg, 31µmol) were removed with TFA-
CH2Cl2 (1:1, 10 mL, 0°C, 4 h) in a manner similar to1. This
sample of the Boc-removed derivative of3 (TFA salt) and Boc-
Lys(Boc)-OH (36 mg, 0.10 mmol) were dissolved in 10 mL of
DMF with the aid of sonication. The mixture was ice-chilled, HOBt‚
H2O (18 mg, 0.12 mmol), HBTU (42 mg, 0.11 mmol), and DIEA
(21 µL, 0.12 mmol) were added, and the mixture was stirred 12 h
at room temperature. Then, Boc-Lys(Boc)-OH, (26 mg, 75µmol),
HOBt‚H2O (14 mg, 86µmol), HBTU (28 mg, 75µmol), and DIEA
(21 µL, 0.12 mmol) were further added, and the resultant mixture
was stirred 24 h at room temperature. This reaction mixture was
subjected to SEC (LH-20, DMF), in which the appropriate fractions
were collected and the solvent evaporated to yield 84 mg (24µmol,
77%) of 4. MALDI-TOF-MS for C230H200N22O18Na1 m/z; calcd:

3583.3 [M+ Na]+; found (2-(4-hydroxyphenylazo)benzoic acid):
3584.2.1H NMR (DMSO-d6, 313 K): δ 8.69 (m, 16H, pyrrole-â),
8.28-6.57 (m, 50H, NH, aromatic-CH), 4.92 (s, 2H, CH2Ph), 4.32-
3.91 (m, 10H, pyrrolidino-CH2, amino acidR-CH), 3.34-2.62 (m,
34H, CH2, tolyl-CH3), 1.75-1.29 (m, 84H, CH2 and Boc),-3.15
(m, 4H, pyrrole-NH).

5. Boc groups of4 (74 mg, 21 µmol) were removed with
TFA-CH2Cl2 (3:2, 10 mL, 0°C, 1 h) in a manner similar to1.
This sample of the Boc-removed derivative of4 (TFA salt)
and Boc-Lys(Boc)-OH (43 mg, 0.12 mmol) were dissolved in 5.0
mL of DMF, ice-chilled, HOBt‚H2O (21 mg, 0.14 mmol), HBTU
(49 mg, 0.13 mmol), and DIEA (24µL, 0.14 mmol) were added,
and the mixture was stirred overnight at room temperature. The
mixture was subjected to SEC (LH-20, DMF), in which the
appropriate fractions were collected and the solvent evaporated
to yield 66 mg (24µmol, 71%) of 5. MALDI-TOF-MS for
C274H280N30O30Na1 m/z; calcd: 4496.5 [M+ Na]-; found (2-(4-
hydroxyphenylazo)benzoic acid): 4496.2.1H NMR (DMSO-d6,
313 K): δ 8.69 (m, 16H, pyrrole-â), 8.28-6.63 (m, 58H, NH,
aromatic-CH), 4.92 (br, 2H, CH2Ph), 4.30-3.88 (m, 14H, pyrro-
lidino-CH2, amino acidR-CH), 3.34-2.62 (m, 42H, CH2, tolyl-
CH3), 1.64-1.35 (m, 144H, CH2 and Boc),-3.16 (m, 4H, pyrrole-
NH).

6. Boc groups of5 (20 mg, 4.5µmol) were removed with TFA-
CH2Cl2 (1:1, 10 mL, 0°C, 1 h) in a manner similar to1. This
sample of the Boc-removed derivative of5 (TFA salt) was dissolved
in 2.0 mL of pyridine, succinic anhydride (19 mg, 0.19 mmol) was
added, and the mixture was stirred overnight at room temperature.
The mixture was subjected to SEC (LH-20, DMF), in which the
appropriate fractions were collected and the solvent evaporated to
yield 17 mg (3.7µmol, 83%) of6. 1H NMR (DMSO-d6, 313 K):
δ 8.73 (m, 16H, pyrrole-â), 8.29-6.72 (m, 58H, NH, aromatic-
CH), 4.95 (br, 2H, CH2Ph), 4.05-2.04 (m, overlapped with H2O,
pyrrolidino-CH2, amino acidR-CH, CH2, tolyl-CH3), 1.63-1.29
(m, 72H, CH2), -2.90 (m, 4H, pyrrole-NH).

