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Stable with defined distance and orientation, self-assembled supramolecular triads composed ofN,N-
dimethylaminophenylfullerene-pyridine bound to zinc porphyrins by a newly developed “two-point” binding
strategy are reported. For this, zinc porphyrin was derivatized to bear “hydrogen-bonding” functionalities,
carboxylic acid or amide groups, and C60 was functionalized to bear a ligating group, pyridine, and a second
electron donor,N,N-dimethylaminophenyl group. The supramolecular triads formed by self-assembly of the
zinc porphyrin and fullerene derivatives via the two-point binding method were characterized by spectroscopic
and electrochemical techniques and were modeled by using ab initio computational methods. Evidence for
axial coordination of the pyridine entity to the zinc metal center and H-bonding between the pyrrolidine ring
nitrogen and the pendant carboxylic acid or amide groups was obtained. In the supramolecular triads, the
second electron donor,N,N-dimethylaminophenyl, promotes efficient charge separation upon excitation of
the zinc porphyrin to yield the radical ion pairs. The radical ion pairs thus generated undergo slow charge
recombination to yield relatively long-lived (30-40 ns) charge-separated states.

Introduction

Photosynthetic reaction centers of green plants and bacteria
consist of complex arrays of chromophores noncovalently
attached to a protein scaffold, which fixes the cofactors in an
appropriate orientation and spatial separation for efficient
vectorial electron transfer.1 The protein also provides an
anisotropic medium to modulate the chemical properties of the
cofactors and directs the electron-transfer pathways. Macrocyclic
receptors designed to mimic the structural features of intermo-
lecular interactions and thermodynamic parameters have given
insight into the mechanism of the self-assembly process. Several
covalently and noncovalently linked donor-acceptor entities
with fixed distance and orientation have been designed and
studied in this regard.2 These studies have yielded reasonably
good knowledge of the distance between the two groups, their
relative spatial orientation, and the nature of the pathway linking
the two components, which can act as a conduit for the energy
or electron transfer. It has therefore been possible to relate the
rate and efficiency of the interaction to the distance between
the components, the conformation of the bridge, and the
presence and absence of direct orbital overlap between the
components.

Interestingly, although fullerenes3 are now recognized to be
better electron acceptors with regard to their redox potential,4

reorganization energy,5 and structure,6 only a limited number
of noncovalently linked model systems have been developed
to address some of the fundamental questions with regard to
distance and orientation and their effects on the rates of electron
transfer.2g,7,8 Among the different self-assembly approaches,
fullerenes functionalized to bear metal-ligating groups7 are
attractive ones. The metal-ligating groups have been successfully

utilized to bind the metal center of metallotetrapyrrole com-
plexes. With the use of this approach, several self-assembled
dyads and triads have been constructed and investigated. In one
study, control over the distance and orientation was accomp-
lished by an elegantly designed “two-point” binding approach
involving covalent and coordinate bonds.7f In the present study,
we have constructed supramolecular triads composed of 5-(N,N-
dimethylaminophenyl)-2-(methylene-4′-pyridyl)fulleropyrroli-
dine (1) bound to functionalized zinc porphyrins. Here, a “one-
point” binding approach involving axial coordination of the
pyridine to the central metal ion and a “two-point” binding ap-
proach involving hydrogen-bonding groups in addition to the
axial coordination of the pyridine to the central metal ion (Figure
1) have been developed. The pyrrolidine ring nitrogen forms a
hydrogen bond with the appended carboxylic acid or the amide
group of the porphyrin macrocycle thus enhancing the stability
of the self-assembled complexes. In the studied triads, the zinc
porphyrin acts as a primary electron donor, C60 acts as a primary
electron acceptor, and theN,N-dimethylaminophenyl entity acts
as a secondary electron donor. Introduction ofN,N-dimethyl-
aminophenyl demonstrates efficient charge separation followed
by the generation of the relatively long-lived charge-separated
states.

