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ABSTRACT: A water-soluble -lysine dendrimer@®) with links to porphyrins and a fullerene was synthesized,

in which the dendrimer surface was modified with carboxylate groups. The aqueous solui@hofved the

Soret band characteristic of the aggregated porphyrins in theiB/spectra; however, this aggregate was
dissociated by the addition of 2-hydroxyprogAeyclodextrin (10 wt % in HO). TEM and AFM showed the
formation of submicron-scale particles @ TEM showed the spherical particles ®fwvith almost uniform size
(100-110 nm) in the presence of the cyclodextrin. AFM showed the oval particl@sirothe absence of the
cyclodextrin. DLS measurement indicated that cyclodextrin dissociated the aggregated struéumeHz0O.

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 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 terminil?2 dendrimers containing the porphysifullerene
systems polyacetylenes copolymerized from fullerene-linked
and porphyrin-linked acetylené&rotaxanes that mechanically
linked the porphyrin and fulleren€, and DNA-modified

The electron transfer from an excited bacteriochlorophyl
dimer to a nearby bacteriopheophytin is an important step in
bacterial photosynthesis, which is followed by multistep electron
transfers across the biomembranRecently, porphyrin (light
absorbant and electron doneflllerene (G, electron acceptor)
systems have effectively reproduced the long-lived charge- : .
separation state involved in natural photosynth&sisThe electrodes that fixed the porph_yrlns ar_1d fulleretfes.
porphyrin—fullerene system is expected not only to be as an Here we propose a dendrlm_e_r with c_arboxylate groups
artificial photosynthetic system but also to be of use for potential (~C©OO") atits surface as a promising candidate for accumula-
(photoactive) molecular devices such as solar cells and 86 on. tion of thg porphyrir-fullerene systems. The Qendrlmer IS

Because of the spherical shape and the large electronicc.h'glr"’mt.e”md.by a regulate(_j molecular ngght, a three-
delocalization, fullerene scarcely changes in structure and dlme_nS|onaI Size, an _electronlc structure at its surface, and
solvation in the electron-transfer reactions; i.e., fullerene has afunctlonal chemical units at predetermined sites. A well-packed

small recombination enerdylmahori and co-workers have structure is expected for the dendrimers of more than certain

successfully demonstrated that the photoinduced charge Separamolecular weights (generationS)Of particular interest is the

tion is accelerated and that the back electron transfer is retardedSpc.)mélneous self-assembling of the amphi.philic dendrimer;,
in the porphyrin-fullerene system& Thus, the prolonged which often generates large sizes of hydrophilic and hydrophobic

incgl8—22 r- 9 i 0 i
charge-separated states were achieved and characterized Witﬂoma!ns._ . FreCh.et etak anq '.A‘O' etak?have synthe_s_lzed
excellent quantum yields for their formatidn. amphiphilic dendrimers combining both the hydrophilic and

By virtue of these pioneering studies on the porphyrin _ (FCRITEE BIOURE B B B Be B e erene
fullerene systems, one of the recent interests in this field is to y 9

integrate multiple porphyrins and fullerenes to enhance the and carboxylate groupd.f the dendrimer with the porphyrin

photochemical properti€dmahori and co-workers successfully fmug?éiﬂz a’g’fﬁg]bvge;; n;]?dg:ﬁg;g/ dtl\j\?oﬁfgbcéxnyé?;?egrg?prﬁ'etr?ce
modified gold, indium-tin oxide, and TiQ electrodes with self- amphip 9 poly

. clusters. Here we wish to report the synthesis of a water-soluble
assembled monolayers and/or clusters of porphyftierene dendrimer with a porphvrinfullerene svstem and the as-
systemg. Gold nanoparticles were modified by porphyrins as semblin henomerﬁa I?] ;n 20UCOUS so?/ution
well, to which fullerenes were incorporated to build up large gp a )
organizations® A dendrimer with many porphyrins formed a Experimental Section

supramolecular complex W'thl fullerenes, which was then General. Reagents and solvents for the organic syntheses were

assembled on a Sp@lectrode: . , from Watanabe Chemical (Hiroshima, Japan), Wako Pure Chemical