Measurement. The molecular model was illustrated with an
energy optimization program with the MM2 parameters on CAChe
(v.4.9 for PowerMac) software.1H NMR spectra were measured
on a JEOL JNMR-500 (500 MHz) in DMSO-d6 at 313 K, unless
otherwise noted. The spin-lattice relaxation time (T1) and the spin-
spin relaxation time (T2) were measured by the inversion-recovery
method and the Carr-Purcell-Meiboom-Gill method,29 respec-
tively. Ten valuable parameters were employed for the measure-
ments of the relaxation times, 64-256 scans were collected for
each parameter, and the relaxation times were obtained from
nonlinear least-squares fittings. MALDI-TOF-MS was performed
on an Applied Biosystems Voyager Linear DE mass spectrometer
operating with a delayed extraction mode, in which 100-200
spectra were collected for each measurement. UV-vis and the
fluorescence spectra were recorded on Hitachi U-2010 and Hitachi
F-2500 (equipped with a Hamamatsu R928F photomultiplier),
respectively. The relative intensities of the emissions were calculated
from (peak area of the emissions)/(absorptivity at the excitation
wavelength), and the fluorescence quantum yieldΦf was obtained
relative to the known value for tetraphenylporphyrin.30 The
transmission electron microscope (TEM) was operated at a nominal
electron beam voltage of 250 or 300 kV on a Hitachi H-9000NAR.
The atomic force microscope (AFM) was operated on a Digital
Instruments Nanoscope III by the tapping mode. One drop of the
aqueous sample solution was placed on a collodion film attached
to a copper supporting grid for TEM or a slide glass (prewashed
with H2SO4/H2O2 and rinsed with H2O/EtOH) for AFM and then
dried in a vacuum desiccator. The dynamic light scattering (DLS)
was measured on an Otsuka Electronics DLS-7000 spectropho-
tometer equipped with a He-Ne laser (10 mW, 633 nm) using a
12 mm cylindrical cell at 298 K. The scattering angle was fixed at
90°, and the absorption of the incident light by the sample was not
correlated.31 The time correlation functionG1(τ) was obtained and
then analyzed by the histogram method to evaluate the distribution
of the particle sizes.
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Results and Discussion

Synthesis of a Water-Soluble Dendrimer with a Porphy-
rin -Fullerene System.An L-lysine dendrimer was chosen to
attach to the porphyrin-fullerene system in this study be-
cause it is a typical and well-characterized dendrimer and can
easily be incorporated with various functional groups.27,32 We
have synthesized both the porphyrin-linkedL-amino acid, (N-
R-(tert-butoxycarbonyl)-N′-ε-(4-(tritolylporphyrin-5-yl)benzoyl)-
L-lysine),27a,28and the fullerene-linkedL-amino acid, (L-2-(tert-
butoxycarbonylamino)-8-(fulleropyrrolidinyl)octanoic acid),24 in
enantiomeric pure forms to be used as monomers for theL-amino
acid dendrimers. Mimicking the recent report on the porphyrin-
fullerene system,13c we adopted a system with a pair of por-
phyrins and a fullerene (Scheme 1). Figure 1 illustrates a molec-
ular model of6 generated by CAChe-MM2. In this modeling,
the side chains of the porphyrin-linked amino acids and the
fullerene-linked amino acid were of the extended structure.
Therefore, the porphyrins and fullerene stuck out of the sur-
face-modified poly(L-lysine) dendrimer. It should be noted
here that the MM2 modeling of such a large molecule might
scarcely reproduce the molecular structure in the solution phase.
In an aqueous solution,6 may assume a globular-like struc-
ture via the hydrophobic interaction and theπ-π interaction
between the porphyrin(s) and fullerene unlike the illustration
in Figure 1.