Experimental Section

Chemicals.Buckminsterfullerene, C60 (+99.95%), was from
SES Research (Houston, TX).o-Dichlorobenzene in sure-seal
bottle, sarcosine, pyrrole, and benzaldehyde derivatives were
from Aldrich Chemicals (Milwaukee, WI).d-4-Pyridylalanine
was from Pep Tech Corp (CA). Tetra-n-butylammonium per-
chlorate, (TBA)ClO4, was from Fluka Chemicals. All chemicals
were used as received.

5-(N,N-Dimethylaminophenyl)-2-(methylene-4′-pyridyl)ful-
leropyrrolidine (1) was synthesized by refluxing a mixture of
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C60 (100 mg), 4-pyridylalanine (52 mg), and 4-(N,N-dimethy-
lamino)benzaldehyde (80 mg) in toluene (100 mL) for 12 h
according to a general procedure of fulleropyrrolidine synthesis
developed by Prato and co-workers.9 At the end, the solvent
was removed and the crude product was purified over a silica
gel column using ethyl acetate and toluene as eluent.1H NMR
in CS2/CDCl3 (1:1 v/v), δ: 8.64, 7.72 (s (br), d, 2H, 2H,
pyridine), 7.59, 6.61 (d, d, 2H, 2H, phenyl), 5.63, 5.00, 4.01,
3.50 (s, d, d, q, 1H, 1H, 1H, 1H, pyrrolidine and-CH2), 2.94
(s, 6H,-CH3). Electrospray ionization (ESI) mass in CH2Cl2:
calcd. 973.0, found 972.8. The synthesis of 2-(4′-pyridyl)-
fulleropyrrolidine is given elsewhere.7g

Free base 5-(2-phenoxyacetic acid)-10,15,20-triphenylpor-
phyrin (H2P-COOH) and 5-(2-phenoxyacetamide)-10,15,20-
triphenylporphyrin (H2P-CONH2) were synthesized by reacting
stoichiometric amounts of pyrrole, benzaldehyde, and the
appropriate ortho-substituted benzaldehydes in propionic acid
followed by column chromatography purification on either basic
alumina or silica gel.10 The ortho-substituted benzaldehydes,
(2-formylphenoxy)acetic acid and (2-formylphenoxy)acetamide,
were synthesized according to the literature procedure.11 Zinc
insertion was carried out according to the standard procedure12

to obtain 5-(2-phenoxyacetic acid)-10,15,20-triphenylporphy-
rinatozinc (ZnP-COOH) and 5-(2-phenoxyacetamide)-10,15,-
20-triphenylporphyrinatozinc (ZnP-NH2). The molecular in-
tegrity of all of the synthesized free-base and zinc porphyrins
was established from ESI mass and1H NMR studies.1H NMR
in CDCl3, δ ppm, H2P-COOH: 8.92 (m, 8H,â-pyrrole), 8.18
(m, 6H, ortho phenyl), 7.71 (m, 9H, meta and para phenyl),
7.32-7.16 (d, d, t, 4H, substituted phenyl), 3.71 (s, 2H,
O-CH2-), -2,73 (s, br, 2H, imino). H2P-CONH2: 8.82 (m,
8H, â-pyrrole), 8.09 (m, 6H, ortho phenyl), 7.79 (m, 9H, meta
and para phenyl), 8.38-6.72 (d, d, t, 4H, substituted phenyl),
3.08 (s, 2H, O-CH2-), 3.82 (s, br, 1H, N-H), 2.76 (s, br, 1H,
N-H), -2.81 (s, br, 2H, imino). ZnP-COOH: 8.77 (m, 8H,
â-pyrrole), 8.10 (m, 6H, ortho phenyl), 7.71 (m, 9H, meta and
para phenyl), 7.46-6.96 (d, d, t, 4H, substituted phenyl), 4.05
(s, br, 2H, O-CH2-); ESI mass in CH2Cl2, calcd. 752.2, found
751.6. ZnP-CONH2: 8.78 (m, 8H,â-pyrrole), 8.16 (m, 6H,
ortho phenyl), 7.71 (m, 9H, meta and para phenyl), 8.01-6.83
(d, d, s, 4H, substituted phenyl), 3.08 (s, 2H, O-CH2-), 3.82
(s, br, 1H, N-H), 2.76 (s, br, 1H, N-H); ESI mass in CH2Cl2
cacld. 751.2, found 750.1.