Several macromolecules have been synthesized with the(Osaka, Japan), and Aldrich Japan (Tokyo, Japan), except for
porphyrin—fullerene systems, not simply to gather multiple  2-hydroxypropyls-cyclodextrin (Cavitron 82003, degree of sub-
stitution by the hydroxypropyl group is 4.6) from Cargill (Cedar

t Faculty of Engineering. Rapids, 1A)? _
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mmol) 24 1-N-benzyloxycarbonyl-1,6-diaminohexahtCl (44 mg,
0.15 mmol), and HOBH,O (23 mg, 0.15 mmofy were dissolved
in 20 mL of DMF with the aid of sonication. The mixture was
ice-chilled, HBTU (56 mg, 0.15 mmd¥ and DIEA (26uL, 0.15
mmol) were added, and the mixture stirred overnight at room
temperature, when the unreacted fullereamino acid disappeared
on a silica gel TLC (eluent; CHgt5% MeOH, by volume). After
evaporation, the residue was washed witornd MeOH to yield
0.11 g (88umol, 88%) of 1. MALDI-TOF-MS for CggH4gN4Os
m/z, calcd: 1253.4 [M]; found (a-cyano-4-hydroxycinnamic
acid): 1253.2!H NMR (DMF-d;): 6 7.86 (t,J = 6 Hz, 1H, NH),
7.38 (m, 5H, Ph), 7.15 (i = 5 Hz, 1H, NH), 6.69 (dJ = 8 Hz,
1H, NH), 5.08 (s, 2H, CkPh), 4.53 (s, 4H, pyrrolidino-C#)l, 4.10
(m, 1H, amino acidx-CH), 3.13 (m, 6H, CH), 1.96-1.33 (m, 27H,
CH, and Boc).

2. Compoundl (0.11 g, 84umol) was treated with TFA
CH.Cl, (1:1, by volume, 10 mL) at OC for 1 h. After evaporation,
ether was added to solidify the Boc-removed derivativé OFFA
salt). This sample and Boc-Lys(Boc)-OH (42 mg, 0.12 mA{éP
were dissolved in 10 mL of DMF with the aid of sonication. The
mixture was ice-chilled, HOBH,O (18 mg, 0.12 mmol), HBTU
(45 mg, 0.12 mmol), and DIEA (24L, 0.12 mmol) were added,
and the mixture was stirred overnight at room temperature, when
the unreacted Boc-removed derivativeladisappeared on a silica
gel TLC (CHCk—5% MeOH). After evaporation, the residue was
washed with HO and MeOH with the aid of sonication to yield
92 mg (62umol, 74%) of2. MALDI-TOF-MS for C;odHs7N6Os-

Na, mvz; calcd: 1503.7 [M-H + Na]*; found (sinapic acid):
1503.8.1H NMR (DMSO-ds, 313 K): ¢ 7.82 (br, 1H, NH), 7.63
(d,J =8 Hz, 1H, NH), 7.33 (m, 5H, Ph), 7.14 (d,= 7 Hz, 1H,

NH), 6.88 (br, 1H, NH), 6.65 (br, 1H, NH), 5.00 (s, 2H, gFh),

4.45 (s, 4H, pyrrolidino-ChH), 4.26 (m, 1H, amino acid-CH),

3.87 (m, 1H, amino acid.-CH), 3.26-2.88 (m, 8H, CH), 1.87—

1.25 (m, 42H, CH and Boc).

3. Boc groups of2 (82 mg, 55umol) were removed with
TFA—CH,CI; (1:1, 10 mL, 0°C, 2 h) in a manner similar to the
Boc removal ofl. 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, HOBH,O (30 mg, 0.20 mmol), HBTU
(64 mg, 0.17 mmol), and DIEA (3aL, 0.20 mmol) were added,
and the mixture was stirred overnight at room temperature,
when HO 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
x 88 cm). Two bands were visible on the column: the desired
porphyrin—fullerene conjugate and the excess Boc-Lys(Por)-OH.
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3583.3 [M+ Na]*; found (2-(4-hydroxyphenylazo)benzoic acid):
3584.2.*H NMR (DMSO-ds, 313 K): 6 8.69 (m, 16H, pyrrole3),
8.28-6.57 (m, 50H, NH, aromatic-CH), 4.92 (s, 2H, gth), 4.32-
3.91 (m, 10H, pyrrolidino-Ck amino acidx-CH), 3.34-2.62 (m,
34H, CH,, tolyl-CHg), 1.75-1.29 (m, 84H, CHand Boc),—3.15
(m, 4H, pyrrole-NH).