Scheme 2 outlines the synthesis of a water-soluble dendrimer
6.27 The core is the fullerene-containingL-amino acid1, which
connected NH-(CH2)6-NHCO2CH2Ph at the C-terminal as a
potential linker to a certain functional group in the future. After
removing the Boc protection of1 with TFA, N-R-N′-ε-bis(tert-

butoxycarbonyl)-L-lysine (Boc-Lys(Boc)-OH) was coupled using
HBTU26/HOBt‚H2O in DMF/N,N-diisopropylethylamine (DIEA)
to yield 2. After removing the Boc groups of2, a pair ofN-R-
(tert-butoxycarbonyl)-N′-ε-(4-(tritolylporphyrin-5-yl)benzoyl)-
L-lysine (Boc-Lys(Por)-OH) were attached to yield3, which
linked a pair of porphyrins and a fullerene. Boc removal and
the coupling of Boc-Lys(Boc)-OH were then repeated twice to
yield 5 with eight Boc groups. Finally, these Boc groups of5
were removed, and the amino groups generated were reacted
with succinic anhydride in pyridine, to yield a water-soluble
dendrimer6 in 83% yield (based on5). Compounds3-6 were
purified with size exclusion chromatography (SEC) using
Sephadex LH-20 gel (DMF), in which the appropriate fractions
containing only the desired products were collected. These
dendrimers (3-6) eluted as a single peak in the SEC. The
intermediate compounds1-5 were characterized by1H NMR
and MALDI-TOF-MS, whereas6 was characterized by1H
NMR. It may be noted here that the porphyrin-fullerene system
without theL-lysine covering (3) was soluble ino-dichloroben-
zene, a typical solvent for fullerene. In contrast, the porphyrin-
fullerene system with two generations of modification by
L-lysines (5) was practically insoluble ino-dichlorobenzene and
was quite soluble in DMF.

1H NMR spectra further showed the well-packed structure
of 5 with two generations ofL-lysines (Table 1). The monomeric
porphyrin-linked amino acid, (Boc)-Lys(Por)-OH, and the
intermediate dendrimers,3-5, showed a similar chemical shift
for the pyrrole-â protons, although the signal widths were
significantly broadened for the higher-generation dendrimers (3
< 4 < 5, data not shown). The1H NMR relaxation times have
been utilized to analyze the molecular motions of the am-
phiphilic polymers by Yusa et al. and other groups.33 In the
present system, the spin-lattice relaxation times (T1) of these
pyrrole-â protons were similar, and in contrast, the spin-spin
relaxation time (T2) significantly decreased (3 > 4 > 5) with
the increasing dendrimer generations. These facts indicate the
decreased molecular mobility of the porphyrins in the higher
generation dendrimers, such as5, due to the covering by
L-lysines. As for the Boc protons, (Boc)-Lys(Por)-OH,3-5
showed similar chemical shifts and similarT1 values. TheT2

values of the Boc protons did not significantly differ with the
increasing dendrimer generations. This is probably because Boc
groups were located near the molecular surface, and therefore,
the molecular packing did not notably influence the mobility
of the Boc groups.

UV-vis spectra of3-5 in DMF showed little difference
regarding theλmax values (419, 516, 551, 592, and 648 nm,
Figure 2). These spectra closely resembled the monomeric
porphyrin, (Boc)-Lys(Por)-OH, because fullerene had little
absorbance in this region.34 The intensities of the Soret band
absorptions is in the order of3 > 4 > 5, with molar
absorptivities of 981 000, 844 000, and 771 000 M-1 cm-1,
respectively, which are smaller than twice that ofε419 of (Boc)-
Lys(Por)-OH (620 000). The fluorescence spectra (data not
shown) also showed that the emission intensities at 654 nm were
in the order of3 > 4 > 5 (100:60:46). In the higher-generation
dendrimers with the well-packed structure, the porphyrins may
be located near and may interact with each other in their ground
state. The interaction between porphyrins in DMF should be
weak than in the aqueous system. The orientation between the
aggregated porphyrins in DMF is possibly random and not fixed,
which may account for the weakened and broadened Soret
absorptions. A similar phenomenon (weakened and broadened
Soret absorptions without detectable shifts) has been reported