Instrumentation. The UV-visible spectral measurements
were carried out with a Shimadzu model 1600 UV-visible
spectrophotometer. The fluorescence emission was monitored
by using a Spex Fluorolog-tau spectrometer. A right angle
detection method was used. The1H NMR studies were carried
out on a Varian 400 MHz spectrometer. Tetramethylsilane
(TMS) was used as an internal standard. Cyclic voltammograms
were recorded on a EG&G model 263A potentiostat using a
three electrode system. A platinum button or glassy carbon
electrode was used as the working electrode. A platinum wire
served as the counter electrode and a Ag wire (Ag/Ag+) was
used as the reference electrode. Ferrocene/ferrocenium redox
couple was used as an internal standard. All of the solutions
were purged prior to electrochemical and spectral measurements
using argon gas. The computational calculations were performed
by ab initio B3LYP/3-21G(*) methods with Gaussian 9813

software package on various PCs and a SGI ORIGIN 2000
computer. The graphics of HOMO and LUMO coefficients were
generated with the help of Gauss View software. The ESI mass
spectral analyses of the newly synthesized compounds were
performed by using a Fennigan LCQ-Deca mass spectrometer.
For this, the compounds (about 0.1 mM concentration) were
prepared in CH2Cl2, freshly distilled over calcium hydride.

Time-Resolved Emission and Transient Absorption Mea-
surements.The picosecond time-resolved fluorescence spectra
were measured using an argon ion pumped Ti:sapphire laser
(Tsunami) and a streak scope (Hamamatsu Photonics). The
details of the experimental setup are described elsewhere.14

Nanosecond transient absorption spectra in the near-infrared
region were measured by means of laser flash photolysis; 532
nm light from a Nd:YAG laser was used as the exciting source
and a Ge avalanche photodiode module was used for detecting
the monitoring light from a pulsed Xe lamp as described in our
previous report.14

Results and Discussion

The “two-point” binding in the studied dimethylaminophe-
nyl-zinc porphyrin-fullerene supramolecular assemblies was
established from1H NMR and UV-visible absorption spectral,
and ab initio computational modeling studies. Addition of either
1 or 2-(4′-pyridyl)fulleropyrrolidine, C60py, to a solution of any
of the donor porphyrins resulted in spectral changes character-
istic of axially coordinated species, that is, the spectra exhibited
red-shifted Soret and visible absorption bands with the appear-
ance of isosbestic points15 (Figure 2). Job’s plots of method of
continuous variation confirmed 1:1 complex formation. The
formation constants,K, for the porphyrin-fullerene conjugates,
determined from the UV-visible spectral data and by Scatchard
plots16 (Figure 2 inset), are found to be an order of magnitude
higher for the two-point bound complexes compared to the one-
point bound complex (Table 1). The higher values ofK indicate
stable complex formation as compared to the complexes formed
by the “one-point” axial coordination.

The 1H NMR spectral studies were performed to establish
the occurrence of “two-point” binding in the studied supramo-
lecular complexes. Figure 3 illustrates the spectrum of starting
compounds, ZnP-NH2 and 2-(4′-pyridyl)fulleropyrrolidine, and
the supramolecular complex formed between these two entities.
2-(4′-Pyridyl)fulleropyrrolidine was utilized over1 for 1H NMR
studies for its simplicity; however, it should be noted that similar
spectral trends were observed when1 was used to complex the
functionalized zinc porphyrins. In the self-assembled complex,
formed by mixing stoichiometric amounts of the fullerene and
porphyrin derivatives, shielding of both the pyridine and
pyrrolidine ring protons was observed. That is, the pyridine

Figure 1. Structure of the “two-point” bound supramolecular triads
investigated in the present study.
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peaks of 2-(4′-pyridyl)fulleropyrrolidine located at 8.60 and 7.40
ppm were shifted to 5.52 and 6.70 ppm upon complexation,
while the pyrrolidine peaks located at 5.72, 5.08, and 4.86 ppm
were shifted to 4.98, 4.59, and 4.29 ppm, respectively. The
greater shift observed for the pyridine protons can be rationalized
by the greater porphyrin ring currents experienced by the axially
coordinated pyridine ring.7g Interestingly, an opposite trend in
the spectral shifts for the peak corresponding to the zinc
porphyrin pendant arm was observed. The-O-CH2-CONH2

peaks located at 3.82, 3.07, and 2.72 ppm appeared at 4.20 and
4.02 ppm in the supramolecular complex. The substituted phenyl
ring protons of the zinc porphyrin also revealed a deshielding
of about 0.3 ppm in the supramolecular complex. These results
along with the higher binding constants clearly demonstrate the
two modes of binding in the supramolecular complex.