5. Boc groups of4 (74 mg, 21umol) were removed with
TFA—CH.CI; (3:2, 10 mL, 0°C, 1 h) in a manner similar ta.

This sample of the Boc-removed derivative 4f (TFA salt)
and Boc-Lys(Boc)-OH (43 mg, 0.12 mmol) were dissolved in 5.0
mL of DMF, ice-chilled, HOBtH,O (21 mg, 0.14 mmol), HBTU
(49 mg, 0.13 mmol), and DIEA (24L, 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 (24umol, 71%) of 5. MALDI-TOF-MS for
Co74H280N30030Na;, m/z; caled: 4496.5 [M+ Na]—; found (2-(4-
hydroxyphenylazo)benzoic acid): 4496 NMR (DMSO-ds,

313 K): 6 8.69 (m, 16H, pyrroles), 8.28-6.63 (m, 58H, NH,
aromatic-CH), 4.92 (br, 2H, C}f*h), 4.36-3.88 (m, 14H, pyrro-
lidino-CH,, amino acido-CH), 3.34-2.62 (m, 42H, CH, tolyl-
CHy), 1.64-1.35 (m, 144H, Chand Boc),—3.16 (m, 4H, pyrrole-
NH).

6.Boc groups ob (20 mg, 4.5umol) were removed with TFA
CHXCl, (1:1, 10 mL, 0°C, 1 h) in a manner similar td. This
sample of the Boc-removed derivative®fTFA 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 (3.7umol, 83%) of6. 'H NMR (DMSO-ds, 313 K):

0 8.73 (m, 16H, pyrrole3), 8.29-6.72 (m, 58H, NH, aromatic-
CH), 4.95 (br, 2H, CHPh), 4.05-2.04 (m, overlapped with #D,
pyrrolidino-CH,, amino acido-CH, CH,, tolyl-CHj3), 1.63-1.29
(m, 72H, CH), —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) softwaréH NMR spectra were measured
on a JEOL JNMa-500 (500 MHz) in DMSOd; at 313 K, unless
otherwise noted. The spitlattice relaxation timeT;) and the spir-
spin relaxation timeT,) were measured by the inversierecovery
method and the CatPurcel-Meiboom-Gill method?® respec-
tively. Ten valuable parameters were employed for the measure-
ments of the relaxation times, 6256 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

The appropriate fractions were collected, and the solvent was operating with a delayed extraction mode, in which +@00

evaporated to yield 115 mg (3#mol, 67%) of 3. MALDI-TOF-
MS for CoogH160N18012 m/z;, calcd: 3103.6 [M], found (2-(4-
hydroxyphenylazo)benzoic acid, negative mode): 310RI3MR
(DMSO-ds, 313 K): 6 8.84 (m, 16H, pyrrolgs), 8.28-6.70 (m,
46H, NH, aromatic-CH), 4.94 (s, 2H, GRh), 4.32-3.96 (m, 8H,
pyrrolidino-CH,, amino acida-CH), 3.42-2.62 (m, 30H, CH,
tolyl-CH3), 1.66-1.38 (m, 54H, CH and Boc),—3.14 (m, 4H,
pyrrole-NH).

4. Boc groups of3 (95 mg, 31umol) were removed with TFA
CH.Cl; (1:1, 10 mL, 0°C, 4 h) in a manner similar t4. This
sample of the Boc-removed derivative ®{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
H,O (18 mg, 0.12 mmol), HBTU (42 mg, 0.11 mmol), and DIEA
(21 uL, 0.12 mmol) were added, and the mixture was stirred 12 h
at room temperature. Then, Boc-Lys(Boc)-OH, (26 mguiol),
HOBt-H,0 (14 mg, 86umol), HBTU (28 mg, 75umol), and DIEA
(21 uL, 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 maui2dl,
77%) of 4. MALDI-TOF-MS for CuziH200N2:018Na; miz; calcd:

spectra were collected for each measurement—U¥ 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 yiejdvas obtained
relative to the known value for tetraphenylporphy#inThe
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 Il 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 H,SOy/H,0, and rinsed with HO/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 HeNe 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
correlatec® The time correlation functiof®;(r) was obtained and
then analyzed by the histogram method to evaluate the distribution
of the particle sizes. CDV
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Scheme 1. Water-Soluble Dendrimer 6(R* =
—(CH2)sNHCO,CH,Ph, —Suc= —CO(CH,),COO~, p-Tolyl =
—C6H4-p-CH3)
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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 porphyrinfullerene system in this study be-