Scheme 1. Water-Soluble Dendrimer 6 (-R1 )
-(CH2)6NHCO2CH2Ph, -Suc ) -CO(CH2)2COO-, p-Tolyl )

-C6H4-p-CH3)

Figure 1. MM2-optimized structure of6.
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for the dendrimers linking the zinc porphyrins at the near-
surfaces.35 A ground-state interaction between the porphyrin and
fullerene was unlikely because the charge-transfer absorp-
tion at around 700-800 nm13d,36was not detected in3-6. The
UV-vis spectra of3-5 followed the Lambert-Beer law in the
0.2-1.0 µM range, which indicated the absence of intermo-
lecular interaction.

Thus, two generations of the dendritic modification by
L-lysines seemingly formed a well-packed dendrimer,5. After
the Boc removal of5, the amino groups at the dendrimer surface

were reacted with succinic anhydride to form a polyanionic
dendrimer6 with eight carboxylate groups (-COO- in H2O).
When 1.0 mg of this polyanionic dendrimer,6, was warmed in
1.0 mL of H2O at 50°C for 2 h, a clear and reddish solution
(0.22 mM) was obtained. Several days were required for the
dissolution of6 in H2O (1.0 mg/1.0 mL) at room temperature
(25 °C). The aqueous solutions of6 thus prepared were stable
without any precipitations for months at room temperature.

Self-Assembling of the Water-Soluble Dendrimer with the
Porphyrin -Fullerene System.An unusually broadened Soret
band (λmax at 419 nm,ε 174 000, with a shoulder peak at∼407
nm) and typical Q-bands (519, 555, 594, and 651 nm)
characterized the UV-vis spectrum of6 in H2O (Figure 3a,
line (i), 1.4µM). Such a broadened Soret band in the UV-vis
spectra with a blue-shifted shoulder peak (407 nm) suggested
an intermolecular aggregation of6 in H2O, as has been described
for the water-soluble porphyrins. Tetrakis(4-carboxyphenyl)-
porphyrin (H6TCPP, tetraphenylporphyrin with four-COOH
groups) reportedly showed its absorptions at 408 nm in the dilute
surfactant solution and 417 nm in the surfactant micelle, in
which the blue-shifted absorption (408 nm) arose from the
aggregated porphyrin in the face-to-face orientation and the
typical absorption (417 nm) arose from the monomeric por-
phyrin.37 In this context, the blue-shifted absorption of6 in H2O
(Figure 3a, 407 nm) implied a porphyrin aggregation in the face-
to-face orientation, although the detail of the structure of6 is
not yet clear. The UV-vis spectra of6 in H2O scarcely
depended on the concentration in the 0.5-10 µM range, which
suggested the stable aggregation of6 in H2O.

Cyclodextrins have been known to efficiently dissociate the
aggregated porphyrins and to dissolve the water-insoluble
porphyrin via supramolecular formation.38,39 Recently, cyclo-
dextrins have also been utilized to dissolve fullerenes.16b,40 In
the present system, the addition of 10 wt % 2-hydroxypropyl-
â-cyclodextrin (degree of substitution by the hydroxypropyl
group is 4.6, see Experimental Section) in H2O changed the
assembling of6 (Figure 3a, line (ii), [6] ) 1.4 µM). The sharp
Soret band appeared at 421 nm (ε 293 000), and no shoulder
peak appeared at 408 nm. These UV-vis spectra suggested that
the porphyrins were not highly aggregated in the H2O/2-hy-
droxypropyl-â-cyclodextrin system. The fluorescent emission

Scheme 2. Synthesis of a Water-Soluble Dendrimer 6 (-R1 ) -(CH2)6NHCO2CH2Ph, -R2 ) -(CH2)6-fulleropyrrilidine, -R3 )
-(CH2)4NHCOC6H4-p-(tritolylporphyrin-5-yl), -Suc ) -CO(CH2)2COO-, p-Tolyl ) -C6H4-p-CH3)a

a Reagents and conditions: (i) TFA, then Boc-Lys(Boc)-OH, HBTU-HOBt, DMF-DIEA; (ii) TFA, then Boc-Lys(Por)-OH, HBTU-HOBt, DMF-
DIEA; (iii) TFA, then succinic anhydride, pyridine.