Ab Initio B3LYP/3-21G(*) Modeling of the Supramolecu-
lar Triad. To gain insights into the geometry and electronic
structure of the self-assembled triads, computational studies have
been performed by using density functional methods (DFT) at
the B3LYP/3-21G(*) level. The DFT methods over the Hartree-
Fock or semiempirical approach are chosen because recent
studies have shown that the DFT methods at the 3-21G(*) level

predict the geometry and electronic structure accurately for
covalently linked ferrocene-fullerene-nitroaromatic entities
bearing dyad and triads17a-c and also for self-assembled via base-
pairing fullerene-uracil‚adenine conjugates.17d In our calcula-
tions, first, both1 and the zinc porphyrins were fully optimized
to a stationary point on the Born-Oppenheimer potential energy
surface and then allowed to interact. Figure 4a presents the
optimized structure of the1:ZnP-COOH triad, while for the
1:ZnP-CONH2 triad, the structure is given in the Supporting
Information (SI). In the optimized structures, the zinc-pyridine
nitrogen distance was found to be 2.01 Å, close to that obtained
earlier for the C60Py:ZnP complex by X-ray crystallography.7d

The interatomic distances for the hydrogen-bonding func-
tionalities for both 1:ZnP-COOH and 1:ZnP-CONH2 are
shown in Scheme 1a. The distance between the pyrrolidine ring
nitrogen and the carbonyl oxygen of the pendant acid group
was found to be 2.85 Å for1:ZnP-COOH, while this distance
for 1:ZnP-CONH2 was equal to 2.87 Å. The distance between
the pyrrolidine ring nitrogen and the carboxylic acid hydrogen
was found to be 1.57 Å for1:ZnP-COOH, while the similar
distance resulting from the amide hydrogen to the pyrrolidine

TABLE 1: Binding Constants (K), Fluorescence Lifetimes (τf),a Charge-Separation Rate Constants
(kcs

singlet), Charge-Separation Quantum Yields (Φcs
singlet), and Charge-Recombination Rate Constants (kcr) for

N,N-Dimethylaminophenyl-Zinc Porphyrin -C60 Triads in o-Dichlorobenzene

complex K, M-1 τf
a kcs

singlet, s-1 b Φcs
singlet b kcr, s-1 kcs/kcr

C60py:ZnP 0.77× 104 1.85 ns (100%) 6.3× 107 0.12 3.0× 107 2
1:ZnP 0.78× 104 71 ps (27%) 1.5× 108 c 0.22c 3.4× 107 4

2.03 ns (73%)
1:ZnP-CONH2 3.1× 104 69 ps (81%) 1.8× 109 c 0.77c 3.1× 107 58

1.6 ns (19%)
1:ZnP-COOH 10× 104 8 ps (75%) 1.0× 109 c 0.67c 2.3× 107 43

2.28 ns (25%)

a The singlet lifetimes of ZnP, ZnP-CONH2, and ZnP-COOH in deareatedo-dichlorobenzene were found to be 1.92, 1.97, and 2.35 ns
(monoexponential decay), respectively.b kcs

singlet ) (1/τf )sample- (1/τf )ref; Φcs
singlet ) [(1/τf )sample- (1/τf )ref ]/(1/τf )sample. c Values are average ones.

Figure 2. UV-visible spectral changes observed for ZnP-CONH2 (2
µM) on increasing addition of1 (2.6-68.5µM) in o-dichlorobenzene.