Submicron Particles from a Water-Soluble Dendrimé&609

butoxycarbonyl)--lysine (Boc-Lys(Boc)-OH) was coupled using
HBTUZ/HOBt-H,0 in DMF/N,N-diisopropylethylamine (DIEA)

to yield 2. After removing the Boc groups &, a pair ofN-o-
(tert-butoxycarbony)N'-e-(4-(tritolylporphyrin-5-yl)benzoyl)-
L-lysine (Boc-Lys(Por)-OH) were attached to yiedd 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 groupstof
were removed, and the amino groups generated were reacted
with succinic anhydride in pyridine, to yield a water-soluble
dendrimer6 in 83% yield (based oB). 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 —6) eluted as a single peak in the SEC. The
intermediate compounds-5 were characterized bfH NMR
and MALDI-TOF-MS, whereass was characterized byH
NMR. It may be noted here that the porphyriiullerene system
without theL-lysine covering 8) was soluble iro-dichloroben-
zene, a typical solvent for fullerene. In contrast, the porphyrin
fullerene system with two generations of modification by
L-lysines ) was practically insoluble in-dichlorobenzene and
was quite soluble in DMF.

IH NMR spectra further showed the well-packed structure
of 5 with two generations af-lysines (Table 1). The monomeric
porphyrin-linked amino acid, (Boc)-Lys(Por)-OH, and the

cause it is a typical and well-characterized dendrimer and canintermediate dendrimer8;-5, showed a similar chemical shift

easily be incorporated with various functional grodp% We
have synthesized both the porphyrin-linke@mino acid, -

o-(tert-butoxycarbonyl)N'-e-(4-(tritolylporphyrin-5-yl)benzoyl)-

L-lysine)27a28and the fullerene-linked-amino acid, (-2-(tert-
butoxycarbonylamino)-8-(fulleropyrrolidinyl)octanoic actd)n
enantiomeric pure forms to be used as monomers far-tiraino

for the pyrroleg protons, although the signal widths were
significantly broadened for the higher-generation dendrintrs (
< 4 < 5, data not shown). Th#H NMR relaxation times have
been utilized to analyze the molecular motions of the am-
phiphilic polymers by Yusa et al. and other grodpsn the
present system, the spitattice relaxation timesTj) of these

acid dendrimers. Mimicking the recent report on the porphyrin ~ pyrroles3 protons were similar, and in contrast, the spépin
fullerene system we adopted a system with a pair of por- relaxation time Tz) significantly decreased3(> 4 > 5) with
phyrins and a fullerene (Scheme 1). Figure 1 illustrates a molec-the increasing dendrimer generations. These facts indicate the
ular model of6 generated by CAChe-MM2. In this modeling, decreased molecular mobility of the porphyrins in the higher
the side chains of the porphyrin-linked amino acids and the generation dendrimers, such &s due to the covering by
fullerene-linked amino acid were of the extended structure. L-lysines. As for the Boc protons, (Boc)-Lys(Por)-OBt-5
Therefore, the porphyrins and fullerene stuck out of the sur- showed similar chemical shifts and simil&y values. TheT;
face-modified poly(-lysine) dendrimer. It should be noted values of the Boc protons did not significantly differ with the
here that the MM2 modeling of such a large molecule might increasing dendrimer generations. This is probably because Boc
scarcely reproduce the molecular structure in the solution phase groups were located near the molecular surface, and therefore,
In an aqueous solutior§ may assume a globular-like struc- the molecular packing did not notably influence the mobility
ture via the hydrophobic interaction and the- interaction of the Boc groups.
between the porphyrin(s) and fullerene unlike the illustration Yy —vis spectra of3—5 in DMF showed little difference
in Figure 1. regarding thelma values (419, 516, 551, 592, and 648 nm,
Scheme 2 outlines the synthesis of a water-soluble dendrimerpigure 2). These spectra closely resembled the monomeric
6.27 The core is the fullerene-containingamino acidl, which porphyrin, (Boc)-Lys(Por)-OH, because fullerene had little
connected NH(CHy)e—NHCO,CH:Ph at the C-terminal as a  apsorbance in this regié.The intensities of the Soret band
potential linker to a certain functional group in the future. After absorptions is in the order 08 > 4 > 5, with molar
removing the Boc protection dfwith TFA, N-a-N'-e-bis(tert- absorptivities of 981 000, 844 000, and 771 000" "M,
respectively, which are smaller than twice thatgk 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 rep&rbe&