Table 1.1H NMR Parameters of the Intermediate Dendrimersa

pyrrole-â Boc

compounds δ/ppm T1/s T2/ms δ/ppm T1/s T2/ms

Boc-Lys(Por)-OH 8.83 3.64 184 1.40 615 540
3 8.70 3.31 34.3 1.40 550 203
4 8.69 3.23 18.6 1.36 512 376
5 8.69 3.67 10.3 1.35 559 306

a Measured in DMSO-d6 at 313 K (500 MHz).

Figure 2. UV-vis spectra of Boc-Lys(Por)-OH (increased twice in
intensity for comparison),3, 4, and5 in DMF.
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spectra of6 (Figure 3b) also changed by the addition of
2-hydroxypropyl-â-cyclodextrin. In H2O, a small emission
appeared for6 (Figure 3b, line (i),λex ) 419 nm,λem ) 655
and 720 nm,Φf ) 0.040). In contrast, the emission of6 was
more intense (Figure 3b, line (ii),Φf ) 0.088) in 10 wt % of
2-hydroxypropyl-â-cyclodextrin in H2O.

The TEM image of the cast film of an aqueous solution of6
([6] ) 12 µM) showed particles of 90-170 nm in diameter
(Figure 4a,×43 000, 250 kV). Considering the molecular size
of 6 of about 3.0-6.0 nm estimated from the model (Figure 1),
this TEM image indicated the formation of a large aggregate
of 6. This fact corresponded to the spectroscopic studies of6
in aqueous solution as described above, which suggested the
interaction between the porphyrin-fullerene systems. The
observed aggregates in Figure 4a were almost spherical, but
some were slightly distorted and the densities of the particles
varied, which meant the particle size distribution.

Figures 4b shows the TEM image (×47 000, 250 kV) of the
cast film of a solution of6 ([6] ) 12 µM) in 10 wt % of
2-hydroxypropyl-â-cyclodextrin in H2O. Because cyclodextrins
often dissociate the aggregates of the hydrophobic molecules,
the aqueous cyclodextrin solution of6 was therefore expected
to generate the small aggregates. Contrary to this expectation,
Figure 4b showed spherical particles of 100-110 nm in
diameter. A striking feature of the particles in Figure 4b is the
uniformity of their shape and size. The particles in this TEM
image were almost within 100-110 nm and showed little
distribution (the amorphous materials in this image were the
cyclodextrin). It is not yet clear why the aggregates did not
become smaller, but the size distribution became narrow with

the addition of 2-hydroxypropyl-â-cyclodextrin. Cyclodextrins
might decrease the hydrophobic interaction between6 via
complex formation (at least partially) with the hydrophobic
moieties (porphyrin or fullerene). Therefore, the homogeneous
dispersion of6 may be achieved in the aqueous cyclodextrin
solution, which possibly resulted in the formation of the
aggregates with a narrow size distribution. The particles in the
cast film of the aqueous cyclodextrin solution of6 were further
analyzed by the TEM with the high magnification conditions
(×460 000, 250 kV). On the surface of an about 100 nm particle,
small patterns with 3-5 nm diameters were observed (Figure
4c). The size of this pattern was similar to the size of the
monomeric6; therefore, Figure 4c may be the evidence that a
large number of6 were associated with to form the cluster of
about 100 nm size.