Figure 3. 1H NMR spectrum of (a) ZnP-CONH2 (15 mM), (b) ZnP-
CONH2:2-(4′-pyridyl)fulleropyrrolidine dyad (15 mM), and (c) 2-(4′-
pyridyl)fulleropyrrolidine (15 mM) in CDCl3/CS2 (1:1 v/v). The asterisk
(/) indicates solvent impurity.
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ring nitrogen was found to be 2.06 Å. Two model self-assembled
complexes, pyrrolidine:acetic acid and pyrrolidine:acetamide,
were also investigated. As depicted in Scheme 1b, the optimized
structure of these complexes revealed structures similar to that
shown in Scheme 1a with slightly shorter interatomic distances.
The slightly longer distances in1:ZnP-COOH and1:ZnP-

CONH2 could be due to steric strain or the electronic/geometric
effects on the pyrrolidine nitrogen caused by the fullerene
spheroid.17a These results suggest the existence of hydrogen-
bonding interactions in addition to the axial Zn-N coordination
in the self-assembled triads. For1:ZnP-COOH, the center-to-
center distance, that is, the distance between the zinc and the

Figure 4. Ab initio B3LYP/3-21G(*) calculated (a) optimized structure, (b) HOMO-2, (c) HOMO-1, (d) HOMO, and (e) LUMO for the self-
assembled1:ZnP-COOH triad.
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center of fullerene spheroid was evaluated to be 12.96 Å while
the distance between the center of porphyrin and the N of
dimethylaminophenyl was 11.64 Å. Similarly, for1:ZnP-
CONH2, these distances were found to be 12.36 and 11.54 Å,
respectively. These results, along with the higher binding con-
stant values and1H NMR results, suggest that employing
multiple modes of binding yields more stable complexes with
defined distance and orientation.

The frontier HOMO-2, HOMO-1, HOMO, and LUMO
orbitals of the1:ZnP-COOH triad are shown in Figure 4b-e,
while the frontier orbitals for the1:ZnP-CONH2 triad are given
in the SI. The HOMO and HOMO-1 were found to be localized
on the zinc porphyrinπ-system, while the majority of the
HOMO-2 was found to be on the dimethylaminophenyl group
of 1. It is remarkable that the orbital energy sequence using the
B3LYP/3-21G(*) level of ab initio DFT theory is able to
reproduce or predict the sequence of the redox potentials
observed (vide infra) for systems of this size with closely spaced
oxidation potentials. A small amount of the HOMO was found
on the axially ligated pyridine entity, while a small portion of
the HOMO-2 was also found on the pyrrolidine ring of1. The
LUMO, LUMO+1, and LUMO+2 were found to be on the
C60 entity of 1. As discussed in the next paragraph, the HOMO
and LUMO track the site of electron transfer of the different
redox entities of the triad.

Cyclic voltammetric (CV) studies were performed to evaluate
the potentials of the different redox entities utilized to form the
supramolecular triads. The cyclic voltammogram of zinc tet-
raphenylporphyrin, ZnP, is shown in Figure 5a. The redox
potentials corresponding to the oxidation were located at 0.28
and 0.62 V vs Fc/Fc+, while the potentials corresponding to
the reduction were located at-1.92 and-2.23 V vs Fc/Fc+

respectively. These potentials are not much different from the
other zinc porphyrins employed in the present study indicating
little or no electronic interactions between the porphyrin
π-systems and the pendant amide or carboxylic acid groups.

The CV of1 revealed peaks corresponding to the oxidation of
theN,N-dimethylaminophenyl entity in addition to the C60 entity.
The oxidation process of theN,N-dimethylaminophenyl entity
was found to be irreversible with the peak potential located at
Epa ) 0.40 V vs Fc/Fc+. Three one-electron reversible waves
located atE1/2 ) -1.17,-1.55, and-2.07 V vs Fc/Fc+ were
also observed for1 within the potential window of the solvent
corresponding to the reductions of the C60 entity (Figure 5b).
The magnitude of the potentials of the different redox entities,
that is, the sequence of the site of electron-transfer, tracks the
orbital energies predicted by the B3LYP/3-21(*) results. The
C60 reduction potentials of1 were found to be almost similar
to that reported earlier for fulleropyrrolidine derivatives7g,17,18

indicating little or no electronic interactions between the C60

and N,N-dimethylaminophenyl entities. The close spacing
between the first oxidation of zinc porphyrin and the dimethy-
laminophenyl entities suggests the possibility of the occurrence
of a hole migration or hole exchange between ZnP+• and the
dimethylaminophenyl entity formed during the photoinduced
electron-transfer process in the supramolecular triads.