Figure 1. MM2-optimized structure ob.
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Scheme 2. Synthesis of a Water-Soluble Dendrimer 6-R* = —(CH2)sNHCO,CH,Ph, —R? = -(CHj)e-fulleropyrrilidine, —R3 =

-(CH2)aNHCOCgH 4-p- (tritolylporphyrin -5- yI) —Suc= —CO(CH,).COO~, p-Tolyl = —CgH4-p-CH3)?
2
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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 Dendrimers? were reacted with succinic anhydride to form a polyanionic
pyrrole Boc dendrimer6 with eight carboxylate groupsCOO™ in H,0).
When 1.0 mg of this polyanionic dendrimé&;,was warmed in
1.0 mL of H,O at 50°C for 2 h, a clear and reddish solution
(0.22 mM) was obtained. Several days were required for the

compounds dlppm Ti/s ToJms oOlppm  Tils Toims
Boc-Lys(Por)-OH 8.83 3.64 184 1.40 615 540

3 870 331 343 140 550 203 X ) .
4 869 323 186 136 512 376 dissolution of6 in H,O (1.0 _mg/1.0 mL) at room temperature
5 869 367 103 135 559 306 (25 °C). The aqueous solutions 6fthus prepared were stable

without any precipitations for months at room temperature.
Self-Assembling of the Water-Soluble Dendrimer with the
T T T Porphyrin —Fullerene SystemAn unusually broadened Soret
12 | _— Boc-Lys(Por)-OH x2 band @.maxat 419 nmge 174 000, with a shoulder peak-at07
nm) and typical Q-bands (519, 555, 594, and 651 nm)
characterized the UVWvis spectrum of6 in H,O (Figure 3a,
line (i), 1.4uM). Such a broadened Soret band in the-tis
spectra with a blue-shifted shoulder peak (407 nm) suggested
an intermolecular aggregation &fn H,O, as has been described
for the water-soluble porphyrins. Tetrakis(4-carboxyphenyl)-
- porphyrin (HTCPP, 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-
phyrin37 In this context, the blue-shifted absorptionéifi H,O
0 \ A ) (Figure 3a., 407 .nm) implied a porphyrin aggregation in thg face-
400 500 600 700 to-face orientation, aIthough the detail of 'the structuré s
not yet clear. The UVvis spectra of6 in H,O scarcely
depended on the concentration in the-819 uM range, which
Figure 2. UV—vis spectra of Boc-Lys(Por)-OH (increased twice in suggested the stable aggregatior6ah H,O.
intensity for comparison)3, 4, and5 in DMF. Cyclodextrins have been known to efficiently dissociate the
aggregated porphyrins and to dissolve the water-insoluble
for the dendrimers linking the zinc porphyrins at the near- porphyrin via supramolecular formatidh3° Recently, cyclo-
surfaces® A ground-state interaction between the porphyrin and dextrins have also been utilized to dissolve fulleretfe4?in
fullerene was unlikely because the charge-transfer absorp-the present system, the addition of 10 wt % 2-hydroxypropyl-
tion at around 706800 nnt4-36was not detected iB—6. The  g-cyclodextrin (degree of substitution by the hydroxypropyl
UV —vis spectra oB—5 followed the Lambert Beer law in the group is 4.6, see Experimental Section) inCHchanged the
0.2-1.0 uM range, which indicated the absence of intermo- assembling o6 (Figure 3a, line (i), f] = 1.4 uM). The sharp
lecular interaction. Soret band appeared at 421 nen293 000), and no shoulder
Thus, two generations of the dendritic modification by peak appeared at 408 nm. These-tiis spectra suggested that
L-lysines seemingly formed a well-packed dendrinterAfter the porphyrins were not highly aggregated in thgO¥2-hy-
the Boc removal 05, the amino groups at the dendrimer surface droxypropylf-cyclodextrin system. The fluorescent emissE)BV

aMeasured in DMSQ¥s at 313 K (500 MHz).