The submicron-scale particles were found not only by the
TEM but also by the AFM (Figure 5). The egg-shaped particles

Figure 3. (a) UV-vis and (b) fluorescence spectra of6 (0.14µM) in
(i) H2O (arrow in (a) indicates the shoulder peak) and (ii) 10 wt %
2-hydroxypropyl-â-cyclodextrin in H2O.

Figure 4. TEM images of the samples cast from the solution6 (12
µM) in (a) H2O (×43 000, 250 kV) and (b, c) 10 wt % 2-hydroxypropyl-
â-cyclodextrin in H2O (b, ×47 000, 300 kV; c,×460 000, 250 kV).
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(100-300 nm) were observed in a cast film of an aqueous
solution of6 ([6] ) 0.59µM). The reason is yet not clear why
the oval particles were found by AFM and the spherical ones
by TEM. The sample with a flat surface suitable for AFM was
prepared from a dilute solution, which potentially resulted in
the formation of the imperfect particles. Unfortunately, no
sample could be prepared from the aqueous cyclodextrin solution
that was flat enough for AFM.

DLS (dynamic light scattering) measurements gave further
information on the particle sizes of6 in aqueous solution (Figure
6).31 The histograms of (a) in Figure 6 show the number-
averaged particle size distribution of6 in H2O ([6] ) 12 µM,
298 K), in which the particles of 60-120 nm (and small peak
at around 400 nm) were shown. The histograms (a) in Figure 6
indicate the existence of several sizes of aggregates of6 in H2O.
Although TEM (Figure 4a, 90-170 nm), AFM (Figure 5, 100-
300 nm), and DLS differ in the sample preparation (cast film/
aqueous solution) and the principle for the observation, sub-
micron particles were found in each method. It may be noted
here that the histogram analysis is a little ambiguous with the
polydispersion samples because the number-averaged histograms
tend to overestimate the small diameter particles. Sonication of
the aqueous sample of6 for 120 min did not change the DLS
profile (data not shown). When 10 wt % 2-hydroxypropyl-â-

cyclodextrin was added to the aqueous solution of6 ([6] ) 12
µM, the histograms of (b) in Figure 6), the particle size became
drastically small (3-4 nm), which supported the spectroscopic
results (Figure 3) that the cyclodextrins dissociated the ag-
gregated structure. Cyclodextrins might cause the homogeneous
dispersion of6, which may result in the narrow size distribution
of the particles observed in the TEM analysis (Figure 4b).

Conclusions

By using a fullerene-linked amino acid and porphyrin-linked
amino acids, a series ofL-lysine dendrimers were synthesized
embedding a fullerene and a pair of porphyrins. The eight amino
groups at the dendrimer surface were modified with the
carboxylate groups to obtain the amphiphilic dendrimer6. The
dendrimer6 was water-soluble up to 1.0 mg/1.0 mL concentra-
tion. UV-vis spectra of the aqueous solution of6 showed a
blue-shifted Soret band, a characteristic of the aggregated
porphyrin probably due to the intermolecular assembling of the
dendrimer. TEM and AFM observations showed the formation
of submicron-scale particles of6. Thus, the accumulation of a
large amount of porphyrins and fullerenes was achieved via the
cluster formation of the amphiphilic dendrimer. The addition
of 2-hydroxypropyl-â-cyclodextrin at 10 wt % in H2O served
to weaken the aggregation of6. UV-vis spectra of6 showed
that the cyclodextrin dissociated the aggregated porphyrins.
TEM observation of the film cast from the solution of6 in
aqueous 2-hydroxypropyl-â-cyclodextrin showed spherical par-
ticles with an almost uniform size (100-110 nm). Cyclodextrins
might cause the homogeneous dispersion of6, which may be
responsible for the narrow size distribution. DLS measurement
of the aqueous solutions of6 indicated that the particle size
became small upon the addition of the cyclodextrin. The
regulation of the size and shape of the assembled dendrimer
will be practically meaningful. We will apply the clusters of
the amphiphilic dendrimers to photo- and electroactive materials,
in which the size of the particle may be important for its
function.
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