Photochemical Studies.The photochemical behavior of the
“two-point” bound supramolecular triads was investigated, first,
by using steady-state fluorescence measurements. On addition
of either compound1 or 2-(4′-pyridyl)fulleropyrrolidine to an
argon-saturatedo-dichlorobenzene solution of zinc porphyrins,
ZnP-COOH or ZnP-NH2, they exhibited a fluorescence
intensity decrease until about 30%. Scanning the emission wave-
length to longer wavelength regions (700-800 nm) revealed a
weak emission band at 710 nm corresponding to the emission
of the C60 moiety (data not shown). The intensity of this band
for a given concentration of fulleropyrrolidine was found to be
almost the same as that obtained in the absence of added zinc
porphyrins. Changing the excitation wavelength from 554 to
410 nm also revealed similar observations with slightly enhanced
emission of the fullerene entity due to its higher absorbance at
410 nm. These results suggest that energy transfer from the
singlet excited zinc porphyrin to fulleropyrrolidine is not
necessarily to be considered as a cause of the fluorescence
quenching. Interestingly, the present steady-state fluorescence
studies revealed efficient quenching of zinc porphyrin emission
upon coordinating1 and such quenching was found to be much

SCHEME 1: Ab Initio B3LYP/3-21G(*) Optimized Bond
Distances for the Hydrogen-Bonding Site of
1:ZnP-COOH and 1:ZnP-CONH2 and Model
Compounds

Figure 5. Cyclic voltammograms of (a) ZnP and (b)1 in
o-dichlorobenzene containing 0.1 M (TBA)ClO4. Scan rate )
100 mV/s.
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more for the two-point bound complexes than the one-point
bound complex. That is, the amount of1 needed to quench the
porphyrin fluorescence was∼25% less for the two-point bound
complexes than that needed for the one-point bound complex.

Time-profiles of the emission of the singlet excited state of
zinc porphyrins are shown in Figure 6. The zinc porphyrins,
ZnP, ZnP-CONH2, and ZnP-COOH, in deareatedo-dichlo-
robenzene revealed monoexponential decay with lifetimes of
1.92, 1.97, and 2.35 ns, respectively. Upon self-assembly of1
with zinc porphyrins, quick fluorescence decay corresponding
to the charge separation was observed. Such quick fluorescence
decay was found to be much more efficient for the two-point
bound complexes than the one-point bound complex indicating
efficient charge separation for the two-point complexes. Clear
shortening of the fluorescence lifetimes was not observed for a
dyad formed by coordinating C60py (bearing no dimethylami-
nophenyl entity) to ZnP indicating that the second electron
donor,N,N-dimethylaminophenyl, is essential to accelerate the
charge separation with average quantum yield more than 0.67.
By assuming that the short lifetimes are due to the electron
transfer within the supramolecular triads, we evaluated the
charge-separated rates (kcs

singlet) and quantum yield (Φcs
singlet) in a

usual manner employed in the intramolecular electron-transfer
process.19 Higher values of bothkcs

singlet and Φcs
singlet were

obtained for the supramolecular triads (Table 1).
The charge recombination processes were monitored by

nanosecond transient absorption studies. Figure 7 shows a

representative spectrum for the triad formed by self-assembly
of 1 and zinc porphyrin appended with an amide group (ZnP-
CONH2). The spectrum recorded at 0.01µs showed the radical
anion of the C60 moiety around 1000 nm. The absorption bands
at 700 and 870 nm correspond, respectively, to the triplet C60