¢ /109 M1 em1

Wavelength / nm
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Figure 3. (a) UV—vis and (b) fluorescence spectra®(0.14uM) in

(i) H2O (arrow in (a) indicates the shoulder peak) and (ii) 10 wt %
2-hydroxypropylg-cyclodextrin in HO.

spectra of6 (Figure 3b) also changed by the addition of
2-hydroxypropylg-cyclodextrin. In HO, a small emission
appeared fob (Figure 3b, line (i),Aex = 419 NM,Aem = 655
and 720 nm®; = 0.040). In contrast, the emission 6fwas
more intense (Figure 3b, line (ii¥p; = 0.088) in 10 wt % of
2-hydroxypropylg-cyclodextrin in HO.

The TEM image of the cast film of an aqueous solutiors of
([6] = 12 uM) showed particles of 99170 nm in diameter
(Figure 4a,x43 000, 250 kV). Considering the molecular size
of 6 of about 3.6-6.0 nm estimated from the model (Figure 1),

§ =l
Figure 4. TEM images of the samples cast from the soluté (2
uM) in (a) H,O (x43 000, 250 kV) and (b, c) 10 wt % 2-hydroxypropyl-
this TEM image indicated the formation of a large aggregate A-cyclodextrin in HO (b, x47 000, 300 kV; ¢,x460 000, 250 kV).
of 6. This fact corresponded to the spectroscopic studies of
in aqueous solution as described above, which suggested the

the addition of 2-hydroxypropyf-cyclodextrin. Cyclodextrins
{might decrease the hydrophobic interaction betwéewia
complex formation (at least partially) with the hydrophobic
moieties (porphyrin or fullerene). Therefore, the homogeneous
dispersion of6é may be achieved in the agueous cyclodextrin
cast film of a solution of6 ([6] = 12 M) in 10 wt % of solution, whigh possibly rgsultgd .in 'the formatiqn of.the
2-hydroxypropylg-cyclodextrin in HO. Because cyclodextrins aggregates with a narrow size d|st.r|but|on.. The particles in the
often dissociate the aggregates of the hydrophobic molecules,cast film of the agueous cyclodextrin solutionivere further

the aqueous cyclodextrin solution 6fwas therefore expected ~analyzed by the TEM with the high magnification conditions
to generate the small aggregates. Contrary to this expectation (>460 000, 250 kV). On the surface of an about 100 nm particle,
Figure 4b showed spherical particles of 10 nm in small patte_rns with 35 nm dlameter§ were observe_d (Figure
diameter. A striking feature of the particles in Figure 4b is the 4C)- The size of this pattern was similar to the size of the
uniformity of their shape and size. The particles in this TEM Monomerict; therefore, Figure 4c may be the evidence that a
image were almost within 166110 nm and showed little  |arge number ob were associated with to form the cluster of
distribution (the amorphous materials in this image were the about 100 nm size.

cyclodextrin). It is not yet clear why the aggregates did not  The submicron-scale particles were found not only by the
become smaller, but the size distribution became narrow with TEM but also by the AFM (Figure 5). The egg-shaped partig%sv

interaction between the porphytifiullerene systems. The
observed aggregates in Figure 4a were almost spherical, bu
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
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Figure 5. AFM image of a cast film of an aqueous solution6of0.59
uM). The depth scale bar is shown above.
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Figure 6. Histogram analyses of the particle size distributions obtained
from the DLS measurements of the solution6ofl2 uM) in (a) H,O
and (b) 10 wt % 2-hydroxypropy$-cyclodextrin in HO at 298 K.

500

(100—300 nm) were observed in a cast film of an agueous
solution of6 ([6] = 0.59uM). 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

Macromolecules, Vol. 39, No. 4, 2006

cyclodextrin was added to the aqueous solutio6 6] = 12

uM, 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 o6, 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 aoflysine 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 dendri®eFhe
dendrimer6 was water-soluble up to 1.0 mg/1.0 mL concentra-
tion. UV—vis spectra of the agueous solution ®khowed 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 6f 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-hydroxypropylg-cyclodextrin at 10 wt % in KO served
to weaken the aggregation 6f UV—vis spectra o6 showed
that the cyclodextrin dissociated the aggregated porphyrins.
TEM observation of the film cast from the solution 6fin
aqueous 2-hydroxypropyl-cyclodextrin showed spherical par-
ticles with an almost uniform size (1610 nm). Cyclodextrins
might cause the homogeneous dispersioi®,ofthich may be
responsible for the narrow size distribution. DLS measurement
of the aqueous solutions @& 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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