and triplet ZnP-CONH2.7g The absorption band of ZnP-
CONH2

+•, expected to appear around 625 nm, was masked by
the strong absorption bands of the triplet states of the C60 and
ZnP moieties in this wavelength region. Interestingly, the
spectrum recorded at the 0.25µs time interval still revealed the
existence of the 1000 nm band indicating the survival of the
ion pair at longer time scales. The time profile monitored for
the 1000 nm band revealed a two-step decay process, a quick
decay process (τ1/2 ) 30 ns,k ) 3.1 × 107 s-1) and a slow
decay process of longer time scales (τ1/2 ) 2000 ns.k ) 3.5×
105 s-1). The quick decay process corresponds to the charge
recombination (kcr). The decay rates of the absorption bands of
the triplet states (kT) were found to be further slowed for this
triad (kT ) 1.1× 105 s-1 at 600 nm andkT ) 2.0× 105 s-1 at
820 nm). Thus, it is suggested that in the slower decay part of
1000 nm time profile, a second slow charge separation process
may be hidden, although it was difficult to separate it from that
of the triplet-state absorption bands. Addition of dioxygen
quenched the slow decay almost completely; however, this
observation does not always deny the second charge recombina-

SCHEME 2: Proposed Mechanism of the Photochemical Charge Stabilization in the Self-Assembled 1:ZnP-COOH
Triad

Figure 6. Fluorescence decay profiles of ZnP (0.1 mM) and1:ZnP’s
(0.1 mM:0.1 mM) ino-dichlorobenzene:λex ) 410 nm andλem ) 600
nm.

Figure 7. Transient absorption spectra obtained by 532 nm laser light
of 1:ZnP-CONH2 (0.1 mM, 1:1 equiv) ino-dichlorobenzene: (/) 0.01
µs; (b) 0.25µs; (O) 2.5 µs. Inset shows time profiles of the 820 and
1000 nm bands.
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tion process, because dioxygen quenches the radical ion pairs
with longer lifetime with the triplet character, in addition to
the triplet states themselves. An examination of the calculated
kcs/kcr ratio, a measure of excellence in the photoinduced
electron-transfer systems, in Table 1 clearly demonstrates charge
stabilization in the triads, that is, the magnitude ofkcs/kcr depends
on theK values. LargerK values facilitate the charge-separation
process and induce slow charge recombination.

The efficient and fast charge separation followed by relatively
slow charge recombination observed in the triads formed by
coordinating1 with zinc porphyrins can be rationalized as
follows. From the redox potential values of the different com-
ponents of the investigated triads, it is possible that upon the
initial electron transfer from the singlet excited states of zinc
porphyrin to1, the dimethylaminophenyl moiety of1 plays the
role of the second donor because of its relatively low oxidation
potential. A slow second-step charge recombination is antici-
pated in these triads because of the hole exchange between the
ZnP and the dimethylaminophenyl group of1 in the ZnP+•:
C60

-• ion pair. This hole exchange and the irreversible redox
behavior of the dimethylaminophenyl group is ultimately
expected to slow the charge recombination process (Scheme
2). Our attempts to separate the second charge-recombination
process in the two-step decay at 1000 nm and to locate the
dimethylaminophenyl radical cation, which is expected to appear
in the 400-500 nm region, were unsuccessful because of its
low ε value and the intense bands of the triplet ZnP and C60 in
this wavelength region.

In summary, we have designed a novel approach of “two-
point” binding to obtain stable self-assembled supramolecular
triads composed ofN,N-dimethylaminophenylfullerene-pyri-
dine bound to zinc porphyrins. The second mode of binding
was accomplished via hydrogen bonding between the pyrrolidine
ring nitrogen of the fulleropyrrolidine and the pendant acid or
amide group of the porphyrin. In the supramolecular triads, the
second electron donor,N,N-dimethylaminophenyl, is shown to
promote efficient charge separation upon excitation of the zinc
porphyrin to yield the radical ion pairs. The radical ion pairs
thus generated are shown to undergo slow charge recombination
to yield relatively long-lived (30-40 ns) charge-separated states.
A hole exchange between the ZnP+• and dimethylaminophenyl
entity upon initial light-induced charge separation and the
irreversible redox behavior of the dimethylaminophenyl group
were attributed to be responsible for slowing down the charge-
recombination process. Further work in this direction is in
progress in our laboratories.
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